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Riassunto

L'osteoartrite (OA) € una patologia degenerativa che colpisce l'intera articolazione, portando ad
alterazioni a carico della cartilagine che possono estendersi anche, ai legamenti, 0sso subcondrale e
membrana sinoviale. Quarta causa di disabilita nel mondo, I'OA, il cui carico finanziario e sociale €
destinato ad aumentare nel tempo, € la principale ragione alla base degli interventi di artoplastica nei
paesi sviluppati. Sebbene precedentemente considerata esclusivamente come una malattia “da usura”,
dovuta al fisiologico invecchiamento della cartilagine articolare che ne riduce la capacita nel
sostenere i carichi, 'OA & ormai evoluta nella definizione come una patologia multifattoriale e
complessa. Si presume infatti che uno squilibrio tra i processi anabolici e catabolici agisca insieme
con diversi fattori di rischio, rappresentati da eta, sesso, genetica, obesita, stress fisici, traumi e
lesioni.

Il trattamento dell” OA nella pratica clinica € ostacolato dalla scarsa capacita di auto-rigenerazione
della cartilagine. L'ingegneria dei tessuti, che si basa sull’uso combinato di matrici biocompatibili,
cellule progenitrici e stimoli biologici e biofisici, emerge come una strategia promettente per la
rigenerazione della cartilagine articolare.

Uno degli obiettivi di questo lavoro di tesi € stato quello di valutare in vitro, il differenziamento in
senso condrogenico di cellule staminali mesenchimali umane primarie isolate da midollo osseo, in
pellet e in hydrogels composti da GelMA e acido ialuronico sottoposti a preincubazione con il fattore
di crescita TGFB1 e stimolazione meccanica. Inoltre si & voluto sfruttare le attuali conoscenze in
questo campo di ricerca per investigare I’ efficacia di un scaffold cell-free di collagene di tipo I nel
promuovere la riparazione cartilaginea dopo I'impianto ortotopico in modelli in vivo di ratto.

Infine, I"attuale letteratura scientifica sottolinea I'importanza della prevenzione e dell'intervento
terapeutico precoce al fine di evitare la degenerazione della cartilagine e rallentare la progressione
dell” OA. Per questo motivo, un altro obiettivo di questo lavoro di tesi é stato quello di contribuire
alla ricerca nel campo della prevenzione con nuove evidenze scientifiche, sull'effetto dell'esercizio
fisico nella cartilagine articolare durante la progressione della patologia, e sulle conseguenze

dell'atrofia muscolare dovuta all'inattivita, in una popolazione di cellule staminali.



Abstract

Osteoarthritis (OA) is a degenerative disease that affects the entire joint, leading to alterations in
articular cartilage, ligaments, subchondral bone, and synovium. Rated as the 4th leading cause of
chronic disability worldwide, OA is the most common reason behind joint replacement in developed
societies, and its financial and social burden is likely to increase in the next future. Once merely
considered as a “wear and tear” disease, due to the physiological decline of cartilage architecture in
weight-bearing tolerance, OA is by now evolved into the definition of a multifactorial and complex
disease. An imbalance between anabolic and catabolic processes is assumed to act in concert with
several risk factors, e.g., age, gender, genetics, obesity, bone metabolism, physical stresses, muscle
strength, trauma, and sports injuries.

The treatment of chondral defects in clinical practice is hindered by the poor self-healing ability of
cartilage. Tissue engineering, combining the use of biocompatible scaffolds, progenitor cells and
biological and biophysical stimuli, emerges as a promising strategy for joint regeneration. One of the
aims of this research was to evaluate in vitro, the chondrogenic differentiation of primary human
bone-derived mesenchymal stromal cells in pellet cultures and in GeIMA/HA hydrogels exposed to
TGFp1 priming and mechanical stimulation. In addition, another aim of this research was to exploit
tissue engineering principles by evaluating the capability of a cell-free collagen I-based scaffold to
promote cartilaginous repair after orthotopic implantation in vivo rat model.

Furthermore, current literature underlines the importance of prevention and early intervention in order
to avoid cartilage disruption and slow down the disease progression. For this reason, another aim of
this work focused on contributing to the field of prevention of OA disease with new insights about,
the effect of physical exercise in OA articular cartilage and the consequence of muscle atrophy due

to inactivity in a population of stem cells.
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1 General introduction

1.1 Joints

The joint is anatomically defined as a complex of structures that maintains two or more bone surfaces
in mutual contiguity. The human skeletal system exhibits a large number of joints (about 360) which,
based on their degree of movement, are classified into synarthrosis (immovable), amphiarthrosis
(poorly movable) and diathrosis (movable) also known as synovial joint.

The latter allow to perform a wide range of movements thanks to their complex anatomical
organisation. Specifically, they consist of two or more bone ends separated by a cavity of a few
millimetres. The surfaces of the bone ends are covered with highly specialised hyaline cartilage
(articular cartilage) which provides a smooth surface where the bones meet. The bone ends are held
together by a joint capsule, a sleeve of fibrous connective tissue, rich in blood vessels and lined
internally with the synovial membrane, capable of filtering synovial fluid from the blood. This fluid,
poured into the joint cavity, has a trophic and lubricating function for the articular cartilages and
reduces the mechanical friction between the contiguous joint surfaces. Joint capsules can also be
reinforced by ligaments with stabilising functions and limit joint movement in some directions.
Particular then, is the presence in some cases of fibrocartilaginous discs (such as menisci) interposed
between the articular cartilages, whose main function is to make the articular surfaces of the skeletal
segments more concordant. Examples of synovial joints include the hip, shoulder, elbow, wrist, and
knee (Schunke et al., 2014).

Ligament

Ligament

[ L\ Fibrous layer Articular
[ Capsule
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Figurel.l. Schematic representation of synovial joint. Articular cartilage on the ends of
the articulating bones acts as buffer against loads and forces that act on the joint. The articular
capsule is composed of the synovial membrane and a fibrous capsule. The articular joint
capsule contains synovial fluid that is produced by the cells of the synovial membrane. Picture
created with BioRender.com.



1.2 The knee joint

The knee joint is one of the biggest synovial joints in the skeletal system which allows for flexion,
extension, and some limited degree of leg rotation. Structurally, the knee is composed of three bones
and two joints included within a complex joint capsule: the femorotibial joint, between the tibia and
femur and the femoralpatellar joint, between the patella and the femur. In the femorotibial joint there
is a disproportion between the two articular surfaces since the femoral condyles are rounded and more
developed in the sagittal plane, while the tibial surface is almost flat. This irregularity is mediated by
the presence of two menisci, medial and lateral, which are fixed on the intercondylar tibial surface.
They protect the joint surfaces from shocks and help to cushion the body weight and distribute it,
evenly over the entire joint. The patella within the patellofemoral joint has a protective role for the
knee joint and also increases the lever arm of quadriceps muscle in order to facilitate the knee
extension. Finally, the knee joint is characterised by the presence of numerous ligaments that provide
stability and limitation of femur and tibia reciprocal movements. This ligamentous system
encompasses: collateral ligaments (tibial and peroneal), cruciate ligaments (anterior and posterior),
patella retinacles (lateral and medial), patellar ligament and popliteal ligaments (oblique and arched)
(Schunke et al., 2014).

Frontal View of Right Knee (with patella reflected)
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Figure 1.2 Anatomy of knee joint. Schematic representation of the right
knee joint with patella reflected.



1.3 Articular Cartilage

Articular cartilage is the highly specialised connective tissue that covers the bone ends of diarthrodial
joints. In the knee joint it covers the femur and tibia condyles and under surface of the patella. Its
main function is to provide a continuous, lubricated and friction-free surface for the joints and to
facilitate the transmission of loads to the underlying subchondral bone (Sophia Fox et al., 2009). The
only cells present in the tissue are chondrocytes, embedded in a dense extracellular matrix (ECM).
These cells are specialised in the ECM synthesis and maintaining the health of cartilage which is an
avascular, alymphatic and aneural tissue. Due to these tissue characteristics, the chondrocytes are not
able to draw nourishment from the blood stream, indeed their survival and function depend on the
diffusion and transport of nutrients, metabolites and oxygen through the ECM.

Chondrocytes constitute about 2% of the total volume of articular cartilage and originate from
mesenchymal stem cells (MSCs) through the process of chondrogenesis during development
(Brendan et al., 2018).

The ECM is an organised network of collagens, glycosaminoglycans (GAGs) and proteoglycans
immersed in an interstitial fluid composed by water and electrolytes. The collagens represent the 60%
of dry weight of cartilage and are responsible of shape and tensile straight of the tissue. The most
abundant is the collagen type Il (up to 90%) but other collagen isoforms are present in smaller
quantities such as collagen type I, 1V, V, VI, IX and XI (Bruckner and van der Rest, 1994).

The GAGs (i.e., a long, unbranched polysaccharide), most represented in articular cartilage are
chondroitin, keratin sulphate and hyaluronic acid (HA), which forms aggregates where other
molecules such as proteoglycan can bind (Fraser et al., 1997).

The proteoglycans present in ECM are aggrecans, decorin, fibronectin, lumican, lubricin and
biglycan. Aggrecan is the most abundant in articular cartilage where forms big aggregates with HA
(Fig. 1.3). It is highly glycosylated with negatively charged sulfated GAGs, which can bind water
molecules and generate a charge density essential to counteract compressive force during mechanical
loading via attraction of solute, generating an osmotic resistance crucial to maintain cartilage unique
viscoelastic and mechanical properties (Kiani et al., 2002). In addition, due to the proteoglycans
molecular characteristics, the resulting network works as a molecular filter, which selectively
prevents the passage of certain molecules and facilitates the diffusion of others. This creates an
excellent barrier system capable of block the transit of molecules with a molecular weight between
40 and 180 kDa (Kiani et al., 2002).
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Figure 1.3 Articular cartilage. Schematic representation of the articular cartilage extracellular structure and its main
individual components including the collagen type 1l and aggrecan in matrix, and chondron (Baumann et al., 2019).

Based on orientation and cell density, organisation of collagen fibres, and content and distribution of
proteoglycans, articular cartilage can be morphologically distinct in four zones: superficial,
transitional (or intermediate), deep (or radial) and calcified zone (Fig. 1.3).

The superficial zone is characterised by high number of flattened chondrocyte oriented in parallel to
the surface, which produce high amounts of HA and lubricating proteoglycan lubricin (also known
as proteoglycan-4 or PRG4). The collagen fibrils, mainly collagen type Il and IX fibres, are tightly
packed and also oriented in parallel to the surface. This orientation counteracts osmotic swelling
pressure of the tissue below protecting the layers below from biomechanical stress. It is mainly
responsible for the viscoelastic ability to resist tensile tangential generated by the flux of the synovial
fluid on the surface during rotational movement of the joint (Teshima et al., 1995).

Below the superficial zone is located the transitional zone which represent 40%-60% of articular
cartilage. It consists of randomly oriented collagen fibres with a limited number and sparse of
spherical chondrocytes. This layer contains more proteoglycans, which maintain the fluids within the
tissue and are responsible for the articular cartilage distinctive compression resistance property
(Sophia Fox et al., 2009). Beneath the transitional zone is situated the deep zone. In the deep zone the



collagen fibres are aligned perpendicular to the surface, while the chondrocytes are organised in
columns oriented parallel to collagen fibres, improving resistance to compressive forces.

A tidemark separates the deep zone from below calcified zone, so named for the presence of calcium
salts in the ECM. This zone connects the cartilage to the bone, by implanting the collagen fibrils of
the deep zone to the subchondral bone. In this zone there is a small number of hypertrophic
chondrocytes which express hypertrophic markers such as collagen type X and alkaline phosphatase
(ALP) to calcify the ECM (Poole et al., 2001).

Due to the lack of nerves, blood and lymphatic vessels, and limited cellularity, cartilage shows
restricted capabilities for intrinsic healing and repair. For this reasons the maintenance and health of
this tissue is essential for joint function, since it is continuously subjected to severe biomechanical
load. Specifically, cartilage continuously remodels itself solicited by external stimuli such as daily
mechanical forces which induce deformations of the ECM, captured by the mechanoreceptors and
voltage-dependent channels located in the cell membrane of the chondrocytes (Mobasheri et al.,
2010). This mechanism triggers environmental modification of the pericellular milieu through the
increase in concentration of proteoglycans,and changes in ionic concentration and pH. The increase
of proteoglycans in the matrix results in an increase in free anion groups which, being hydrophilic,
can bind further water molecules allowing a growth in the volume of the amorphous component and
therefore inducing a ECM remodelling. However, in the most stressed areas, inappropriate or
persistent mechanical stimuli could eventually lead to cartilage injuries (Heijink et al., 2012). In
addition, the absence of blood supply, lymphatic drainage and innervation makes cartilage repair
more difficult. Chondrocytes synthesise the matrix components but also secrete enzymes that degrade
the various ECM components during the physiological turnover process. Pathological imbalance
takes place when chondrocytes activate the catabolic enzymes, reduce the production of their
inhibitors and therefore leading to the accelerate ECM degradation. If the degradation and damage of
the matrix exceed the poor reparative capability of the chondrocytes, the damage becomes permanent,
leading to degenerative and pathological processes, such as osteoarthritis, the word most common

joint disease.



1.4 Osteoarthritis

Osteoarthritis (OA) is a degenerative disease with various aetiology and complex pathogenesis,
characterised by the progressive deterioration of the articular cartilage, that causes structural and
functional failure resulting in pain and severe disability of the affected joint (Xia et al., 2014). It can
affect small, medium, and large joints, although in terms of a painful disease, the hip and knee are
most frequently affected. Evidences have showed that in the United States in up to 10% of men and
13% of women aged above 60 years are affected by OA of the knee (Zhang et al., 2010).

The exact OA aetiology is not yet fully understood although it generally refers to a multifactorial
aetiology for the different elements that influence the risk of OA development. In the vast majority
of cases, OA appears insidiously, and may develop without apparent initial cause. In this case
referring to idiopathic or primary OA where the main risk factor is related to ageing which lead to
reduced regenerative capacity of cartilage. In addition, another important determinant is sex with a
significant incidence increase in women than men (Sacitharan, 2019). In about 5% of cases, OA
appears in younger subjects who present predisposing and genetic conditions, or joint deformity,
traumatic injuries or underlying systemic disease that jeopardises the joints, such as diabetes and
obesity. In this context, the disease is called secondary OA (Van Spil et al., 2019).

Despite, OA for a long time was considered as an ageing disease and an inevitable process ‘wear and
tear’ of articular cartilage, this definition is reductive since the bases of this escalating damage depend
on a compromised balance between anabolic and catabolic mechanisms, which can be consequent to
several risk factors like ageing, muscle atrophy, metabolic disorders, inflammatory conditions,
injuries and mechanical overload, or wrong biomechanics of the joint.

The central OA feature is the progressive deterioration of the articular cartilage. This process is
usually divided mainly into three stages. (1) Chondrocyte loss and phenotypic transformation,
influenced by genetic and biochemical factors. (2) Early OA, in which chondrocytes proliferate with
formation of cell clusters, and increased collagen and proteoglycans production that interact to
remodel the cartilage matrix. This initial phase is followed by an increase of catabolic activities with
the subsequent proteoglycans loss, and the normal horizontal arrangement of the collagen type Il
fibres in the surface zone, is disrupted and cracks. Consequently, the water retention inside the matrix
diminishes, thereby decreasing the resistance of articular cartilage to compression (Loeser et al.,
2012; Mobasheri et al., 2017). The main cartilage matrix-degrading enzymes involved in this process
are disintegrin and zinc-dependent metalloproteinases (MMPs) with thrombospondin motifs
(ADAMTYS) 4 and 5 responsible for aggrecan proteolysis, and MMP-1,3 and 13 collagen type 1l
degradation (Troeberg et al., 2012). (3) Late OA, in which the repeated damage and chronic
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inflammation lead to disappearance of the chondrocytes, marked loss of cartilage, full-thickness
cartilage fragments detach, and extensive changes in the subchondral bone which becomes exposed.
There is therefore hardening and sclerosis (irreversible bone thickening) of the cancellous bone
below. Small fractures of the joint bone and the empty spaces created by the fractures allow synovial
fluid to penetrate subchondral regions. Osteophytes are formed at the joint margins, and these are
covered with fibrocartilage, which gradually ossify (Geyer and Schonfeld, 2017). In addition,
remodelling of subchondral bone occurs together with the development of blood vessels located in
vascular channels that contain osteoblasts and sensory nerves (Fig 1.4). This vascular channels
promote biochemical communication between the bone and cartilage. In response to multiple
stimulations, chondrocytes modify further their phenotype and start to express a subset of factors such
as cytokines, chemokines, alarmins, damage-associated molecular patterns (DAMPS), and
adipokines, which begin a vicious cycle of cartilage breakdown (Jang et al., 2021). These molecular
factors through the synovial fluid, reach also the synovial membrane where trigger alterations and
involving it, in this process. Synovial membrane became hyperplastic with an increase in the number
of synovial macrophages, and hypertrophic, with small villi or folds, infiltration of blood cells and
vascularity increase in the subintimal layer. The involvement of synovial membrane and the
recruitment of inflammatory cells with the consequent production increase of mediators as cytokines
such as Interleukin-1 (IL-1) and Tumor Necrosis Factor (TNF), prostaglandins and nitric oxide
accelerates the process of tissue degeneration, promoting chondrocytes injury and apoptosis
(Berenbaum et al., 2013).

Chondrocyte —— : y
Articular cartilage

Articular cartilage
Surface fibrillation and fissuring

Chondrocyte cluster
Chondrocyte hypertrophy

Tidemark duplication

Tidemark
Calcified cartilage €
Subchondral Subchondral cortical bone
cortical bone Vascular invasion
Subchondral

trabecular bone
Figure 1.4. Histological comparison between healthy and osteoarthritic articular cartilage. On the left is reported an histological
section of human cartilage where are highlighted the main structural elements, including chondrocytes, tidemark (separating the
calcified and articular cartilage), calcified cartilage, subchondral cortical and trabecular bone. On the right is reported a
histopathological section of the articular cartilage showing advanced osteoarthritic changes, characterised by fissuring and
fragmentation of the ECM, chondrocyte proliferation and hypertrophy, duplication and advancement of the tidemark, expansion of the
zone of calcified cartilage, thickening of the subchondral cortical plate and vascular invasion of the bone and calcified cartilage
(Adapted from Martel-Pelletier et al., 2016).
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Since OA can be (especially in early stage) asymptomatic, and there is no correlation between OA
symptoms and radiographic determination, the diagnosis of OA is made only when the pathology
became symptomatic. At this point the disease is at an advanced stage with potential irreversible
structural changes in the affected joint. Classically, the diagnosis is made using conventional
radiography with the pertinent image findings, including loss of joint space, osteophyte formation,
subchondral sclerosis, and subchondral cysts (Robinson et al., 2018). The severity of disease is
determined using the Kellgren-Lawrence severity grade, a semi-quantitative classification system
(Kellgren and Lawrence,1957). In recent years, magnetic resonance imaging (MRI) has been used to
evaluate knee pain and has helped identify the classical diagnostic signs as well as recognising
osteophyte formation in difficult to access areas such as the intercondylar notch (Oo et al., 2017).
MRIs can also help to show other associated, soft tissue findings such as synovial hypertrophy,
effusion, meniscal tear, and cartilage loss that are not seen on ordinary radiographs (Oo et al., 2017).
To date, since the exact pathogenesis is not completely understood, the clinical OA management is
focused mainly on symptomatic therapy with pain reduction. Analgesics, oral or topical non-steroidal
anti-inflammatory drugs as well as intra-articular corticosteroid injection are all indicated for OA
management (Kolasinski et al., 2020). Meanwhile lifestyle changes, including adopting a healthy diet
with eight loss and appropriate program of physical exercise, are considerate as preventive
approaches and capable of symptom improvement or reduction their development. However, in
patients with end-stage disease, the only effective solutions available to relieve the pain and re-
establish the joint motility, are based on the use of tissue grafts and prosthetic joints. However, these
methods are limited by the poor availability of suitable donor tissue, the risk of infection, and implant
failure associated with total joint replacements (Langer and Vacanti, 1993). These limitations are the
driving forces behind much research into cell-based methods and tissue engineering approach for

effectively treating diseased or damaged cartilage.
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1.5 Tissue engineering: an alternative to cartilage repair

As described above, OA disease is characterised by poor regenerative properties of articular cartilage
once injured. An attractive alternative strategy for cartilage repair is tissue engineering, which aims
to repair, regenerate, and/or improve diseased or injured articular cartilage functionality, presenting
great potential to improve articular cartilage therapy. A rapid expanding field in this last two decades,
tissue engineering is a discipline that applies the current knowledge of material science, cellular and
molecular biology, and bioengineering to design tissue templates with the aim of restore the function
and structure of an injured tissue (Danisovic et al., 2012). The modern tissue engineering for cartilage
repair, is based on the use of three key elements (also known as triad): 3D scaffolds, progenitor cells
and biochemical and biophysical stimuli (Wei and Dai, 2021). In fact, this field relies extensively on
the use of 3D scaffolds which are designed to mimic structural and biological cues of the native
cartilage unit, supporting both cartilaginous repair and the integration of the newly formed matrix
with the surrounding tissues. The scaffolds essentially act as a template for tissue formation and are
typically seeded with cells which may be treat with growth factors, or subjected to biophysical stimuli
through the use of bioreactors, i.e. devices or systems which apply different types of mechanical
stimuli to cells (Martin et al., 2004). The cell-seeded scaffolds are either cultured in vitro to synthesise
new tissue which can then subsequently be implanted into an injured site, or are implanted directly

into the injured site, where new tissues synthesis is induced directly in vivo.
1.5.1. Scaffolds features

Numerous scaffolds are produced from a variety of biomaterials and manufactured using a plethora
of fabrication techniques, but generally several requirements from different perspectives need to be
considered for scaffolds suitability:

1) Biocompatibility. The first condition of every scaffold for tissue engineering is that it must
be biocompatible; cells need to be able to survive, adhere, function normally, and migrate
onto the surface or through the scaffold and begin to proliferate before to produce new
matrix. After implantation, the scaffold must no show any immune reaction in order to
prevent it causing such a severe inflammatory response that it might reduce healing or
cause rejection by the body.

2) Biodegradability. Scaffolds are not intended as permanent implants. For this reason, the
scaffold must be biodegradable in order to allow cells to produce their own extracellular
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matrix. In addition, the component produced from this degradation should also be non-
toxic and without interference with surrounding tissue (Zhang et al., 2009).

3) Scaffold architecture. Usually scaffolds show an interconnected pore structure and high
porosity to ensure cell penetration and promote oxygen, nutrients and waste diffusion and
exchange within the construct and to the ECM formed by the cells.

4) Mechanical properties. ldeally, the scaffolds should show mechanical properties
consistent with native tissue into which it is to be implanted. For this reason, creating
scaffolds with adequate mechanical properties is the greatest challenge in attempting to
engineer articular cartilage. Because the ideal scaffold should recreate the composition of
cartilage in terms of the liquid and solid phases of the tissue and also reproduce its zonal
and regional organisation as well as facilitate the integration of the new formed tissue with
the adjacent native one (Cao et al., 2014).

In order to obtain the ideal scaffold that better satisfy the characteristics above described for cartilage
repair, a lot of polymers have been tested and studied. These polymers, usually presented in the form
of hydrogels composed of native ECM-mimicking networks, are usually classify into synthetic and
natural polymers, and their corresponding derivatives (Szychlinska et al., 2019).

The most commonly synthetic polymers (aliphatic polyesters) used for the realisation of scaffolds are
polyethylene glycol (PEG) (Chu et al., 2020), polylactic acid (PLA) (Singhvi et al., 2019),
polyglycolic acid (PGA) (Horbert et al.,, 2021) poly(lactic acid-co-glycolic acid) (PLGA)
(Dhanabalan et al., 2020), and polycaprolactone (PCL) (Zheng et al., 2021) (Fig. 1.5). The advantage
of using these synthetic polymers resides in their ease of processing, preserving the sterility of the
material, optimal mechanical properties, and the possibility of controlling the degradation times by
altering their structure. However, these synthetic polymers show some disadvantages related to their
limited bioactivity for cell attachment, inadequate intercellular signal transmission, and common
hydrophobic character, as well as their harmful acidic degradation products (Ge et al., 2012;
Camarero-Espinosa et al., 2016). The latter may induce a potential increase in local pH, triggering an
excessive inflammatory responses and poor clearance and chronic inflammation associated with high
molecular weight of polymers products (Stoop, 2008). Most recent research efforts have pursued the
combination of different materials, natural and synthetic, with the objective to exploit the best
properties of each of them.

Several natural materials, have acquired widespread explorations due to the structural similarity to
native cartilage and the consequent biocompatibility, biodegradability and little inflammatory
response. Natural polymers mainly investigated, include polysaccharides such as hyaluronic acid
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(HA), chondroitin sulfate, alginate, agarose, chitosan, gellan gum, and protein-based materials such
as collagen, gelatin, silk, and fibrin (Wei and Dai, 2021) (Fig.1.5).

HA is the most abundant GAG in native cartilage and plays a pivotal role in the structural and
functional maintenance of cartilage. For these reasons based HA-scaffolds have been highly studied.
However, by itself, HA exhibits low intrinsic biomechanical properties. To improve its mechanical
performance, HA has been often combined with stronger polymers in cartilage repair or subjected to
chemical modifications at the hydroxyl and carboxyl functional groups using methacrylate, thiol,
enzyme and amino acid (Broguiere et al., 2016; Jooybar et al., 2019; Vainieri et al, 2020; Chen et al.,
2021). Chondroitin sulphate shows similarities with HA, in fundamental structural and biological
processes of cartilage. It presents good cell encapsulation and adhesion properties but is subjected to
fast degradation by chondroitinase, and show low mechanical strength. For this reason, it is often
combined with other polymers (Jeuken et al., 2016). The other natural polysaccharides alginate,
agarose, chitosan and gellan gum exhibit structural similarity with GAGs and for this reason, they
have been widely explored in tissue engineering for cartilage repair. Their inferior mechanical
strength and low bioactivity are always addressed by combining with other polymers and
encapsulating different kind of bioactive molecules inside the constructs (Rennerfeldt et al., 2013;
Lee et al., 2021; Saygili et al., 2021; Li et al., 2021).

Among the protein based- materials, collagen is the most characterised and used. Collagen comprises
about 25% of the total protein of human body, making it a valid choice for tissue engineering
applications. Collagen contains cell binding sites and its natural properties are similar to that of soft
tissue (Rezvani Ghomi et al., 2021). Different types of collagen have been studied as matrices for
cartilage engineering, of which collagen type | is the most commonly used to form scaffolds .
Collagen type | based scaffolds have been shown to promote chondrocyte proliferation and cartilage
tissue formation (Camarero-Espinosa et al., 2016). Nevertheless, the mechanical properties of
collagen type | are generally not enough to withstand load-bearing in joints. Therefore, collagen type
| usually is modified or used in combination with other polymers, to enhance their chemical and
mechanical properties, which can be tailored to cartilage (Kilmer et al., 2022). Collagen type | can
also be denatured to produce gelatin, which can be modified to produce gelatin methacryloyl (GelMa)
(Yue et al., 2015). GelMA hydrogels can be produced by photo-crosslinking and its mechanical and
chemical properties are easily tunable.

In conclusion, scaffolds based on natural materials usually show very interesting results in terms of
biocompatibility and chondrogenesis support. However, to date, common disadvantages such as the
difficulty of processing them into desired shapes or architectures, the difficulty of functionalisation,
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and the fast enzymatic degradation of the biopolymers lead often to unreproducible results due to

batch-to-batch differences (Camarero-Espinosa et al., 2016).
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Figure 1.5 Schematic representation of commonly biopolymer structures used in cartilage repair. Displayed are the
natural polymers (1) agarose, (2) alginate, (3) chitosan, (4) hyaluronic acid, (5) chondroitin-4- (6) collagen, which show two
common tripeptide repeats, where Hyp represents L-4- hydroxyproline and X represents any amino acid other than Gly, Pro or
Hyp, and is often a basic or acidic amino acid. Synthetic polymers (7) poly(lactic-co-glycolic acid) (PLGA), (8) poly(lactic
acid) (PLA), (9) poly(glycolic acid) (PGA), (10) polydioxanone (PDS) and (11) poly(ethylene glycol) (PEG) (Jeuken et al.,
2016).

1.5.2. Progenitor Cells

The use and addition of cells with chondrogenic differentiation potential inside the scaffolds is
widespread in tissue engineering for the creation of an engineered cartilage unit. The incorporated
cells are universally considered to improve the outcome of ECM deposition and tissue regeneration,
influenced also by the interaction between the artificial scaffolds and surrounding native tissue. In
contrast to the high number of biomaterials used to build a biomimetic 3D architecture in cartilage
tissue engineering, a limited number of cell populations is available, including those existed in the
host tissue such as chondrocytes, chondroprogenitor cells and mesenchymal stem cells (MSCs) with
multipotency or pluripotency especially bone marrow-derived mesenchymal stem cells (BM-MSCs),
adipose stem cells (ASCs), synovial mesenchymal stem cells (SMSCs), embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) (Wei and Dai, 2021).

As the main cell type resident in articular cartilage and responsible for its structural and functional

maintenance, chondrocytes are one of the most widely used cell types in cartilage tissue engineering.
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It has been observed that chondrocytes embedded in a wide range of biomaterials are able to maintain
their morphology and phenotype, and to promote new ECM formation (Li et al., 2019; Camarero-
Espinosa et al., 2020; Xu et al., 2022).

The chondrocytes proliferation and differentiation, vary in scaffolds with different compositions, and
also can be influenced by the architecture of the scaffolds, including structural form, size and
geometry pore, dimensionality and orientation fibres (Nuernberger et al., 2011). Nevertheless, the use
of chondrocytes still faces a several of challenges related to the limited number of cells that can be
isolated from host tissues, the limited proliferative potential and the phenomenon of dedifferentiation
that occur in vitro culture. In fact, in vitro expansion of chondrocytes appears to be complicated, since
they show low proliferation capacity and tend to lose their morphology, phenotype and function from
the first passage in monolayer. These changes are mainly characterised by the gradually switch from
chondrogenic markers expression like SOX9, aggrecan and collagen type Il, to increase the
expression of hypertrophy markers, such as collagen type I, ALP and Runx2. Therefore, this issue
represents one of the biggest limitations in cartilage tissue engineering (Graceffa et al., 2019).

The use of stem cells represents a potential and promising solution to avoid the drawbacks associated
with articular chondrocytes. Among the various types of stem cells, MSCs especially those derived
from the bone marrow (BM-MSCs) are the most widely studied and characterised in tissue
engineering for cartilage repair, due to their benefits like relative easiness of isolation and
proliferation, ability to differentiate into multiple cells lineages including chondrocytes, osteoblasts,
adipocytes, myocytes and tenocytes (Pittenger et al., 1999). Continuous studies in basic research and
preclinical trial based on MSCs use, have achieved promising outcomes in cartilage regeneration and
other diseases (Richardson et al., 2016). MSCs are located in various parts of human body and hence,
they can be isolated from various sources such as bone marrow, adipose tissue, synovia, dental pulp,
placenta, umbilical cord, and other skeletal tissues. Under standard culture conditions, they exhibit
plastic-adherent property, show a fibroblastic-like shape and are characterised by specific markers
expression suchas CD11b", CD14", CD34", CD45", HLA-DR", CD73", CD90* and CD105" (Dominici
et al., 2006). Therefore, MSCs can be easily expanded in vitro to create large amounts of cells that
retain multipotency, representing one of the biggest advantages compared to chondrocytes use
(Pittenger et al., 1999). In vitro MSCs chondrogenesis occurs when the cells are seeded in a three-
dimensional environment represented by simple 3D cultures or scaffolds, in order to promote cell-
cell and cell-matrix interactions (Sekiya et al., 2002; Le et al., 2020). In addition, this process is
supported by the use of specific stimuli such as growth factors like TGFp, BMPs and IGF and
mechanical stimulation (Wei and Dai, 2021). In these conditions MSCs are induced to differentiate
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in chondrogenic sense and to express cartilage- specific markers including collagen type 11, aggrecan
and GAGs (Nurul et al., 2021).

The encapsulation of MSCs inside the scaffolds, and their differentiation efficiency, have been
broadly studied in a plenty of materials for cartilage regeneration (Armiento et al., 2018). In fact, a
large number of scaffolds have been developed, both of synthetic and natural materials, or in
combinations each other, assembled and created by using different kind of techniques, with the aim
of creating the artificial microenvironment that best matches the characteristics of the native cartilage.
Although considerable progress has been made, unfortunately to date, the MSCs use for cartilage
regeneration still presents some limits to be addressed and solved. These limits are due to the
differentiation of MSCs in the late weeks of culture, which switchs from the chondrogenic to
hypertrophic one. The cells start to produce collagen type I, collagen type X and other hyperthrophic
markers, suggesting that the differentiation of MSCs continue towards osteogenic phenotypes (Barry
et al., 2001). As a consequence of this event, a fibrous cartilage with different composition, matrix
organisation, and lower mechanical properties is obtained, compared to native articular cartilage. A
currently investigated explanation for this issue, is the possibility that adult MSCs are intrinsically
committed towards terminal, hypertrophic chondrocyte differentiation and cannot stably differentiate
into articular chondrocytes (Occhetta et al., 2016).To better understand this tendency of adult MSCs,
it is necessary to take a step back.

1.5.2.1 Going back to origin: Cartilage development

During human development, three main germ layers (as all animals with bilateral symmetry) are
formed, which are called ectoderm, endoderm, and mesoderm, from which cartilage arise.

MSCs are derived from the mesoderm and form the components of the appendicular skeleton, the
limbs, where chondrogenesis occurs. The latter begins when MSCs undergo cell-cell and cell- ECM
interactions via gap junctions, leading to the cells proliferation and condensation, resulting in
increased cell density within cell condensates called nodules. Mesenchymal condensation is
characterised by upregulation of adhesion molecules such as versican, tenascin, syndecan, neural cell
adhesion molecule 1 (N-CAM), N-cadherin, etc (Usami et al., 2016).

Here, the MSCs differentiate into chondroprogenitor cells giving rise to the cartilage anlage, and in
general to the formation of the joint interzone, which will determine the specific location of the future
joint. Subsequently the chondroprogenitor cells differentiate into chondrocytes which starting to
produce the ECM rich in collagen type II, 1V, IX, XI, and aggrecan. Therefore, differentiated
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chondrocytes begin to be isolated from the ECM, whose molecules contribute to give the cells the
typical spherical shape.

Basically, the chondrogenesis stop in this development stage, and the chondrocytes may experience
two different fates: they can differentiate into transient chondrocytes becoming hypertrophic that will
be reabsorbed and replaced by bone tissue (endochondral ossification), or they can remain mature
chondrocytes responsible for maintaining the ECM of the cartilage in which they are embedded in
the lacunae throughout the life span (Armiento et al., 2018).

Specifically, the chondrocytes located in the nodules centre stop proliferating, increase in volume and
become hypertrophic. The latter alter the composition of the ECM at this site by synthesising MMP13,
collagen type X and ALP which are involved in the degradation of the ECM and in the regulation of
bone mineralisation respectively. They also synthetises the vascular endothelial growth factor
(VEGF), to induce neighbouring MSCs differentiate in blood vessels (Camarero-Espinosa et al.,
2016). Once the blood vessels infiltrate the cartilage, the hypertrophic chondrocytes undergo
apoptosis and the surrounding cells differentiate into osteoblasts, starting the formation of the first
ossification centre from which the bone will continue to lengthen. At the other end of the cartilage
anlage, a second ossification centre is formed with same process described above, which encloses a
portion of cartilage in the interzone where the proliferating chondrocytes are arranged in orderly
column to form the growth plate. The latter will be responsible for bone growth until adulthood
(Kronenberg et al., 2003) (Fig 1.6).
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Figure 1.6 Schematic representation of cartilage development and endochondral ossification. (a) The process of
endochondral ossification begins from mesenchymal condensation of MSCs at prospective skeleton sites. The MSCs
undergo chondrogenic differentiation, and makes cartilage primordium. (b) The primordial cartilage continues to grow,
forming an avascular cartilaginous tissue surrounded by the perichondrium. Chondrocytes in the centre part of the
primordium initiate the growth plate, and undergo hypertrophy. (c) Hypertrophic chondrocytes are calcified and invaded
by micro vessels forming primary ossification. (d) Vessels invade the epiphyses and form secondary ossification centre
with osteoblasts and bone marrow. (e) The growth plate contributes to long bone growth. Articular cartilage provides
resilience and smooth movement to the joint (Usami et al., 2016).
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In this process the remaining cartilage is reduced to a thin layer above the second ossification centre
which constitutes the articular cartilage. In the early stage, chondrocytes proliferate and produce ECM
components resulting in a tissue with densely packed cells. Upon maturation, and as a response to the
applied mechanical forces, cartilage remodels by varying its composition and structure. Moreover,
the initially thick cartilage layer becomes thinner (Williams et al., 2008). The main molecular and
structural changes in cartilage are related to the collagen and proteoglycan content and orientation.
During the development, wide amounts of collagen are produced that increases in crosslinking density
as the cartilage ages (Eyre et al., 1988). Upon maturation, the collagen type Il density increases and
collagen XI, which is the most abundant collagen form in young cartilage, disappears. Over time, the
concentration of proteoglycans decreases as they decompose into GAGs. The molecular weight of
aggrecan decreases leading also to a decrease in the concentration of chondroitin sulfate (Wells et al.,
2003). At the same time the concentration of other GAGs such as keratan sulfate and HA increases,
especially in areas were load is applied. Cartilage maturation is reached together with the maturity of
the skeleton. At this point, the proliferative capacity of chondrocytes is extremely low, and cells live
in a quiet stage for several years. Overall, at cartilage maturity, the cell density is significantly
decreased and due to their lower proliferative and metabolic activity, the healing response of the
tissue is also decreased (Williams et al., 2008).

It is important to mention that cartilage development and endochondral ossification are highly
regulated by complex processes, which involve a wide range of growth factors, transcription factors,
and extracellular matrix proteins. Growth factors include insulin-like growth factors (IGFs),
parathyroid hormone-related protein (PTHrP), fibroblast growth factors (FGFs), platelet derived
growth factors (PDGFs), transforming growth factors p (TGFfs), bone morphogenetic proteins
(BMPs), Indian hedgehog (IHH), and Wingless/In (Wnt)/B-catenin (Usami et al., 2016).

There are also various transcription factors that regulate cartilage development and endochondral
ossification. For example, the transcription factors SOX5, 6, and 9 (known as the SOX-trio), also play
a key role in promoting chondrogenesis with SOX9, in particular, directly influencing upregulation
of pro-chondrogenic genes such as COL2A1 and ACAN. They are essential not only for cartilage
formation and but also for postnatal growth plate formation and function. Runx2 is considered the
main transcription factor involved in bone formation, and also exerts an indispensable role for
stimulation of chondrocyte hypertrophy and induction of matrix calcification (O'Shea et al., 2022).
Ultimately the study of articular cartilage development becomes an essential step because it provides
a better guide in understanding and predicting new regeneration mechanisms and in designing new
therapeutic strategies for cartilage repair and regeneration. In particular, this knowledge encourages
the development of different strategies with the aim of "reprogramming™ the fate of MSCs by
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exposing them to specific stimuli that can be used to limit or reverse the MSCs tendency to
hypertrophic differentiation, and guide them towards differentiation into stable cartilage. From this
perspective, defining an effective, and possibly temporally organised, combination of stimuli
represents an important challenge for optimising tissue engineering procedures based on the use of
MSCs for cartilage repair (Occhetta et al., 2016).
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Figure 1.7 Schematic representation of chondrogenesis, starting with MSCs proliferation and
condensation, until endochondral ossification. The main factors involved in the transition from one stage of
the chondrogenic pathway to the next are highlighted with a green indicator. The characteristic ECM proteins
of each stage are highlighted below (O'Shea et al., 2022).

1.5.3. Biochemical and Biophisical Stimuli

Having regard of what said above, apart from the cells encapsulated inside the 3D scaffolds, the
inclusion of different stimuli, divided into molecular and physical ones, which play key roles in MSCs
differentiation during cartilage development and adult cartilage homeostasis, is also essential to

provide an appropriate microenvironment for the cartilage engineered.
1.5.3.1. Biochemical stimuli

The molecular signals used in cartilage repair consist of growth factors naturally occurring in the
body and/or small synthetic molecular compounds. They are capable to mediate the growth,
proliferation and differentiation of progenitor cells by activating specific pathways and stimulating
the expression of the most important chondrogenic markers. IGFs, FGFs, TGFf3s and BMPs, are
among the most characterised growth factors, while dexamethasone (DEX) and kartogenin (KGN)

are the typical synthetic molecules used in cartilage tissue engineering (Wei and Dai, 2021).

21



IGFs are single chain polypeptide with similar amino acid sequence to insulin. IGF-1 represents the
isoform that promote the chondrocytes survival and proliferation, and is of involved in articular
cartilage repair (Schmidt et al., 2006). Indeed, IGF-1 is a mediator of cartilage homeostasis by
balancing the proteoglycan synthesis and breakdown through chondrocytes (Schmidt et al., 2006). In
aged and degenerate articular cartilage, there is a progressive decrease of chondrocyte responsiveness
to IGF-1, with diminishing capability to maintain structural and functional integrity. In recent years,
the IGF-1 incorporation and delivery has gained wide application in designing osteochondral
scaffolds for osteochondral tissue engineering, since it is also involved in osteoblastic differentiation
(Kim et al.,2013).

FGF family is composed by 22 protein members in human (FGF1-14, 16-23). Each FGF factor can
activate one of the four FGF receptors located on the cell surface to regulate the cells proliferation,
migration and differentiation. Among them, FGF2 and FGF18 are known to be the most important
ones in chondrogenesis and skeletal development (Ornitz and Marie, 2015). FGF2 is also known as
basic fibroblast growth factor (bFGF) that stimulates the matrix synthesis in articular cartilage and
acts as a chondrocyte mitogen (Yang et al., 2018). FGF18 (also known as Sprifermin, the recombinant
human FGF18 form, rhFGF18) is required in skeletal growth to coordinate the chondrogenesis and
osteogenesis. In a monolayer culture, the supplementation of FGF18 promotes the round cell
morphology and proliferation of chondrocytes, as well as the expression decrease of collagen type I,
while in 3D cultures increases the number chondrocytes and enabled human OA chondrocytes to
produce ECM (Gigout et al., 2018). Interestingly, the intra-articular injection of sprifermin markedly
promotes the proliferation of articular chondrocytes and the ECM synthesis, increasing cartilage
thickness in a dose-dependent manner in patient with OA (Eckstein et al., 2021). It is also able to
efficiently inhibit MMPs activity and not activates hypertrophic pathways, reducing articular cartilage
degeneration. Sprifermin is currently in phase Il clinical trial, and no local or systemic safety
concerns have been reported (Song et al., 2021).

TGEF is a large superfamily of cell regulatory proteins consists over 30 members including TGFps,
BMPs, activins, growth and differentiation factors (GDFs) and Nodal. All this factors share a
quaternary dimer structure and signal via formation of heteromeric complex between two types of
serine threonine-protein kinase receptors, known as TGFp receptor type I and type II (TGFBR1 and
TGFBR2). Specifically, there are seven type I (activin-receptor like kinases, ALK1-7) and five type
IT (TGFBRII, ACVR2A, ACVR2B, BMPRII, AMHRII) receptors (Schmierer and Hill, 2007). Since
every growth factor recruits a specific, but not unique, receptor complex, this choice in receptor
allows for differences in growth factor sensitivity. After formation of functional receptor complexes,
TGFB family members activate multiple intracellular signalling pathways, which generally are
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divided into SMAD- dependent or —independent, but SMAD-dependent signalling is regarded as the
canonical signalling pathway of TGFp family members (Thielen et al., 2019).

Among all TGFB family members, the three TGFp isoforms (TGFf1, 2, and 3) play central role in
chondrocyte maturation, endochondral ossification, and are able to promote the synthesis of
proteoglycans and collagen type Il in chondrocytes (Grimaud et al., 2002). In addition, they promote
the chondrogenic and osteogenic (hypertrophic) differentiation of MSCs, in dose-dependent manner
(van der Kraan et al., 2009). All three isoforms are produced by cells in inactive form as homodimers,
consist of latency-associated peptide (LAP) and latent TGFf binding protein (LTBP) that remain
bound together until the mature ligand is liberated. The non-covalent linkage of LAP to the mature
ligand prevents the binding with receptor (van der Kraan, 2017). This production in the inactive form
separates secretion from activity, represent an important concept in TGFp biology. All three forms of
TGFp are produced by chondrocytes, and a large quantity of inactive TGFp is secreted in the cartilage
ECM. TGEFB is activated when the noncovalent bond between LAP and TGFp is disrupted. This can
occur enzymatically by degradation of LAP by MMP3, and other serine proteases, or by chemical
modification of LAP by reactive oxygen species, or mechanically (Zhang et al., 2017).

The main signalling pathway starts when activated TGFp binds TGFBRII, forming a complex that
recruits ALKS5 and successively, the signal is transduced inside the cells by the phosphorylation of
SMAD2/3 which form a complex with SMADA4 that translocate in the nucleus where activates several
transcription factors including SOX9 with the consequent synthesis of cartilage ECM components
(van der Kraan, 2017). TGFp can activate another signalling pathway, binding the receptor type I,
ALK1 which phosphorylates SMAD1/5/9 involved in hypertrophic differentiation. Indeed, a complex
with SMAD4 is formed, translocate in the nucleus were activated RUNX2 transcription factor
(Szychlinska et al., 2017; Thielen et al., 2019) (Fig.1.8).

Which pathway is activated by TGFB depends on receptor level expression, co-receptor expression
and concentration of TGFp. Specifically, a low dose of TGFp predominantly signals via SMAD2/3,
whereas at high consentrations, SMAD1/5/9 signalling becomes more pronounced. Importantly, both
pathways have been described to antagonise each other in chondrocytes (van der Kraan, 2017). TGF
signalling is associated with cartilage ECM production and maintenance, and an imbalance between
SMAD2/3 and SMAD1/5/9 pathways has also been observed during OA progression and ageing
(Graceffa et al., 2019). It is important to mentioned that TGFp isoforms also activate the MAP kinase
mitogen-activated kinases (MAPK) cascade, involving TGFp-activated kinase 1 (TAK1) or
extracellular signal-regulated kinase 1 and 2 (ERK1/2) which contribute to chondrogenic
differentiation of MSCs, and chondrocytes phenotype maintenance. TGFf isoforms are considered
the growth factors with the most powerfull chondrogenic potential, and for this reason they are widely
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used in tissue engineering for cartilage repair in order to optimise the chondrogenesis and new ECM
production of progenitor cells insede the scaffolds (Thielen et al., 2019).
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Figure 1.8 Schematic representation of TGFp family SMAD-dependent signalling pathway. Ligands binding induces
the formation of a receptor complex containing a type | and type Il receptors. Type Il receptors stabilise and facilitate the
binding of TGFp to the receptor complex, which recruits a receptor SMAD (R-SMAD). The R-SMAD is subsequently
phosphorylated on its C-terminal domain, and a complex is formed with the common SMAD4 (co-SMAD4). This complex
translocates to the nucleus where it can bind transcription factors, like SOX9 and RUNX2, and activates transcription of
specific DNA sequences. The activation of SMAD2/3 signalling results in anti-hypertrophic and anti-inflammatory
function, whereas activation of SMAD1/5/9 signaling is associated with pro-hypertrophic regulation of ECM and
maturation of the cartilage. Other important factorsare the inhibitory SMADs, SMAD6 and SMAD7, whose expression
provides the cell with a negative feedback mechanism. (Thielen et al., 2019).

Also BMPs, the other members group of TGFp superfamily, have been shown to be effective tissue
engineering growth factors for cartilage regeneration, among which BMP2, 4, 6, and 9 are the most
extensively studied ones (Wei and Dai, 2021). BMP2 alone or combined with other growth factors
has been vastly utilised for the MSCs chondrogenic differentiation and ECM production and
proliferation of chondrocytes to regenerate cartilage or osteochondral tissues both in vitro and in vivo
(Blaney et al., 2007; Deng et al., 2018).

BMP4 notably is involved in bone formation and bone healing, but also is able to accelerate the
chondrogenesis of MSCs and the regeneration of hyaline cartilage (Chubinskaya et al., 2008). In the

same line, BMP6 drive both chondrogenic and osteogenic differentiation of adult MSCs from
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different tissues and it endogenous expression is detected in the cartilage of both healthy and
osteoarthritic joint (Dvotakova et al., 2013). BMP9 was considered a potent inducer of mesenchymal
progenitor cells chondrogenesis, but is accompanied by pronounced hypertrophy, providing to be
potentially the most osteogenic BMP during endochondral ossification (Deng et al., 2018).

BMPs bind type Il receptor (BMPR2, ACVR2A, and ACVR2B), which recruits a type | receptor
(ALK1, 2,3,6) leading to the activation of SMAD 1/5/9 pathway (Thielen et al., 2019). However,
since BMPs direct cells towards a more hypertrophic and osteogenic differentiation compred to TGF3
isoforms, the use of these growth factors for cartilage tissue engineering is controversial while are
widely used for osteochondral and bone tissue engineering.

Finally, among the synthetic molecules used in cartilage tissue engineering, is important to mentioned
DEX for its wide use. The latter is a synthetic glucocorticoid that has been frequently applied
clinically to treat inflammatory diseases (Hartmann et al., 2016). DEX has been found to potentiate
the chondrogenic differentiation of MSCs in vitro, particularly when used in combination with growth
factors such as TGFBs and BMPs (Shintani and Hunziker, 2011). DEX dosage and exposure stage
during differentiation were considered to be depending elements in deciding the differentiation
lineage of MSCs (Hartmann et al., 2016).

1.5.3.2. Biophisical Stimuli

In addition to molecular signalling, mechanical signals represent another elements to consider for
tissue engineering, as they can largely influence cell fate and the biological processes involved in
chondrogenesis and in the formation of new ECM, essential in the construction of artificial cartilage.
In this context, the fundamental role played by mechanical signals was highlighted starting from the
cartilage formation during embryonic development. In fact, active foetal movements such as whole-
body movements, kicking, and stretching subject the developing skeleton to stresses, which exert
positive effects on correct musculoskeletal development (Shea et al., 2015). Specifically, to cartilage,
animal studies based on mouse and chick embryo models of immobilisation have shown that the
absence of movements causes shorter cartilaginous elements with poorly defined condyles due to
reduced cell proliferation at the terminal condyle, disruption of the chondrocytes organisation into
columns, and abnormal joint cavitation (Roddy et al., 2011; Armiento et al., 2018; Khatib et al., 2021).
In addition to playing a vital role in cartilage development, mechanical forces are essential for
maintaining cartilage homeostasis within a healthy joint. As described in the previous sections,
articular cartilage is designed to withstand significant complex load and deformation during
locomotion and physical activity. Mechanical loading applied on cartilage is vital important for the
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diffusion of nutrients within the tissue and the waste of catabolites, and stimulate chondrocytes to
produce ECM component essential for the remodelling and turnover of ECM. On the other hand, is
well known that inactivity of the joint leads to the cartilage degradation (Sanchez-Adams. et al.,
2014).

Although the macroscopic effects of mechanical loading in vivo are well established, the molecular
mechanisms still remain unclear. Different studied have shown that, part of mechanotrasduction in
vivo chondrocytes, is mediated through mechanoreptors, principally integrins, associated with
stretch-activated ion channels and voltage-gated calcium channels, like TRPV4 (O’Connor et al.,
2014). Integrins are binding proteins to the pericellular matrix mainly located in immotile primary
cilia on chondrocytes, MSCs and chondroprogenitor cells. The cilia are able to transduce mechanical
loading inside the cells, and activated several pathways such as WNT, Hedgehog, and TGF/BMPs
(Panadero et al., 2016).

Therefore, mechanical loading is an important signalling factor in articular cartilage biology. It is
consequently crucial to insert mechanical signals in vitro systems for tissue engineering, since they
could contribute to obtaining in vitro tissues with characteristics more similar to the native one. To
investigate their effects in vitro, external mechanical signals are usually applied through bioreactors
or loading devices that allow to expose scaffolds with cells to different forms of mechanical loads
(Monaco et al., 2020). The latter in the cartilage are a complex combination of tensile, shear, and
compressive stresses and strains. In vitro, the ways of providing mechanical signals are based in the
reduction to single mechanical components such as uniaxial compression, direct shear stress,
perfusion (shear stress) and hydrostatic pressure. Each one of this mechanical solicitations can be
applied individually or combined, simulating one or some of the different components recapitulating
the complex motion of in vivo condition by reproducing the so-called complex multi-axil load
(O’Connor et al., 2013).

Spinner flasks, laminar flow bioreactors, and flow perfusion bioreactors, for example, are the most
used devices to apply the hydrostatic pressure exerted by culture medium movements on constructs,
which instead in vivo is produced by the liquid environment of the articular cartilage including the
synovial fluid and the interstitial fluid, while the fluid shear generates with the liquid flow (Monaco
et al., 2020). Chondrocytes encapsulated in 3D hydrogels subjected to this kind of forces were able
to synthesise new ECM, while the application of intermittent hydrostatic pressure together with
TGFB3 supplementation, has been reported to increase Sox9, collagen type I, and aggrecan gene
expression levels by human MSCs in pellet cultures (Miyanishi et al., 2006; Xia et al., 2017).
Mechanical stimuli can be also applied directly to constructs in form of static or dynamic
compression, and shear. Many research groups have designed and built different bioreactors that can
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apply compression or shear, ranging from uncontrolled to fully defined computer-controlled shear
application, which allows for regulated frequency and amplitude (Grad et al., 2011).

Among this mechanical forces, dynamic compressive loading represents the most widely studied and
used mechanical signal, in MSCs-based cartilage regeneration. Several studies have shown that this
kind of mechanical stimulus is able to enhance chondrogenic differentiation of MSCs, despite being
less strong than growth factor treatment in initiating MSCs differentiation. However, MSCs
differentiation can be enhanced, and increase of collagen type I, aggrecan, TGFB1, and Sox9 gene
expression levels following dynamic compressive loading were observed (Fahy et al., 2018). The
cells response can be also influenced by different factors, such as pre-differentiation period and some
specific loading parameters, including optimal load cycle and frequency, as well as the scaffold
biomaterial, are provided (Szychlinska et al., 2017).

Also shear stress is an important mechanical signal with similar effects. However, when compression
and shear are applied individually in the constructs, limited effects have been observed, or as in the
case of BM-MSCs, compression and shear alone are not able to induce chondrogenic differentiation
(Schétti et al., 2011). Different results are observed when compression and shear are applied together
with multiaxial stimulation. The latter results are more effective than a single loading at inducing
ECM biosynthesis in MSC-derived chondrocytes. Multiaxial load is able to enhance collagen type II
and aggrecan expression, to increase their deposition, and to increase GAGs production, without
supplementation of exogenous growth factors. This occurs since multiaxial signals activated the
TGFB pathway, as observed on BM-MSCs embedded in poly-urethane (PU) scaffolds which
stimulated by compressive load and surface shear stress, upregulated gene expression and protein
synthesis of TGFB1 and TGFB3 (Li et al., 2010; Gardner et al., 2016). This evidence is also reinforced
by other studies on BM-MSCs and articular cartilage explant, in which dynamic compression
upregulated Smad2/3 phosphorylation (Mouw et al., 2007; Madej et al., 2014).

Despite the great advances that have been made in the field of biomechanics in providing appropriate
mechanical stimulus through bioreactors for engineered tissue construction, several limitations
involved in the design and fabrication of bioreactors remain to be resolved, for example, lack of
universal standards and discrepancy in design parameters, as well as limitations related to the different
biomaterials used which by themselves may differently transmit mechanical signals to embedded
cells (Li et al., 2017).
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1.6 Physical Activity as a prevention for OA management

The management of OA focuses on alleviating its secondary effects since there is currently no
resolutive cure. Nonsteroidal anti-inflammatory drugs, opioid and non-opioid analgesics, intra-
articular injections of steroids and hyaluronic acid are generally prescribed to patients to reduce pain
and improve joint function, but they fail in modifying disease progression in terms of prevention and
chondroprotection (Zhang et al., 2007; Cheng and Visco, 2012). The chronic nature of OA encourages
the use of pharmacological approaches that can be considered safe for long term use and, at the same
time, might be able to slow its progression. To date, however, there is no effective drug capable of
acting on the pathophysiology of OA, and their use is limited due to the side effects in patients by
over usage (Zhang et al., 2007).

This has led to consider non-pharmacological, regenerative and behavioural treatments (Musumeci
et al., 2014). Among these, exercise represents a useful tool to alleviate symptoms of OA and slow
its progression (Musumeci et al., 2015; Castrogiovanni et al., 2019; Di Rosa et al., 2019). It was
demonstrated that physical exercise exerts short-term benefits in reducing pain, improving physical
function, balance, muscle strength and flexibility (Uthman et al., 2013). Training tailored to improve
OA includes anaerobic, aerobic, flexibility workouts and aquatic exercise (Castrogiovanni and
Musumeci, 2016). It is essential to plan a protocol of movement whose type, duration and intensity
represents the best approach to induce positive changes within the joint, but does not worsen the
pathological condition by excessive load bearing or exhausting exercise (Musumeci et al., 2013). It
seems that a combination of aerobic fitness training and strengthening exercises could be optimal to
address the spectrum of impairments associated with OA (Bennell and Hinman 2011).

The most important effect of exercise on articular cartilage is that it keeps the joints lubricated and
facilitates cycles of catabolism and anabolism within the tissue. Mechanical stresses, derived from
exercise, facilitate diffusion of nutrients and stimulates the ECM remodelling by promoting the
synthesis of the molecular components of ECM. Sedentary and immobilisation eventually
compromise the lubricant properties of joint, although this can be reversed with activity. Joint
lubrication is largely determined by the lubricin, one of the major joint lubricants, which expression
and levels are influenced by exercise.

Lubricin is expressed by chondrocytes located in the superficial zone of articular cartilage and by
synoviocytes type B from synovia and it has received considerable attention as a chondroprotective
molecule (Elsaid et al., 2012). Several studies on healthy and OA rat models, have shown that
moderate physical exercise as normal joint loading, and mechanical stimulation promote an

expression increase of lubricin from chondrocytes and synoviocytes, resulting also in high levels in
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synovial fluid. These leads to an improve joint lubrication and prevent cartilage degeneration with
enhanced lubrication of articular cartilage surface and increase joint mobility (Musumeci et al., 2015;
Castrogiovanni et al., 2019).

Moreover, exercise may delay the progression of OA by inhibiting the degradation of ECM and
promoting cartilage synthesis (Kong et al., 2022). For example, exercise is able to reduce the activity
of MMP2 in the tendons around the knee joint and in quadriceps tendons of OA rats (subjected to
resistance training for eight weeks), and greatly relieve the adverse effects of OA on the knee joint.
Therefore, exercise may reduce the degradation of the ECM by inhibiting the activity of MM-2 from
achieving the purpose of treating OA (Vasilceac et al. 2021). As described in the paragraphs above,
collagen type 1l and MMP 13 are essential components related to a good balance between synthesis
and degradation of cartilage ECM. It was demonstrated in OA rat model, that swimming training
applied in the early stage of OA, increase production and deposition of new collagen type Il fibres,
while the levels of MMP13 were reduced, strengthening the hypothesis in which exercise training in
the early stage of OA contributes to maintain a balance between the degradation and anabolism of
ECM preventing cartilage damage (Hsieh and Yang, 2018).

Exercise relieves the pathological changes of OA by affecting other mechanisms related to the disease
such as, apoptosis, autophagy, and inflammatory response (Kong et al., 2022).

Otherwise, after long periods of immobility, the joints become stiff and lose some of their range of
movement, also not supported by the muscle who can incur in atrophy. Efficacy of exercise is also
extended to other components of the joints such as the synovium, muscle, ligaments, tendons, and
bone (Gahunia et al., 2012). Synovial fluid produced by the synovial membrane within the joints has
a short-term response to exercise, thus requiring regular exercise to stay lubricated, nourished, and
healthy. In response to physical activity, osteoblasts are engaged in remodelling and building new
bone tissue and in improving density, being more able to withstand mechanical loads. In addition,
muscles respond rapidly to exercise by synthesising proteins and increasing in size. The integrity of
tendons and ligaments is critical for joint function, which become stronger and more resistant to injury

when exercised (Gahunia et al., 2012).
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2 The purpose and design of the present research

Having regard of what said above and considering a numerous aspects and multifactorial nature of
the OA disease, the aim of this research was to improve the knowledge of the morpho-molecular
mechanisms occurring in the osteoarthritic and normal cartilage and to find the possible therapeutic
solutions for this complicated and multifactorial disease.

The aims of the first couple of two research work (the first is a preliminary study, while the second
is already published) were to contribute to the field of tissue engineering with new insights about the
chondrogenic differentiation of hBM-MSCs in two different 3D in vitro culture models represented
by pellets and GeIMA/HA hydrogels exposed to TGFB1 priming and mechanical stimulation and the
efficacy of a cell —free collagen type I- based scaffold in repairing cartilage tissue in a vivo rat model
for OA.

Thereafter, the aims of the other two research articles were to contribute to the field of prevention of
OA with new insights about the role of Autotaxin (ATX), Lubricin and physical exercise in OA

progression, and the consequence of atrophy in a population of stem cells in healthy muscle.

2.1 Aims of the single researches

In vitro study of hBM-MSCs chondrogenic differentiation in pellet cultures and

GelMA/HA hydrogels exposed to TGFB1 priming and multiaxial loading:

The treatment of osteochondral defects in clinical practice is hindered by the poor self-healing ability
of cartilage. Tissue engineering, combining the use of progenitor cells, biocompatible scaffolds,
biochemical and biophysical stimuli, emerges as a promising strategy for joint regeneration. The
developed in vitro models aim to recapitulate the in vivo situation. To more closely mimic the knee
environment, current in vitro models need improvements to reflect the complexity of the native tissue.
The aim of this preliminary study was to evaluate the chondrogenic differentiation of primary human
bone-marrow- derived mesenchymal stromal cells (hBM-MSCs) from two different donors, in two
different in vitro models: in the first part of the study pellet cultures exposed to TGF1 at different
times were used, while in the second part chondrogenesis was investigated by encapsulating hBM-
MSCs in hydrogels consisting of Gelatin Methacryloyl (GeIMA) and hyaluronic acid (HA), exposed
to multiaxial loading alone and after one week of TGF1 priming.

hBM-MSCs chondrogenic differentiation was evaluated over 21 days at the gene expression level
and total DNA, sulphated glycosaminoglycan, H&E and safranin O staining and
immunohistochemistry were evaluated. After 21 days of culture, pellets showed a chondrogenic and
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partly hypertrophic phenotype, related to the TGFB1 exposure times, while without the growth factor
showed a very low differentiation capacity. In the second in vitro model, hBM-MSCs seeded inside
hydrogels were able to chondrogenically differentiate only by the combined use of priming and
mechanical stimulation, producing a more stable cartilage-like ECM, corroborating with high levels
of chondrogenic markers and low levels of hypertrophic markers.

Although this study needs to be extended by other evaluations and subjected to appropriate
optimisations, the developed in vitro model appears to be a good candidate for cartilage tissue

engineering.

Evaluation of a cell —free collagen type |- based scaffold for articular cartilage

regeneration in an orthotopic rat model:

The management of chondral defects represents a big challenge because of the limited self-healing
capacity of cartilage. Many approaches in this field obtained partial satisfactory results. Cartilage
tissue engineering, combining innovative scaffolds and stem cells from different sources, emerges as
a promising strategy for cartilage regeneration. The aim of this study was to evaluate the capability
of a cell-free collagen I-based scaffold to promote cartilaginous repair after orthotopic implantation
in vivo. Articular cartilage lesions (ACL) were created at the femoropatellar groove in rat knees and
cell free collagen I-based scaffolds (S) were then implanted into right knee defect for the ACL-S
group. No scaffold was implanted for the ACL group. At 4-, 8- and 16-weeks post-transplantation,
degrees of cartilage repair were evaluated by morphological, histochemical and gene expression
analyses. Histological analysis shows the formation of fibrous tissue, at 4-weeks replaced by a tissue
resembling the calcified one at 16-weeks in the ACL group. In the ACL-S group, progressive
replacement of the scaffold with the newly formed cartilage-like tissue is shown, as confirmed by
Alcian Blue staining. Immunohistochemical and quantitative real-time PCR(qRT-PCR) analyses
display the expression of typical cartilage markers, such as collagen type | and Il (Coll and Colll),
Aggrecan and Sox9. The results of this study display that the collagen I-based scaffold is highly
biocompatible and able to recruit host cells from the surrounding joint tissues to promote cartilaginous

repair of articular defects, suggesting its use as a potential approach for cartilage tissue regeneration.

Immunohistochemical evaluation of autotaxin and lubricin in mild osteoarthritic rat

model performing moderate physical activity.

Levels of the enzyme autotaxin (ATX) are elevated in synovial fluid and plasma of osteoarthritic

patients, correlating positively with radiographic and symptomatic severity of the disease. Therefore,

ATX is studied as potential marker for the progression of osteoarthritis (OA), whereas the
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chondrocyte-secreted glycoprotein Lubricin has chondroprotective properties. The aim of this study
was to evaluate the expression of ATX and Lubricin in healthy and mild OA rat articular cartilage of
femur, tibia and patella, and to analyse the effect of a protocol of moderate physical activity on their
expressions. Mild OA resulted from anterior cruciate ligament transection and rats exercised on a
treadmill for 12 weeks. Computerized staining intensity of immunostaining was used to evaluate ATX
and Lubricin expressions. Higher expressions of ATX were found in femur and tibia of OA rats,
suggesting that this molecule could participate in the progression of the disease, although not involved
in the patella. In the femur, physical activity performed by OA rats was able to lower ATX expression,
encouraging the evidence that joint movement is beneficial for the cartilage, although no significant
differences in Lubricin expression were detected in femur, tibia and patella. This evidence might

shade some light about the role of ATX, Lubricin and physical exercise in OA progression.

Morphological Evidence of Telocytes in Skeletal Muscle Interstitium of Exercised and

Sedentary Rodents

Skeletal muscle atrophy, resulting from states of hypokinesis or immobilization, leads to
morphological, metabolic, and functional changes within the muscle tissue, a large variety of which
are supported by the stromal cells populating the interstitium. Telocytes represent a recently
discovered population of stromal cells, which has been increasingly identified in several human
organs and appears to participate in sustaining cross-talk, promoting regenerative mechanisms and
supporting differentiation of local stem cell niche. The aim of this morphologic study was to
investigate the presence of Telocytes in the tibialis anterior muscle of healthy rats undergoing an
endurance training protocol for either 4 weeks or 16 weeks compared to sedentary rats.
Histomorphometric analysis of muscle fibers diameter revealed muscle atrophy in sedentary rats.
Telocytes were identified by double-positive immunofluorescence staining for CD34/CD117 and
CD34/vimentin. The results showed that Telocytes were significantly reduced in sedentary rats at 16
weeks, while rats subjected to regular exercise maintained a stable Telocytes population after 16
weeks. Understanding of the relationship between Telocytes and exercise offers new chances in the
field of regenerative medicine, suggesting possible triggers for Telocytes in sarcopenia and other
musculoskeletal disorders, promoting adapted physical activity and rehabilitation programmes in

clinical practice.
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3 In wvitro study of hBM-MSCs chondrogenic
differentiation in pellet cultures and GelMA/HA
hydrogels exposed to TGFB1 priming and multiaxial

loading

3.1 Introduction

Osteoarthritis, injuries and osteochondritis are the most common causes of cartilage damage and
deterioration, resulting in pain and severe disability of the affected joint. The resulting social and
economic implications, which importance correlates with the great number of people globally
affected, legitimise the strong and imperative interest, on the part of the scientific community, to
study the phenomenon in depth (Safiri et al., 2020). However, current therapies have significant
limitations, prompting the development of new cartilage tissue engineering approaches. Currently,
autologous chondrocytes implantation (ACI) and matrix-assisted autologous chondrocytes
implantation (MACI), remain the advanced- therapy medicinal product approved by the FDA (Food
and Drug Administration) and EMA (European Medicines Agency) (Makris et al., 2015).
Nevertheless, both treatment show some limitations, related to donor site morbidity due to the
required cartilage biopsy, as well as to the small size of harvestable cartilage associated with a low
chondrocyte yield and limited in vitro expansion potential (Erggelet et al., 2003; Brittberg, 2010).
Due to the limited source of autologous chondrocytes for transplantation procedures, much attention
has focused on MSCs, multipotent progenitor cells, isolated from many adult organs, that possess
self-renewal capability and can differentiate into multiple lineages including adipocytes, osteoblasts
and chondrocytes (Pittenger et al.,1999). Particularly, hBM-MSCs represent an attractive alternative
cell source to autologous chondrocytes since they can be easily isolated from bone marrow aspirates
with limited donor site morbidity and, following expansion, they continue to maintain multilineage
potential (Gardner et al., 2013). Indeed, hBM-MSCs are well investigated in the clinical setting, are
the best characterised, and many studies describe how they are useful in cartilage repair after injury
or disease such as OA (De Bari and Roelofs, 2018). However, to date, the main challenge related to
in vitro hBM-MSC chondrogenic differentiation is the lack of an appropriate cultural environment
capable of reproduce in vivo physiological conditions and prevent or reduce the progression of MSC-
derived chondrocytes hypertrophic differentiation which lead to produce an ECM rich in collagens

type | and X markers of fibrocartilage responsible of endochondral ossification of the newly formed
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cartilage (Wei et al., 2012; Somoza et al., 2014). In the last years several studies have been conducted,
and different in vitro models have been developed to investigate in depth the chondrogenic
differentiation of MSCs and its advantages and limitations for their use in tissue engineering.

For the first time in 1998 Johnstone et al. introduced the pellet culture, which has become the gold
standard for differentiating BM-MSCs into chondrocyte-like cells in vitro (Johnstone et al., 1998). In
this model, in order to form pellet culture, 2x10° BM-MSCs were pelleted in induction medium with
the TGFB1 supplementation, providing to be effective in achieving MSCs chondrogenic
differentiation, by creating a three-dimensional environment that allows a close contact among the
cells similar to those that occur during embryonic development in pre-cartilage condensation
(Johnstone et al., 1998).

Since then, a large number of research groups have used pellet cultures with the aim of characterise
and optimise the chondrogenic capacity of BM-MSCs or stromal cells from other tissue. Not much
has changed since the introduction of culture pellets and many studies continue to use this in vitro
model, with the same or similar number of cells to form the pellets, and different weeks of culture in
induction medium with different compounds, supplemented with one of the TGFp isoforms (TGFp1,
2, or 3) (Freyria et al., 2012; Goldberg et al., 2017). Although the chondrogenic effects of different
growth factors have been investigated, TGF3 remains the most important and most frequently used
chondrogenic induction factor (Puetzer et al., 2010; Jakobsen et al., 2014).

TGFp induces the cells within the pellets to acquire a chondrocyte-like phenotype which begin to
secrete a cartilage-like matrix rich in aggrecan, collagen Il and GAGs, defining large pellets (1-3mm).
However, a limitation of this model, is that TGFB-induced chondrogenesis over time leads to
hypertrophy of MSCs, similarity observed during osteochondral ossification (Mueller and Tuan,
2008). In fact, hypertrophic markers such as collagen type | and X, MMP13 and RUNX2, start to be
upregulated (Barry et al., 2001; Futrega et al., 2015). Recently, it was demonstrated by using
micropellets model that only one day of TGFB1 exposure is enough to enhance chondrogenic and
hypertrophic differentiation pathways of hBM-MSCs (Futrega et al., 2021). Therefore, in this in vitro
model, the problem related to hypertrophic differentiation persist.

In parallel, considerable investments have been made by tissue engineering in order to develop an in
vitro model capable of mimicking the physiological characteristics of articular cartilage as much as
possible, combining the use of progenitor cells, biocompatible 3D scaffolds and biochemical and
physical factors.

In this context, attention has been given to the use of hydrogels, stable water-swollen polymeric
networks, which are a suitable platform for maintaining the cellular phenotype and promoting the
formation of cartilage-like neotissue by homogeneously distributing the cells, and acting as a scaffold
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for the accumulation of ECM components (Zhu and Marchant, 2011). In particular, hydrogels based
on natural biopolymers show many advantages over synthetic polymers, such as excellent
biocompatibility and low immunoresponse.

Gelatin Methacryloyl (GelMA) is a photocrosslinkable gelatin that has caught the attention of tissue
engineers due to its excellent biocompatibility (Van Den Bulcke et al., 2000). GeIMA undergoes
photoinitiated radical polymerisation (i.e. under UV light exposure with the presence of a
photoinitiator) to form covalently crosslinked hydrogels. As the hydrolysis product of collagen 1, the
main component of ECM in most tissues, gelatin contains many arginine-glycine-aspartic acid (RGD)
sequences that promote cell attachment, as well as the target sequences for MMPs that are suitable
for cell remodelling, while its functionalisation with Methacryloyl allows tunability of the mechanical
characteristics (Van Hoorick et al., 2017; Agten et al., 2022). In addition, GeIMA is biodegradable,
non- cytotoxic and show limited immunogeniticy (Yue et al., 2015).

Recent studies have shown that encapsulation of progenitor cells in GelMA, is able to maintain the
cell chondrogenic potential and can lead to cartilage-like matrix formation also after an in vitro culture
period of 3 to 8 weeks (Levato et al., 2017; Mouser et al., 2018; Holzl et al., 2022; Agten et al., 2022).
It has also been demonstrated in several in vivo models that after different weeks of implantation in
the defect sites, functionalised GelMA scaffolds promote the recruitment of endogenous MSCs, and
chondrogenic differentiation (Qiao et al., 2021; Ding et al., 2022; Huang et al., 2022).

Furthermore, GelMA functionalised with HA shows better viscoelastic properties and constitutes a
beneficial microenvironment for chondrogenesis, since HA is highly present in native cartilage, has
anabolic effects on matrix synthesis, and is also implicated in a wide range of biological processes
such as cell proliferation, attachment, migration, differentiation, and tissue homeostasis (Callahan et
al., 2012; Levett et al., 2014). HA incorporation into GelMA hydrogels promotes chondrogenesis and
chondrocyte phenotype, increasing matrix accumulation, and enhancing matrix distribution in several
promising studies (Levett et al., 2014; Meinert et al., 2017; Pahoff et al., 2019; Nedunchezian et al.,
2022).

To further improve the current in vitro models, other elements that would help to improve the cartilage
engineered characteristics have been introduced into the culture system such as mechanical stimuli.
As described in general introduction, mechanical stimuli largely influence cell fate and the biological
processes in vivo, involved in chondrogenesis and in the formation of new ECM, resulting essential
for cartilage development. In this regard, the introduction of bioreactor or loading devices use, in 3D
cell cultures, allow to reproduce the knee environment in vitro and to apply a range of different forces,
both alone or combined, recapitulating the complex motion found in vivo condition by reproducing
the complex multi-axial load (Grad et al., 2011).
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Several studies have shown that MSCs can be directed towards chondrogenic differentiation and
stimulated to produce cartilage-like ECM in the absence of any growth factors through exposure to
multi-axial loading (a combination of shear and compression load). Specifically, the application of
multi-axial load leads to the endogenous production of TGFf1 by MSCs within the loaded scaffolds,
which then drives the differentiation and deposition of cartilage-like matrix, suggesting that
mechanical stimulation is a key determinant of MSCs differentiation. In this context the used
biomaterials play an essential role, which provide mechanical support but also help to transmit the
mechanical forces within cell bodies (Li et al., 2010; Schatti et al., 2011; Delaine-Smi and Reilly,
2012).

The aim of the present study was to investigate the chondrogenic differentiation of hBM-MSCs,
isolated from the bone marrow of two donors by using two different in vitro models.

As first step the investigation was carried out using the pellet culture model, which, as explained
above, represents the gold standard method. The pellets were cultured for 21 days with or without
TGFB1supplementation in order to evaluate the effects, and if the primary cells used, responded in
the same manner to the TGFB1 chondrogenic stimuli. In addition, the hBM-MSCs response at only
one week of TGFB1exposure, was also investigated.

In the second part of the study, chondrogenic differentiation of the same hBM-MSCs, was evaluated
in a more complex in vitro model, combining a series of different elements in order to apply the
principles of tissue engineering and try to recreate an in vitro model that could more faithfully mimic
the physiological characteristics. The hBM-MSCs were seeded in hydrogels consisting of GeIMA
and HA, as based on recent data in the literature, it appears to be a promising combination for the in
vitro chondrogenesis study. These hydrogels were subjected to multiaxial loading by using a custom-
made joint-simulating bioreactor housed at AO Reserch Institute (ARI) in Davos, in order to evaluate
how the hBM-MSCs seeded in this kind of construct were able to respond to mechanical stimulation
in the chondrogenic sense without the use of growth factors. Furthermore, it was also investigated
how a TGFB1 priming (pre-incubation) of one week prior to apply the loading, was able to alter the

hBM-MSCs response to mechanical stimulation.
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3.2 Materials and Methods

3.2.1 hBM-MSC:s isolation and expansion

Bone marrow aspirate from human vertebral bodies was obtained with full ethical approval (Freiburg,
EK-326/08) and the written consent from patients undergoing routine surgical procedure.

MSCs were isolated from the bone marrow of two independent donors (Table 1) using Ficoll density
separation (Sigma-Aldrich, Buchs, Switzerland). Mononuclear cells were collected from the
interphase and the adherent cell fraction was seeded at a density of 50,000 cells/cm? and left to attach
for 4 days in alpha minimum essential medium (aMEM) (Gibco, Carlsbad, CA, United States),
supplemented with 10% Sera Plus fetal bovine serum (FBS) (Pan Biotech, Aidenbach, Germany),
100U/mL penicillin, 100pg/mL streptomycin (Gibco), and 5-ng/mL recombinant human fibroblast
growth factor basic protein (bFGF) (Fitzgerald Industries International). Cells were maintained at
37°C in a humidified atmosphere of 5% CO> and the culture medium was exchanged every second
day. After 4 days, non-adhering hematopoietic cells were removed to select the MSC cells.
Thereafter, hBM-MSCs were cultured from passage 1 up to passage 4, with a seeding density of 3,000
cells/cm? in T300 tissue culture flasks (TPP, Trasadingen, Switzerland), in the same conditions
described above. Upon reaching 80% confluency, the cells were detached by using Trypsin- EDTA
(0.5%) (ThermoFisher, UK) for 5 min at 37°C. For the deactivation of trypsin, 1:2 growth medium
containing 10% FBS was used, and then cells were centrifuged at 400 x g for 5min. The obtained
cells were used for further expansion, 3D cultures or for RNA isolation. hBM-MSCs obtained from

each donor were used separately in two independent experiments.

Donor Age Sex
1 53 Male
2 55 Male

Table 1. Details of the used donors.

3.2.2 Chondrogenic differentiation in pellet culture

Chondrogenic potential of hBM-MSCs from each donor was performed in pellet culture.

A total of 250,000 cells per pellet were seeded in V-bottom 96-well plates (Corning, NY, USA) and
centrifuged for 5 min at 500 x g in order to form the pellets. After 24h overnight (ON) incubation in
chondropermissive medium (CpM) contained Dulbecco’s Modified Eagle Medium (DMEM) high
glucose (Gibco, UK), 1% ITS+ (Corning, NY, USA), 1% non-essential amino acids (ThermoFisher,
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UK), 50ug/ml ascorbic acid- 2 phosphate (Sigma-Aldrich, Germany), 100 nM dexamethasone
(Sigma-Aldrich, Germany) and 100 U/mL plus 100 pg/mL penicillin and streptomycin respectively
to allow complete aggregation, pellets were divided in two groups: 1) pellets cultured in CpM. i)
pellets cultured in chondrogenic medium (CgM) consisting of CpM supplemented with 10-ng/ml
TGF-B1(Fitzgerald Industries International, Acton, MA, USA) (standard chondrogenic medium). The
first media change was defined as day 0 and the pellet cultures were maintained for 21 days, with
media change three times per week. All the cultures were performed with two independent donors,
with two replicates for each experimental group. Cells were maintained under standard cell culture
conditions (37°C and 5% CO: in a humidified atmosphere). Pellets were harvested for further
analyses after 7, 14 and 21 days of culture.

3.2.3 Preparation of Gelatin-Methacryloyl (GelMA)/ Hyaluronic acid
(HA) Hydrogels

Lyophilised and sterile GeIMA from bovine bone, (Gelomics PTY LTD, AU) was dissolved at 20%
(w/v) in sterile phosphate buffered saline (PBS) at 37°C in a humidified atmosphere of 5% CO, ON.
Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, Sigma-Aldrich, Germany) was used as
photocrosslinker for GeIMA polymerisation. LAP powder was prepared at 4% (w/v) in PBS under
sterile conditions and protected from the light, let to completely dissolved for 20 min at 37°C and
then stored at 4°C until use.

HA (1MDa, ALB Technology) prepared at 0.04%(w/v) in PBS was left to dissolve under oscillation
at 4°C ON. Subsequently, in order to reduce the number of solutions to be used during the preparation
of the hydrogels, HA and LAP solutions were mixed together to obtain a solution 1:10 consisting of
0.04% (w/v) 1IMDa HA and 0.4% (w/v) LAP and after was kept at 37°C until use.

hBM-MSCs (p4) were trypsinized, suspended at a density of 15x10° cells/ml in a 100ul of 20%(w/v)
GelMA. Then 100 pl of 0.04% (w/v) 1IMDa HA and 0.4% (w/v) LAP solution was added in order to
obtain a total volume of 200 pl of cell/hydrogel suspension per hydrogel at final concentration of
10%(w/v) GelMA, 0.2%(w/v) LAP and 0.02%(w/v) HA. The cell-laden hydrogel precursor was
pipetted in custom-made polydimethylsiloxane (PDMS) moulds crosslinked for 7 min in a Visible
Light Crosslinking System (LunaCrosslinker™, Gelomics PTY LTD, AU) to obtain cylindrical
hydrogels with a thickness of 4 mm and a diameter of 8 mm. The hydrogels were taken from the
moulds with a spoon and placed in 4% (w/v) agarose rings in order to keep the fixed position of the
hydrogels inside the custom-made holders where the cell-laden hydrogel were kept in culture. The
custom-made holders were used to place the samples inside the bioreactor for mechanical loading.
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All samples were cultured for 21 days, with half of the samples maintained under free-swelling
conditions, while the remaining samples were exposed to mechanical loading. Specifically, cell-laden
hydrogels were divided in four groups of which: two groups, one maintained in static condition and
the other exposed to mechanical stimulation, were cultured in CpM for 21 days. The other two groups
were cultured in CgM and maintained in static conditions for 7 days. After that, one group was kept
in static condition for 21 days and cultured in CpM while the other group was subjected to mechanical
stimulation and cultured also in CpM for 21 days. The culture conditions were kept constant at 37°C
and 5% CO2. The culture medium was changed every second day and the conditioned medium was

collected and then stored at —20°C for later analysis.

3.2.4 Multiaxial loading of GelMA/HA Hydrogels

A custom-made joint-simulating bioreactor based on tribological principles was used to apply the
multi-axial loading on the surface of the hydrogels. The latter were exposed to 15 loading cycles,
with dynamic compression at 1 Hz and shear of +25° for 1 hour a day, five times a week. The
application of multi-axial mechanical load to GelMA/HA Hydrogels in this system has been widely
described previously for fibrin-poly(ester-urethane) (PU) scaffolds (Wimmer at al., 2004; Schatti et
al., 2011; Zahedmanesh et al., 2014; Gardner et al., 2017; Ladner et al., 2022).

3.2.5 RNA Isolation

After 0, 7,14 and 21 days of culture, 3D pellets and GeIMA/HA Hydrogels were harvested for total
RNA isolation, while total RNA from monolayers at day 0 was isolated to assess basal gene
expression levels.

Cells from monolayer cultures were washed in PBS and then collected in Tri Reagent (Molecular
Research Center, Inc., Cincinnati, OH, USA) supplemented with 0.5% (v/v) Polyacryl Carrier
(Molecular Research Center, Inc., Cincinnati, OH, USA) at room temperature, then stored at =80 °C
until use. On the day of the RNA extraction, the samples were thawed at room temperature and then
100 pl of 1-Bromo-3-chloropropane (BCP) (Sigma-Aldrich, Germany) per 1 mL Tri Reagent was
added to each sample. After incubation at room temperature for 15 min and centrifugation at 12,000
X g at 4°C for 15 min a phase separation was obtained and approximately 80 % of aqueous phase
containing RNA was transferred into a new tube. RNA was precipitated by using 500ul of isopropanol
(Sigma-Aldrich, Germany) at room temperature with gentle agitation for 10 min. Samples were then
centrifuged at 12,000 x g at 4°C for 8 min, the supernatant removed, and the resultant RNA pellets
were washed and centrifuged three times with 1 ml of ice-cold 75% ethanol. The ethanol was
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removed, the pellet left to air-dry for 5 min and was then resuspended in 20 pL of DEPC-treated
water and stored at —80°C until use.

Pellets were harvested (two pellets were pooled for one sample), washed in PBS and incubated with
Tri Reagent supplemented with 0.5% (v/v) Polyacryl Carrier at room temperature. Subsequently the
samples were homogenised with Tissue Lyser (Qiagen, Venlo, The Netherlands) at 30Hz for 3 min
and then centrifuged at 12.000 x g for 10 min. The supernatant was transferred in a new tube and
stored at -80°C until use. On the day of the RNA extraction, the samples were thawed, and aqueous
phase containing RNA was obtained for each sample, as described above for the monolayer culture
and then mixed 1:1 with 70% ethanol. RNA was isolated using RNeasy Mini Kit (Qiagen Venlo, The
Netherlands), according to the manufacturer’s protocol. RNA was eluted in a 30 pl total volume of
RNase-free water with two consecutive steps of elution performed in the same collection tube.
GelMA/HA hydrogels were harvested, washed in PBS, transferred to Eppendorf tubes (Eppendorf,
Hamburg, Germany), snap frozen in liquid nitrogen, and stored at -80°C until use. For RNA extraction
each hydrogel was pulverised using a custom-made mortar and pastel, followed by another
pulverisation step using a pellet pastel to crush the hydrogel while keeping the samples frozen.
Subsequently Tri Reagent with 0.5% (v/v) Polyacryl Carrier was added to each sample followed by
an incubation of 10 min at 4°C. Samples were then added to QIAShredder columns (Qiagen, Venlo,
The Netherlands), centrifuged at 20,000 x g for 5 min and the supernatants were collected and
transferred in new tubes (Hasler et al., 2020). Phase separation and RNA precipitation were performed

as previously described for monolayer culture.

3.2.6 RNA assessment and cDNA synthesis

The quantity and purity of the isolated RNA, were quantify by absorbance measurements with
NanoDrop™ One/One® spectrophotometer (Thermo Scientific, Waltham, MA, USA). The obtained
A260/A280 and A260/A230 ratios were used to assess the purity of the RNA samples.

Total RNA (500 ng in 40 ul for each samples) was retrotranscribed by using SuperScript™ VILO™
(Invitrogen, Waltham, MA, USA), according to the manufacturer’s instructions. cDNA was diluted
1 to 5 with 1X Tris-EDTA buffer (Sigma-Aldrich, Germany) and stored at —20°C until use.

3.2.7 qRT-PCR

Real-time PCR was performed by using TagMan Universal Master Mix with 5 ng of cDNA in a total
reaction volume of 10 pl and each PCR reaction was run in technical triplicates for 40 cycles using a
QuantStudio™ 6 Pro Real-Time PCR System (Applied Biosystems™, Foster City, CA, USA).
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A panel of human chondrogenic markers (SOX9, COL2A1, ACAN and PRG4), hypertrophic markers
(COL10A1, COL1A1 and MMP13), osteogenic markers (RUNX2 and ALPL) and the transforming
growth factor receptors 1 and 2 (TGFp-R1 and TGF3-R2) were analysed. Monolayers at day 0 were
used to assess basal gene expression and used to normalise the data, while RPLPO and PPIA were
used as endogenous control genes. Primers for SOX9, ALP, PRG4, PPIA, TGFp-R1 and TGF-R2
were purchased from Applied Biosystems (Warrington, United Kingdom) (Table 2), while primers
for RPLPO, COL2A1, COL10A1, COL1A1, ACAN, RUNX2 and MMP13 were synthesised by
Microsynth AG (Balgach, Switzerland) (Table 3).

Relative expression levels of target MRNA were performed according to the comparative Ct method
using the geometric mean of the housekeeper genes RPLPO and PPIA. The gene expression levels for

each marker was determined relative to day 0 monolayer culture according to 22t method.

Gene TagMan Gene Expression Assays

SOX9 Hs00165814 _m1

ALP Hs00758162_m1

PPIA Hs99999904 m1

PRG4 Hs00981633_m1
TGFj-R1 Hs00610320_m1
TGFj-R2 Hs00234253_m1
MMP13 Hs00942584 m1

Table 2. TagMan Gene Expression Assays used for qRT-PCR

Gene Primer forward (5’-3") Primer reverse (5-3’) Probe (5 FAM- 3’
TAMRA
RPLPO 5’-TGG GCA AGA ACA CCA 5’-CGG ATATGA GGC AGC AGT | 5’-AGG GCA CCT GGA AAA
TGATG-3’ TTC-3 CAA CCC AGC-3’
COL2A1 5’-GGC AAT AGC AGG TTC 5’-GAT AAC AGT CTT GCC CCA | 5-CCT GAAGGATGG CTG
ACG TAC A-3’ CTT ACC-3’ CAC GAAACATAC-3
ACAN 5’-AGT CCT CAAGCC TCC 5’-CGG GAA GTG GCG GTA 5’-CCG GAATGG AAA CGT
TGT ACT CA-3’ ACA-3’ GAATCAGAATCAACT-3’
COL1A1 5’-CCC TGG AAAGAATGG 5’-ACT GAA ACC TCT GTG TCC 5’-CGG GCA ATC CTC GAG
AGATGAT-3 CTT CA-3’ CAC CC-3’
COL10A1
5’-ACG CTG AAC GAT ACC 5-TGC TAT ACCTTT ACT CTT 5’-ACT ACC CAA CAC CAA
AAATG-3 TAT GGT GTA-3’ GAC ACAGTT CTT CAT
TCC-3’
RUNX2
5’-AGC AAG GTT CAA CGA 5-TTT GTG AAG ACG GTT ATG 5-TGA AAC TCT TGC CTC
TCT GAG AT-3 GTC AA-3’ GTC CACTCC G-3

Table 3. Human oligonucleotide primers and probes used for qRT-PCR
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3.2.8 DNAguantification

After day 0 and 21 days of culture, pellets and GeIMA/HA hydrogels were digested for 16h at 56°C
in 0.5 ml proteinase K (0.5 mg/ml). To determinate the total amount of DNA, a fluorescence assay
using DNA intercalating Bisbenzimide Hoechst 33258 dye (Polysciences Inc., Warrington, PA,
United States) was performed. Fluorescence was measured using Tecan Micro Plate Reader
(excitation: 360 nm, emission: 460 nm) and purified calf thymus DNA was used as a standard (Lubio

Science, Luzern, Switzerland) (Labarca and Paigen, 1980).

3.2.9 Sulfated Glycosaminoglycans (SGAG) quantification

To determine the amount sulphated glycosaminoglycan (GAG) produced by each sample, the dimethyl-
methylenblue (DMMB) assay (pH 3) (Sigma-Aldrich, Buchs, Switzerland) was performed. The samples
were digested with the same procedure described for DNA assay. Absorbance was measured using Tecan
Micro Plate Reader at 525 nm, and bovine chondroitin 4-sulphate sodium salt from bovine trachea
(Fluka, St. Louis, MO, United States) was used as a standard (Farndale et al., 1986). GelMA/HA
Hydrogels were blanked with cell-free hydrogel to eliminate the background caused by the
hyaluronan already present in the constructs.

GAGs released by hydrogels in culture media were also measured to analyse the release of matrix

molecules from the construct.
3.2.10 Histological Analysis

After 21 days of culture, the 3D pellets and the hydrogels were collected and fixed with 4%
fomaldehyde/ 10% neutral buffered formalin solution (Sigma-Aldrich, Buchs, Switzerland) for 24h at
room temperature. The specimens were then washed in tap water, dehydrated in graded ethanol, and
paraffin embedded. The histological analysis was performed on 5 um sections obtained using Microm
HM 325 rotary microtome (Thermo Fischer Scientific, Waltham, MA, USA).

Sections were dewaxed in xylene, hydrated in graded ethanol, and stained with Haematoxylin &
Eosin (H&E) to evaluate tissue structure and cell morphology, and with Safranin O (counterstained
with fast green) to detect proteoglycans and proteoglycan-depleted collagen-rich areas. The sections
were examined using a Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany) and the

pictures were acquired with a digital camera AxioCam MRc5 (Carl Zeiss, Oberkochen, Germany).
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3.2.11 Immunohistochemistry (IHC)

For IHC, 3D pellets and the hydrogels were processed as previously described for histological
analysis. Subsequently, the slides were dewaxed in xylene, hydrated using graded ethanol, and
incubated for 10 min in 3% H20> solution to quench endogenous peroxidase activity. The sections
were then placed in a thermoregulated bath (80°C for 30 min) with Universal heat-induced epitope
retrieval (HIER) antigen reagent (Abcam, Cambridge, UK) to unmask antigenic sites. To reduce the
non-specific binding of the antibody, the sections were then treated with a protein block solution
(Abcam, Cambridge, UK) for 1 h, then the sections were incubated overnight at 4°C with specific
primary antibodies at the appropriate dilutions with antibody diluent solution (Abcam, Cambridge,
UK). Details on primary antibodies sources and dilutions are shown in Table 4. Immune complexes
were then treated with biotinylated link antibodies (horseradish peroxidase polymer (HRP)-
conjugated anti-rabbit and anti-mouse were used as secondary antibodies) and then detected with
peroxidase-labelled streptavidin, both incubated for 10 min at room temperature (mouse and rabbit
specific HRP Plus (ABC) detection IHC kit, Abcam, Cambridge, UK). Immunoreactivity was then
visualised by incubating the sections for 1-10 min in a 3,3’ -diaminobenzidine (DAB) solution (DAB
substrate kit, Abcam, Cambridge, UK). The sections were lightly counterstained with haematoxylin,
mounted in Glycerol Vinyl Alcohol (GVA) (Zymed Laboratories, San Francisco, CA, USA),
observed with the Axioplan Zeiss light microscope (Carl Zeiss, Oberkochen, Germany), and

photographed with the digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).

Primary Antibody Host Species Producer Dilution
Anti-Aggrecan Mouse Abcam 1:100
Anti-Collagen type Il Rabbit Abcam 1:100
Anti- Collagen type | Rabbit Sigma-Aldrich 1:100
Anti-Collagen type X Rabbit Abcam 1:200
Anti-SOX9 Rabbit Abcam 1:500

Table 4. Primary antibody used for the IHC and their diluitions.

3.2.12 Statistical analysis

Data were generated from two independent experiments, each carried out using the hBM-MSCs from
a different donor. All experiments were performed in duplicate for each group at different timepoints
to reduce methodological variability. Each measurement was performed in technicaltriplicate .
Analyses were performed between the appropriate control group and treatment groups as well as
between different treatment groups, using one-way or two-ways ANOVA with Tukey’s or Sidak’s
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post-hoc testing as required. A significance level of p < 0.05 was applied and data are presented as
Mean and Standard Deviation (SD). Analyses were performed using GraphPad Instat® Biostatistics
version 9.0 software (GraphPad Software, Inc., La Jolla, CA, USA).

52



3.3 Results

3.3.1Chondrogenic potential evaluation of hBM-MSCs in pellets

culture

As a first experimental phase, the chondrogenic potential of hBM-MSCs from each donor was
evaluated by using pellets cultured in two different media for 21 days: chondropermissive medium
(CpM) and chondropermissive medium supplemented with TGFf1, also called chondrogenic medium
(CgM) in order to evaluate the responsiveness of the donors to the growth factor. In addition, in order
to investigate if the cells are responsive to 7 days (1 week) of TGFB1 exposure, one group of pellets
was cultured for 1 week with CgM, followed by 2 weeks with CpM (without TGFB1 exposure).
Molecular analysis (Gene expression analysis, Sulfated Glycsaminaglicans (sGAGs) and DNA
quantification) were carried out after 7, 14, and 21 days of culture, while Histological analysis and

Immuhistochemistry were carried out after 21 days of culture.

3.3.1.1 Gene expression analysis

Firstly, a panel of human chondrogenic markers (SOX9, COL2A1, ACAN and PRG4) was analysed.
The two donors displayed the same trends of varying degrees of magnitude. Specifically, was
observed an overall upregulation in the pellets cultured in CgM. In fact, SOX9, COL2A1 and ACAN
showed a higher expression in all timepoints in pellets cultured in CgM compared to the other two
groups (Fig.3.1A-C, Fig.3.2A-C).

Specificanly, after 7 days of culture in CgM, SOX9 expression was increased compared with the
pellets cultured in CpM. The expression reached a peak at day 14 and remaining roughly the same at
day 21. However, with a culture of only one week in CgM, the expression of SOX9 showed the same
expression level of the CpM group, tending to decrease at day 21 and overall SOX9 followed the same
trend in both donors (Fig.3.1A, Fig.3.2A).

Also the expression of COL2A1 and ACAN showed the same tendency in both donors. The expression
of both genes was increased in the pellets cultured in CgM compared with CpM group at all
timepoints, reaching a peak at day 14 and reaming the same levels at day 21 (Fig.3.1B-C, Fig.3.2B-
C). On the other hand, with a cultured of only one week in CgM, the expression of both genes was
stable at day 14 and day 21 and comparable with the expression at day 7 in CgM group (Fig.3.1B-C,
Fig.3.2B-C).

However, the expression of PRG4 appear to respond in the opposite way to TGFB1 exposure in both
donors. PRG4 was more expressed in CpM group compared with CgM group in all timepoints,
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although the PRG4 expression was constant in CpM group in all timepoint. In CgM group, the
expression of PRG4 started to decrease at day 7 reaching lower levels at day 21 (Fig.3.1D, Fig.3.2D).
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Figure 3.1 Gene expression measured by gRT-PCR of chondrogenic markers SOX9 (A), COL2A1
(B), ACAN (C) and PRG4 (D) in pellets culture obtained with hBM-MSCs from donor 1. The
pellets were cultured with standard chondropermissive medium (CpM), standard chondropermissive
medium supplemented with TGFB1 (CgM), and CgM for 1 week and CpM for the followed 2 weeks.
The samples were harvested at days 7,14, and 21. Relative quantification of target mRNA was
performed according to 2-2A¢t method. Value represent means + SD of one donor in experimental
duplicate. Statistical significance was defined as * p< 0.05, ** p< 0.01, *** p<0.001 and ****
p<0.0001.
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Figure 3.2 Gene expression measured by qRT-PCR of chondrogenic markers SOX9 (A), COL2A1
(B), ACAN (C) and PRG4 (D) in pellets culture with hBM-MSCs from donor 2. The pellets were
cultured with standard chondropermissive medium (CpM), standard chondropermissive medium
supplemented with TGFp1 (CgM), and CgM for 1 week and CpM for the followed weeks. The samples
were harvested at days 7,14 and 21. Relative quantification of target mMRNA was performed according
to 2-24¢t method. Value represent means + SD of one donor in experimental duplicate. Statistical
significance was defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.



A panel of genes associated with hBM-MSCs hypertrophic differentiation (COL10A1, COL1A1 and
MMP13) was investigated. Also for this genes, an overall upregulation when the pellets were cultured
with CgM was observed in both donors. The expression of COL10A1 was similar in both donors with
a trend comparable to ACAN and COL2AL1 expression (Fig.3.3A, Fig.3.4A). However, COL1Al and
MMP13 showed an expression patterns different in both donors. In particular COL1A1 expression in
donor 1 was increased only with TGFR1 supplementation with no differences between the two
groups(Fig.3.3B). In donor 2, the expression of COL1A1 was increased in the pellets cultured in CgM
compared with CpM group, but the expression was higher after 21 days of CgM compared to only
one week of CgM (Fig.3.4B).

The MMP13 expression in donorl followed the other genes trend with the expression higher in CgM
group but the expression peak was reached at day 21 rather than day 14. Meanwhile with an only
week of CgM the expression of MMP13 was stable in all timepoint(Fig.3.3C). However, in donor 2
very low expression levels in CpM group compared to CgM groups were observed, but no differences
between a continuous exposure of CgM at 21 days, and the exposure with only one week of CgM,
were detected (Fig.3.4C).
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Figure 3.3 Gene expression measured by qRT-PCR of hypertrophic markers as COL10A1 (A),
COL1A1 (B), MMP13 (C) in pellets culture obtained with hBM-MSCs from donor 1. The pellets
were cultured with standard chondropermissive medium (CpM), standard chondropermissive medium
supplemented with TGFB1 (CgM), and CgM for 1 week and CpM for the followed weeks. The samples
were harvested at days 7,14 and 21. Relative quantification of target mMRNA was performed according
to 2-24C¢t method. Value represent means + SD of one donor in experimental duplicate. Statistical
significance was defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.
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Figure 3.4. Gene expression measured by qRT-PCR of hypertrophic markers as COL10A1 (A),
COL1AL1 (B), MMP13 (C) in pellets culture obtained with hBM-MSCs from donor 2. The pellets
were cultured with standard chondropermissive medium (CpM), standard chondropermissive medium
supplemented with TGFB1 (CgM), and CgM for 1 week and CpM for the followed weeks. The samples
were harvested at days 7,14 and 21. Relative quantification of target mMRNA was performed according
to 2-22Ct method. Value represent means + SD of one donor in experimental duplicate. Statistical

significance was defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.

3.3.1.2 Sulfated Glycsaminaglicans (SGAGs) and DNA quantification

After 7 of culture, no differences were observed in DNA content among different groups and both
donors. At day 14 an increase of DNA content was observed in pellets cultured in CgM, while at day
21 pellets with only one week of CgM maintained the same amount of DNA and the group in CgM
showed a further increase. (Fig.3.5A).

However, an overall increase in SGAGs amount was observed in the in pellet cultured in CgM in both
donors starting at day 14, with a further significant increase at day 21 (Fig.3.5B). On the other hand
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after only one week of CgM culturing, pellets showed the same sGAGs amount at days 14 and where

the levels were comparable to CpM group (Fig.3.5B).
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Figure 3.5 DNA (A) and sGAGs produces (retained) (B) in the pellets culture. The pellets
were cultured with standard chondropermissive medium (CpM), standard chondropermissive
medium supplemented with TGFp1 (CgM), and CgM for 1 week and CpM for the followed
weeks. The samples were harvested at days 7,14 and 21. Values represent mean + SD of the
two hBM-MSCs independent donors in experimental duplicated. Statistical significance was
defined as * p< 0.05.
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3.3.1.3 Histological analysis

After 21 days of chondrogenic differentiation in CpM, CgM, and only 1 week of CgM cultures, pellets
were stained with Haematoxylin and Eosin (H&E) in order to investigate their histological assestment
and cell morphology. Pellets cultured in CpM of both donors showed small sizes; the cells exbihted
fibroblast-like shape were and were randomly distributed throughout the pellets area, surrounded by
few ECM deposition.However, with the TGFB1 exposure a different pellets morphology was
observed. After only 1 week of CgM culturing, pellets grew larger compared with CpM group,
showing undifferentiated and differentiated regions, differently organised in the two donors: in donor
1 the differentiated region appeared as an external capsule, with parallel fibers to the pellet surface,
that embedded an inner less differentiated region. In donor 2 small differentiated regions were
identified peripheral part of pellet (Fig.3.6).

Nevertheless, after 21 days of CgM culture, pellets showed bigger sizes compared with the other two
groups. The cells were uniformly distributed in pellet area with a chondrocyte-like rounded
morphology and surrounded in abundant dense ECM. No differences were observed between the
pellets cultured for 21 days in CgM of the two donors (Fig.3.6).

CpM CgM (1w)+ CpM (2w) CgM

® Donor 1

¥ Donor 2

e T AT LA A gl S i (e 7 ~
Figure 3.6. Histological assessment of pellets obtained by hBM-MSCs from donor 1 and 2 after .
From left to right, haematoxylin and eosin (H&E) staining of pellets cultured in CpM, 1 week in CgM followed by 2 weeks of CpM and CgM.
Images showing longitudinal sections of pellets at magnification 10X. Insert: images showing the full sections of the pellets at magnification
of 2.5X.
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To evaluate the production of cartilaginous matrix deposition and SGAGs content, the pellet sections
were stained with Safranin O and counterstained with Fast green after 21 days of culture. Overall the
staining confirmed the observations done with the H&E. After 21 days of culture a positive Safranin
O staining was observed in all pellets of both donors. In pellets cultured in CpM the staining was very
low compared with the pellets cultured for 21 days in CgM, where was observed a stronger positive
staining, suggesting the cartilage-like ECM presence characterised by high GAGs content. With only
1 week of CgM culture, pellets showed roughly the sSGAGs amount comparable with CpM pellet
group. However, in these pellets the chondrogenic differentiate areas (observed also with H&E) were
highlighted by the green staining which indicated collagen fibers presence and deposition (Fig. 3.7).

CpM CgM (1w)+ CpM (2w) CgMm

® Donor 1

¥ Donor 2

Figure 3.7. Histological evaluation of SGAGs content by Safranin O counterstained with Fast green, in pellets obtained by hBM-
MSCs from donor 1 and 2 after 21 days of chondrogenic cultures. Images showing the longitudinal sections of pellets at
magnification of 10X and small inserts with full sections at magnification of 2.5X. Scale bar: 500 um.
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3.3.1.4 Immunohistochemical Analysis of SOX9, Aggrecan, Col I, Col X and Col I in Pellet

Cultures

Immunohistochemistry (IHC) was performed in pellet sections in order to evaluate the expression
and the distribution inside the pelletsof main biomarker of chondrogenesis (SOX9, Aggrecan and
COL.2) and hypertrophy (COL.X and COL.1).

Immunohistochemical analysis for SOX9 expression confirmed the results observed for gene
expression. SOX9 expression was increased in pellets grown in CgM for 21 days, compared to the
other groups. In fact, SOX9 presence was detected in most of the nuclei of the differentiated cells
which were homogeneously distributed along the whole pellets area. In contrast to the pellets grown
in CpM for 21 days, showed a much lower number of immunoreactive nuclei, suggesting a low
differentiation activity. Interestingly, the pellets cultured in CgM for only one week showed low
levels of SOXO9, but the cells with higher levels of SOX9 levels inside the nuclei were mainly localised
in the differentiation areas highlighted by H&E and Safranin O stains (Fig.3.8).

CpM CgM (1w)+ CpM (Zw) CgM

® Donor 1

¥ Donor 2

Figure 3.8 SOX9 immunohistochemical evaluatlon in pellets obtained by hBM-MSCs from donor 1 and 2 after 21 days of

chondrogenic cultures. Images showing the longitudinal sections of pellets at magnification of 20X and small inserts with full sections at

magnification of 2.5X. Scale bar: 500 um.
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Similarly, the other biomarker analysed by IHC, followed the trend observed with corresponding gene
expression.

Aggrecan staining was almost completely absent in pellets cultured in CpM while in pellets cultured
for only 1 week with in CgM, aggrecan deposition mainly located in differentiation zones was
observed. Otherwise in the pellets grown in CgM a different distribution was observed in the two
donors: in donor 1 the aggrecan was located in a specific areas of the pellet, while aggrecan in donor
2 showed a distribution throughout the pellet but mainly localized in the pericellular space (Fig.3.9-
3.10). IHC showed highly content of Collagen Il and homogeneously distributed throughout the
pellets cultured in CgM, while lower quantity in the pellets cultured in CpM were observed. After 1
week of CgM culture, donor 1 showed high content of collagen 11 mainly in the differentiation zone,
while donor 2 showed a homogeneous distribution in all pellet

area. Collagen X in both donors showed an immunoreactivity almost absence in CpM group, while
with 1 week of CgM culturing, collagen X content was higher and located in the differentiation zones.
On the other hand, after 21 days of CgM culture, pellets of donor 1 showed collagen X located in
only one portion of the sample, while donor 2 showed homogeneous distribution throughout the
sample. Collagen I exhibited less immmunoreactivity in all groups pellets of both donors, compared
to the other biomarkers but with similar pattern. In donor 1, collagen | followed mainly the same
distribution of collagen x, while in donor 2, followed the same distribution of aggrecan (Fig.3.9-
3.10).
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Figure 3.9 Aggrecan, Collagen type 11, Collagen type X and Collagen type | immunohistochemical evaluation in pellets
obtained by hBM-MSCs from donor 1 after 21 days of chondrogenic cultures. Images showing the longitudinal sections
of pellets at magnification of 10X and small inserts with full sections at magnification of 2.5X. Scale bar: 500 pm.
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Figure 3.10 Immunohistochemical evaluation of Aggrecan, Collagen type 11, Collagen type X and Collagen type I in pellets
obtained by hBM-MSCs from donor 2 after 21 days of chondrogenic cultures. Images showing the longitudinal sections of
pellets at magnification of 10X and small inserts with full sections at magnification of 2.5X. Scale bar: 500 um.
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3.3.2 Effects of TGFB1 priming and mechanical loading on hBM-MSCs
within GelMA/HA Hydrogels.

The purpose of this second part of the study, was to determinate if the hBM-MSCs, from both donors,
seeded in GeIMA/HA hydrogels were able to respond to multiaxial loading with chondrogenic
differentiation. In addition. since the potential interaction between the cells differentiation state and
the timing of mechanical loading initiation in poorly investigated, the other aim was to examine the
effects of chondrogenic priming on the cells, and on their capability to response to mechanical
loading. To achieve this, cell-laden hydrogels were primed for 1 week with TGFp1prior to apply
multiaxial loading for three addition weeks. Loaded samples were compared to time-matched free
swelling samples (as control). The hydrogels were harvested at the end of their loading cycle for the

analysis.

3.3.2.1 Gene expression analysis

Genes associated with chondrogenic differentiation (SOX9, COL2A1, ACAN, and PRG4),
hypertrophy (COL10A1, COL1A1, and MMP13), osteogenic differentiation (RUNX2 and ALP), and
TGFp1 receptors (TGFp1-R1and TGFA1-R2) were investigated.

The two donors displayed the same trends to a varying degree of magnitude. Among the majority of
markers analysed, an overall upregulation was observed with TGFB1 priming.

Firstly, the expression of the main transcription factors involved in chondrogenic differentiation
(SOX9) and osteogenic differentiation (RUNX2) were investigated. No differences of the expression
of both genes were observed between loaded and static group without priming of both donors. After
priming, SOX9 showed an increased expression in both groups (static and loaded), with higher levels
observed in priming plus loading group. Specifically, SOX9 reached an expression peak at day 14 in
both donor, which dropped at day 21, where in donor 1 the levels of SOX9 were maintained high in
priming plus static group, while in donor 2 the SOX9 levels were almost uniform in all groups
(Fig.3.11A, Fig.3.12A). Donor 1 showed expression levels of RUNX2 comparable in all groups, while
donor 2 showed increased levels after priming, with a peak at day 21only in priming plus static group
(Fig.3.11B, Fig.3.12B). The SOX9/RUNX2 chondrogenic ratio showed increased levels at day 7 and
14 after priming and loading in donor 1, while no differences were observed between priming groups
at day 21, but the differences were high compared with the groups without priming. Donor 2 showed
a peak in SOX9/RUNX2 ratio at day 14 compared with the other groups, while at day 7 and day 21 no
differences between all groups were observed. (Fig.3.11C, Fig.3.12C).
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Figure 3.11 Gene expression measured by gRT-PCR of SOX9 (A), RUNX2 (B) and SOX9/RUNX2 ratio (C) in GelMa/HA
hydrogels seeded with hBM-MSCs from donor 1. Hydrogels were organised in 4 group as previously described in materials &
methods section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target mMRNA was
performed according to 222 method. Value represent means = SD in experimental duplicate. Statistical significance was defined as *

p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.
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Figure 3.12. Gene expression measured by qRT-PCR of SOX9 (A), RUNX2 (B) and SOX9/RUNX2 ratio (C) in GelMa/HA
hydrogels seeded with hBM-MSCs from donor 2. Hydrogels were organised in 4 group as previously described in materials &
methods section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target mMRNA was
performed according to 224t method. Value represent means + SD in experimental duplicate. Statistical significance was defined as *
p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.

Successively, the expression of the main chondrogenic markers ACAN, COL2A1 and PRG4 were

investigated.

COL2A1 and ACAN showed the same trend in both donors. Low expression levels and no significant

differences were observed between the hydrogels stimulated with only mechanical loading and their
matched static group in all timepoints and in both donors (Fig.3.13A-B Fig.3.14A-B). On the other
hands, an increased expression of both genes was observed after 1 week of priming. In addiction
mechanical loading applied after priming, led to a significant COL2A1 upregulation at day 21 and a
significant ACAN upregulation at day 14 and 21 compared with primed static group in both donors
(Fig.3.13A-B Fig.3.14A-B). Conversely, PRG4 showed an opposite trend (as observed also in pellets
culture) compared to ACAN and COL2A1. In fact, PRG4 showed higher expression levels in
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unprimed groups at day 21 in donor 1 and atdayl4 and day 21 in donor 2, but no differences were

observed between loading groups and matched static groups. (Fig.3.313C, Fig.3.14C).
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Figure 3.13. Gene expression measured by gqRT-PCR of COL2A1 (A), ACAN (B) and PRG4 (C) in GelMa/HA
hydrogels seeded with hBM-MSCs from donor 1. Hydrogels were organised in 4 group as previously described in materials
& methods section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target
mRNA was performed according to 222t method. Value represent means + SD in experimental duplicate. Statistical
significance was defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.
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Then, the expression of hypertrophic markers COL10A1, COL1A1 and MMP13 was analysed.

The three genes showed the same trend of chondrogenic markers which is low expression in the
unprimed groups with no significant differences between loaded and matched static group, while
TGFB1 priming exerted an expression increase of these genes in both donors. Overall the hypertrophic
markers showed the same expression pattern in both donors. Interestingly, mechanical loading did
not promote any increase of COL10A1 after priming in both donors where no difference between
loaded and static primed groups were observed (Fig.3.15A, Fig.3.16A). Also COL1A1 followed this
trend, but only donor 1 showed an increase at day 21 in priming plus loading group compared with
the matched static group (Fig.3.15B, Fig.3.16B). In addition, mechanical stimulation applied after
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priming did not promote any upregulation of MMP13 in both donors, on the contrary the levels were

slightly lower compared to matched static group (Fig.3.15C, Fig.3.16C).
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Figure 3.15 Gene expression measured by gRT-PCR of COL10A1 (A), COL1A1 (B) and MMP13 (C) in GelMa/HA
hydrogels seeded with hBM-MSCs from donor 1. Hydrogels were organised in 4 group as previously described in materials
& methods section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target mMRNA
was performed according to 2"42¢t method. Value represent means + SD in experimental duplicate. Statistical significance was

defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.
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Figure 3.16. Gene expression measured by qRT-PCR of COL10Al (A), COL1A1 (B) and MMP13 (C) in GelMa/HA
hydrogels seeded with hBM-MSCs from donor 2. Hydrogels were organised in 4 group as previously described in materials &
methods section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target mMRNA was
performed according to 222t method. Value represent means + SD in experimental duplicate. Statistical significance was defined

as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.

In order to investigated if the osteogenesis was also activated by laoding and the combitation of
priming and loading, the expression of ALP was analysed. No significant differenceswere observed
in the groups no primed while after priming increased levels of ALP were observed in static group
compared with loading group at day 21 in donor 1, and at day 7 and day 14 in donor 2 (Fig.3.17).
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Figure 3.17. Gene expression measured by gRT-PCR of ALP (A) in GelMa/HA hydrogels seeded with hBM-MSCs from donor 1 (A)
and 2 (B). Hydrogels were organised in 4 group as previously described in materials & methods section. The samples were harvested at day
7, 14 and 21 days after loading. Relative quantification of target mMRNA was performed according to 2-22¢t method. Value represent means +
SD in experimental duplicate. Statistical significance was defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.

Finally, the expression of TGFB1 receptors, TGFf1-R1 and TGFfS1-R2, were also investigated.

The TGFp1-R2 expression was homogeneous in all groups and in both donors while TGFA1-R1
expression appeared to be slightly increased in the primed groups with higher levels in priming group
plus static, at day 21 in donor 1 and day 7 and day 21 in donor 2 (Fig 3.18-3.19).
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Figure 3.18. Gene expression measured by gRT-PCR of TGFpI-R1 (A) and TGFp1-R2 (B) in GelMa/HA hydrogels
seeded with hBM-MSCs from donor 1. Hydrogels were organised in 4 group as previously described in materials & methods
section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target mMRNA was
performed according to 224¢t method. Value represent means = SD in experimental duplicate. Statistical significance was

defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.

75



W Donor 2

A Day7 Oay 14 Day 21 W static

2] Loaded

TGFpR1 (RQ)
TGFpR1 (RQ)
]

(=] TGFP Priming CpM TGFp1 Priming (=" TGF1 Priming

B Day 7 Day 14 Day 21

TGFpR2 (RQ)
TGFpR2 (RQ)
TGFpR2 (RO

104 101
CpM TGFR1 Priming CoM

104

TGFp1 Priming cpm TGFR1 Priming

Figure 3.19. Gene expression measured by gRT-PCR of TGFpI-R1 (A) and TGFp1-R2 (B) in GelMa/HA hydrogels
seeded with hBM-MSCs from donor 2. Hydrogels were organised in 4 groups as previously described in materials & methods
section. The samples were harvested at day 7, 14 and 21 days after loading. Relative quantification of target mMRNA was
performed according to 224¢ method. Value represent means = SD in experimental duplicate. Statistical significance was
defined as * p< 0.05, ** p< 0.01, *** p<0.001 and **** p<0.0001.

3.3.2.2 Sulfated Glycosaminaglicans and DNA quantification

After 21 days of loading and culture, no statistical significant differences were observed in DNA
content among the different groups and in both donors (Fig.3.20A).

GAGs deposited inside the hydrogels after 21 days of culture were significantly more in the priming
plus loading group, compared with other groups, while no differences were observed between no
primed groups (Fig.3.20B). These data were confirmed also by GAGs per scaffold/DNA ratio at day
21, where was significantly higher in priming plus loading group, confirming a synergistic effect of
priming and loading in inducing a notable of the cartilage- like matrix production and deposition by
hBM-MSCs inside the GelMa/HA hydrogels (Fig.3.20C).

GAGs in the medium were also monitored and analysed at each medium change to investigate the
trend of GAGs release over the 21 days of loading and culture (Fig. 3.21A). Starting from day 2, an
important difference of GAGs released, was observed between the groups, in which the GAGs
released were higher in the groups with priming (static and loaded), also due to TGFB1 pre-treatment
which stimulated an increase of GAGs production. Despite this, priming plus loading group showed
more amount of GAGs released compared not only with the non-primed groups, but also between
with matched static group, suggesting that just two days of loading were enough to trigger more
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GAGs production. Overall this trend was maintained for all three weeks of loading where the
combination of priming and loading favoured a more GAGs release into the medium, while loaded
alone promoted only a slightly increase of GAGs releasing compared with the corresponding static
group (Fig. 3.21A), but basically without priming the GAGs released were low. Importantly, with the
progress of time, statistical significance was lost due to donor-dependent response to mechanical
loading for which the amount of GAGs produces was different between the two donors. Specifically,
donor 1 showed an overall lower GAG production, compared to the donor 2, and this difference was
gradually more evident with time. Nevertheless, both donors maintained the same trend over time
(Fig.3.21B).
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Figure 3.20. DNA assessment (A), GAGs produces (retained) (B), and GAGs normalised to the DNA (C), in GelMa/HA
hydrogels seeded with hBM-MSCs from donor 1 and 2 after 21 days of culture and loading. Hydrogels were organised in 4
groups as previously described in materials & methods section. The samples were harvested after 21 days after loading and culture.
All samples (that contained HA) were blanked with cell-free hydrogels in order to delete the background caused by HA already
inside the hydrogels. Values represent mean + SD of the two hBM-MSCs independent donors in experimental
duplicated/triplicated. Statistical significance was defined as * p< 0.05
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Figure 3.21. GAGs level produced and released into culture medium from GelMa/HA hydrogels seeded with hBM-MSCs from donor
1 and 2 over 21 days of culture and loading (A) and cumulative representation GAGs produces and released over time (B). Hydrogels
were organised in 4 groups as previously described in materials & methods section. The medium was collected every medium change day.
Values represent mean + SD of the two hBM-MSCs independent donors in experimental triplicated. Statistical significance was defined as

* p< 0.05, ** p< 0.01, *** p<0.001.
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3.3.2.3 Histological analysis of GelMa/HA hydrogels

After 21 days of mechanical stimulation and culture, hydrogels were stained with H&E, in order to
analyse the cell morphology and distribution inside the constructs. As shown in Fig. 3.22, both the
static and loaded hydrogels without priming of both donors, exhibited similar cellular organisation.
The cells were homogeneously distributed within the hydrogels, organised in small groups, in which
it was possible to observe a scarce or absent deposit of extracellular matrix around the cells. Overall
donor 2 showed a slightly higher number of cells but in both donors there was no difference between
loaded and static hydrogels. However, the hydrogels subjected to one week of TGFB1 priming,
showed differentpeculiarities. Donor 1 with priming and loading showed evident chondrogenic
differentiation, in which the high number of chondrocytes were located mainly in the upper part of
the hydrogels, with a chondron-like organisation, where the cells were surrounded by a dense
extracellular matrix. In the primed and static hydrogels of donor 1 instead it was possible to identify
only a few groups of cells organised in a similar manner, but the number was considerably lower and
located only in the hydrogels corners and the matrix surrounding the cells was more heterogeneous.
The primed and loaded hydrogels of donor 2 also showed the same donor 1 cells organatation , but
in smaller numbers. The matched static hydrogels showed a different cell morphology. The most
number of cells were located in the hydrogels upper corners, where exhibited a flatted shape and
embedded by a less dense and compact matrix (Fig.3.22).
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Flgure 3.22. H|stolog|cal assessment of GeIMa/HA hydrogels seeded with hBM MSCs from donor 1 and 2 after 21 days of culture and

loading. Images showing longitudinal sections of hydrogels stained by haematoxylin and eosin (H&E) at magnification 10X. Insert: images

showing the full sections at magnification of 2.5X. Scale bar: 50 pum.
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In order to evaluate the deposition of sulphated GAGs after 21 days of culture and mechanical
stimulation, hydrogels were stained with Safranin O counterstained with Fast green (Fig.3.23). The
staining confirmed the histological assessment of H&E. Non-primed static hydrogels showed low
positive stained compared with non-primed loaded hydrogel, where more red staining was observed,
suggesting a more GAGs deposition inside the GelMa. However, no positive staining was observed
in the scarce matrix surrounding the cells. Interestingly, a stronger positive staining was observed in
the primed and loaded hydrogels of both donors where the chondron-like structure showed a very
high GAGs deposition confirming that in this hydrogel areas, the chondrogenic differentiation of the
hBM-MSCs was occurred (Fig.3.23). Diversely, the primed and static hydrogel of both donors
showed very lower red staining compared with matched loaded hydrogel suggesting a lower levels

of GAGs and a different matrix composition that surrounded the cells (Fig.3.23).
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Figure 3.23. Histological evaluation of sulphated GAGs content by Safranin O counterstained with Fast green in GelMa/HA hydrogels
seeded with hBM-MSCs from donor 1 and 2 after 21 days of culture and loading. Images showing longitudinal sections of hydrogels at
magnification 10X. Insert: images showing the full sections at magnification of 2.5X. Scale bar: 50 pm.
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3.

3.2.4 Immunohistochemical Analysis of Aggrecan, Collagen 11 and Collagen X in GelMa/HA

hydrogels

Fi
di

nally, IHC was performed in the hydrogels sections, in order to investigate the deposition and
stribution of the main chondrogenic markers such as aggrecan and collagen 11, and Collagen X as

hypertrophic marker. Unprimed static and loaded hydrogels of both donors showed low deposition

of aggrecan, collagen Il and collagen X located in the poor matrix surrounded the cells and no

di

fferences between static and loaded hydrogels were observed, although donor 2 showed more

immunoreactivity compared to donor 1 (Fig.3.24-25). However, primed hydrogels displayed higher

deposition of three markers compared to the non-primed hydrogels. The combination of TGFp1

priming and loading led to high deposition of aggrecan, collagen Il and Collage X in both donors,

lo

in

cated in the chondron-like structure while a high immureactivity of collagen Il were observed also

all hydrogels suggesting that a high production of collagen such as to be deposited also inside

hydrogel matrix (Fig.3.24-25). Primed and static hydrogel showed a modest deposition of aggrecan,

collagen Il and Collagen X but only in the upper corners while few deposition, comparable to

unprimed hydrogel were observed (Fig.3.24-25).
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F|gure 3 24. Immunoh|stochem|cal evaluat|on of Aggrecan Collagen type II and Collagen type X in GelMa/HA hydrogels
seeded with hBM-MSCs from donor 1 after 21 days of culture and loading. Images showing longitudinal sections of hydrogels
at magnification 10X. Insert: images showing the full sections at magnification of 2.5X. Scale bar: 500 pum.
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Figure 3.25 Immunohistochemical evaluation of Aggrecan, Collagen type Il and Collagen type X in GelMa/HA hydrogels
seeded with hBM-MSCs from donor 2 after 21 days of culture and loading. Images showing longitudinal sections of hydrogels at
magnification 10X. Insert: images showing the full sections at magnification of 2.5X. Scale bar: 500 um
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3.4 Discussion and Conclusions

The aim of this preliminary study was to investigate the in vitro chondrogenic differentiation of
primary hBM-MSCs from two different donors by using two different 3D culture models, and their
capability to form new cartilagineous tissue.

In the first part of the study the analysis was carried out in pellet cultures, which represents the gold
standard method and the simplest one, to study the chondrogenesis of progenitor cells in vitro since
1990s (Johnstone et al., 1998). In this model BM-MSCs are pelleted and cultured with a condition
medium supplemented with one of TGFp isoforms. Pelleted BMSCs are a logical starting point into
the chondrogenic differentiation process, since during development MSCs condensation is an
essential step for cartilage formation (Hall et al., 1995). In vitro, TGFB1 promotes BMSC
differentiation in part through the indirect downregulation of N-cadherin, causing relaxation of
cytoskeletal tension, leading to reduced RhoA/ROCK signalling and upregulation of chondrogenic
signalling such as SMAD2/3 — dependent pathway (Tuli et al., 2003). After an extended TGFj1
exposure (2-5 weeks), pellets show big size with a cartilage-like ECM rich in collagen 11, aggrecan
and GAGs content (Futrega et al., 2015). However, the advantage of TGFB1 use also hides the biggest
limitation of this in vitro model. In fact, the extensive TGFB1 exposure, leads to the activation of the
signals that regulate the hypertrophic condition, including the SMAD1/5/9 -dependent pathway.
Therefore, in the end, the obtained pellets show an ECM that is also characterised by the presence of
collagen X and other markers of hypertrophy, with characteristics more similar to fibrocartilage ECM
and different from the native articular cartilage (Mueller and Tuan, 2008; Narcisi et al., 2015;
Occhetta et al., 2018).

In this first experimental part, however, it was intended to use pellets to evaluate the chondrogenic
differentiation capacity of the primary hBM-MSCs used in this study, and if the cells from two
different donors responded in the same way to TGFB1. To achieve this, the pellets were cultured for
three weeks divided in three different experimental groups: without TGFB1, subjected to a single
week and to continuous exposure of TGFB1 for three weeks. On the whole, the results obtained were
in line and consistent with the results currently existent in the literature. In fact, the pellets exposed
to TGFB1 for 21 days showed bigger sizes than the other two groups of pellets and a uniformly
distributed ECM rich in GAGs, as evidenced by histological analyses. Gene expression analysis
confirmed that continuous TGFB1 exposure has led to upregulation of both chondrogenesis (SOX9,
COL2A1, and ACAN) and hypertrophic (COL10A1, COL1A1 and MMP13) markers and these results
were also confirmed by IHC analysis. On the other hand, pellets, cultured without TGFp1
supplementation, demonstrated a very low differentiation condition, characterised by small sizes, low
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presence of GAGs and low levels of gene expression of both chondrogenic and hypertrophic markers.
However, pellets exposed to the TGFB1 only during the first week of culture, showed a trend which
was places in the middle between the other two conditions. In fact, with only one week of TGFp1
supplementation, differentiation processes is increased, but from when the TGFB1supplementation
was suspended, the differentiation appears to stop. This is easily understood by comparing the
expression levels of the chondrogenic and hypertrophic markers of these pellets, with the gene
expression of the same markers at day 7 of the pellets exposed to TGFB1 continuously for three
weeks, as they appear to not have significant differences. Finally, histological analysis highlighted a
low GAGs content and a heterogeneous ECM which underlines a differentiation process incomplete
without TGFp1.

Overall, this first group of results demonstrates that hBM-MSCs pelleted from two different donor
differentiate in chondrogenic sense only in presence of TGFB1. However, in this in vitro model,
chondrogenesis is accompanied by an elevated expression of hypertrophic markers

Pellet culture also in this preliminary study represented a valid in vitro model to evaluate the
chondrogenic potential of MSCs.

In the second part of this study, was developed a more complex in vitro model based on current
knowledge of tissue engineering by combining use of 3D scaffolds, mechanical stimulation and
growth factors, with the aim of improving the quality of hBM- MSCs chondrogenic differentiation
and trying to limit hypertrophy with the consequence to obtain an ECM with characteristics more
similar to articular cartilage.

It was chosen to encapsulate the hBM- MSCs in hydrogels consisting of GeIMA and HA, as based
on various recent studies, it appears to be an optimal combination of natural biopolymers due to its
excellent biocompatibility, biological and mechanical properties that are able to promote vitality,
proliferation and cell differentiation. In static cultures for example, human chondrocytes inside
GelMA/HA maintain stable their phenotype and produce abundant cartilage-like ECM (Levett et al.,
2014b; Nedunchezian et al., 2022), while MSCs and iPCs are able to differentiate into chondrogenic
sense, and produce ECM rich in GAGs and collagen I1, with or without growth factors pre-incubation
(Levett et al., 2014; Meinert et al., 2017; Agten et al., 2022). In addition, after 3-4 weeks of culture,
GelMA/HA hydrogels show mechanical properties, such as compressive strength, similar that of
native articular cartilage suggesting the potential application of in vitro mechanical stimuli, by using
bioreactor system, on this kind of construct in order to improve hBM- MSCs chondrogenesis (Levett
et al., 2014b; Pahoff et al., 2019). To date only Meinet and collegues demonstrated that human
articular chondrocytes encapsulated in GeIMA and hyaluronic acid methacrylate (HAMA) hydrogels
were able to respond to uni- and biaxial mechanical stimuli by upregulation of hyaline cartilage-
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specific marker genes (Meinet et al., 2017). Therefore, on the basis of these evidences one of the
objectives of this study was to investigate if multiaxial loading applied on GeIMA/HA hydrogels, is
able to induce hBM- MSCs chondrogenesis in the absence of any exogenous growth factors, as widely
demonstrate in fibrin- PU scaffolds (Wimmer at al., 2004; Schatti et al., 2011; Zahedmanesh et al.,
2014; Gardner et al., 2017; Ladner et al., 2022). The hydrogels were exposed to multiaxial loading
1h per day for three weeks. To evaluate mechanical stimulation effects, analysis of the gene
expression at each time point, quantification of the GAGs and histological analysis were performed,
and each result obtained was compared with matched static group of hydrogels. From the analysis
carried out it emerged that the hBM- MSCs of both donors were not able to respond to the mechanical
stimulation with chondrogenic differentiation. This is demonstrated by the very strong results
obtained in which all analysed genes both chondrogenic and hypertrophic markers showed low
expression levels. GeIMA/HA hydrogels also showed a low production of GAGs as evidenced by
quantification at each medium change after loading, and by the GAGAs quantified within the
scaffolds after three weeks of loading. All these evidences were also confirmed by the histological
and Immunohistochemical analysis in which it is possible to notice that the cells produced poor ECM
after three weeks of loading and no significant differences were observed compared to the hydrogels
maintained in static conditions. Overall all these data are consistent with the fact that the only
mechanical stimulation applied in these constructs is not able to activate the chondrogenic
differentiation, but the exact reasons why hBM- MSCs in this type of construct do not respond to
mechanical stimulation remain unknown in this preliminary results. Therefore, it was considered to
introduce TGFpB1 as chondrogenic stimulating factor in support of mechanical stimulation. It was
hypothesised that a TGFB1priming was able to give an extra stimulus to the hBM- MSCs in order to
direct their differentiation in a chondrogenic direction before applying the multiaxial loading. The
idea of priming comes from a recent study by McDermott et al., in which are investigated the effects
of chondrogenic priming duration on the response of engineered constructs to dynamic mechanical
compression (McDermott et al., 2021). Specifically, they chondrogenically (pre-incubation with
TGFB3) primed fibrin hydrogel-encapsulated hBM-MSCs to various stages of chondrogenic
maturation (0, 2, 4, or 6 weeks of priming) prior to applying dynamic compression for two additional
weeks. Their results showed that after two-weeks of priming, compression supports chondrogenesis
for the duration of mechanical stimulation by increasing the expression of chondrogenic markers
(McDermott et al., 2021). On the basis of these results, in this study we wanted to investigate the
effects of priming in this case with TGFp1lone week on GelMA/HA hydrogels prior to apply three
weeks of multiaxial loading. It was selected only one week of priming based also on the results
obtained in the first part with pellets, in which one week of exposure to TGF1was able to activate
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chondrogenesis even if the differentiation process stops once the growth factor is not added. Instead
in this in vitro model it was hypothesised that after the priming week, the multiaxial loading could be
able to carry out the differentiation process.

The data obtained strongly demonstrated that the hBM-MSCs of both donors encapsulated inside
GelMA/HA hydrogels primed with TGFB1b were able to respond to mechanical stimulation with
chondrogenic differentiation. Hydrogels subjected to priming and loading showed increased
expression levels of SOX9, COL2A1, and ACAN (with expression peaks reached at different
timepoints) compared to the other experimental groups. The combined application of the two stimuli
also promoted the increase GAGs production both within the hydrogels and released in the culture
medium. Interesting results were also obtained from histological analyses in which the groups
subjected to priming and loading the hBM-MSCs differentiate showed a chondron-like organisation
uniformly distributed inside hydrogel, in which the differentiated cells are surrounded by an intense
ECM. Safranin O staining confirmed a high deposition of GAGs inside these areas. IHC also showed
high levels of aggrecan and collagen Il in these sites. In contrast, the cells inside GelMA/HA
hydrogels primed and kept in static conditions t produced an ECM not uniformly distributed and was
mainly concentrated at the hydrogel corners. This suggests that most probably the multiaxial loading
as it occurs in the native cartilage, promote s the diffusion of nutrients and oxygen inside the matrix
and facilitate the cellular organisation and the ECM remodelling inside the hydrogels. Other
interesting results obtained are related to hypertrophic markers.

Hydrogels subjected to TGFB1 priming, as expected, also showed increased expression levels of
hypertrophic factors (COL10A, COL1A1 and MMP13) but interestingly no expression differences
were found between the loaded scaffolds and statistics on (except COL1A1lat day 21 for donor 1which
was higher in loaded group, and MMP13 at day 21 for donor 2, which was lower in loaded group).
From these results it can be deduced that multiaxial loading did not activate hypertrophy
differentiation despite the multiaxial loading stimulate chondrogenic differentiation of hBM-MSCs
by activating the TGFB1 pathway (Li et al., 2010). This evidences also confirmed by the collagen X
IHC in which the levels of collagen X detected were lower than in collagen I1. probably the levels of
hypertrophy are kept lower thanks to the presence of HA which, as previously demonstrated, the
addition of HA in fibrin -PU scaffold subjected to multiaxial load is able to stabilise the BM-MSCs
derived chondrocyte phenotype through the reduced upregulation of collagen X (Monaco et al., 2020;
Monaco et al.; 2021).

In conclusion, the second part of this preliminary study demonstrated that the hBM-MSCs seeded in
GelMA/HA hydrogels are able to differentiate in chondrogenic sense thanks to the combination of
one week of TGFB1 priming and three weeks of multiaxial loading. This combination of stimuli
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together with the use of GeIMA and HA as hydrogels components, proves to be an optimal in vitro
model for hBM-MSCs chondrogenesis. Another important results are related to hypertrophic
differentiation that seems to be limited and no activated by mechanical stimulation. However, several
questions remain to be addressed such as why the hBM-MSCs were unable to respond to the
mechanical loading only after a TGFB1 priming. Future analysis will be performed to investigate in
depth this phenomenon. In addition, the analysis will be extended with other hBM-MSCs from other
donors in order to evaluate and improve reproducibility and will be also investigate if by reducing
TGFB1 priming time and increasing HA concentration, a more hypertrophy reduction can be

achieved.
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4.1 Introduction

The repair and healing capacity of articular cartilage after injury is complicated due to its avascular,
hypo-cellular and aneural nature [1]. For this reason, even a minor lesion may lead to progressive
damage and cartilage degeneration, determining osteoarthritis (OA) development. OA is a common
progressively degenerative disease involving primarily articular cartilage and further all joint tissues
and leading to severe pain and joint disability [2,3]. Several therapeutic approaches have been
developed for the treatment of articular cartilage defects, including autografts and osteochondral
allografts, microfracture, autologous chondrocyte and mesenchymal stem cell-based therapies [4,5].
However, the results reported in this field showed limited satisfactory results and the management of
chondral defects remains a big challenge. This is mostly due to the biochemical and mechanical
properties of the obtained engineered cartilage, which often do not match those of the native tissue
[6].

Tissue engineering for regenerative approaches emerges as one of the most promising biomedical
applications for cartilage tissue regeneration. The latter is based on the use of innovative biomaterials,
which act as scaffolds, mimicking a three-dimensional (3D) extracellular matrix (ECM)
microenvironment, with or without the use of chondrocytes or mesenchymal stem cells from different
sources [7-10]. Over the past decades, several advances in this field have arisen, based on the
innovative techniques used for biomaterial characterization, design and functionalization [11,12].
The biomaterials used in cartilage engineering approaches should provide mechanical support, shape,
and cell-scale architecture for neo-tissue formation as cells expand and organize. In addition to
defining the 3D architecture for the neo-tissue, the scaffold provides the microenvironment (synthetic
temporary ECM) for regenerative cell recruitment, support, proliferation, differentiation and, finally,
neo-tissue formation [13]. The most commonly used degradable biomaterials nowadays include some
synthetic polyesters such as poly(l-glycolic acid) (PLGA) and poly(l-lactic acid) (PLLA) and natural
biopolymers such as collagen, alginate, fibrin and chitosan [14,15]. The natural polymers show better
biological properties that are more suitable for the native cartilage microenvironment, promoting
required biocompatibility, cellular responses and biodegradability [16]. Among them, collagen type
| is widely used for scaffold construction and cartilage tissue engineering approaches, due to its high
biocompatibility and widespread clinical usage [17-20]. Although there are many scaffolds based on
collagen, its long-term performance still shows an inferior mechanical property and limited
chondrogenic capacity. For this reason, improvements of the physical and structural properties of
collagen I-based scaffolds are still required, as stated and highlighted by Irawan et al., in the recently
published review [21]. Recently, the biocompatibility and the chondrogenic potential of a new 3D
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collagen type I-based scaffold has been evaluated by our research group both in vitro and in vivo
(etherotopic implantation) [22,23]. Our in vitro results performed using this scaffold in combination
with human adipose-tissue derived mesenchymal stem cells (hnADMSCSs) showed that the scaffold is
able to promote the early stages of chondrogenic cell differentiation and that the addiction of specific
inductive factors induces complete differentiation as highlighted both by specific cartilage markers
expression and typical chondrocyte morphology [22]. The most important cartilage markers are
represented by glycosaminoglycans (GAGs), collagen type Il and aggrecan, which are typical ECM
components of hyaline cartilage that characterise the articular cartilage of diarthrodial joints. Collagen
type |, instead represents the main constituent of the fibrocartilage matrix, which possesses
completely different mechanical properties compared to hyaline cartilage [1,6]. Another important
chondrogenic marker is represented by SOX9, a transcription factor expressed by chondrocytes,

which are the only cell type present within the cartilage tissue. It has been identified as a regulator of
the chondrocyte lineage, essential for chondrocyte differentiation and cartilage formation. It is
associated with the enhancement of collagen Il and aggrecan synthesis within the cartilage matrix
[24]. In vivo data obtained by subcutaneous implantation (heterotopic model) of a cell free scaffold
showed that it is biocompatible and able to recruit host cells and to guide them towards the
chondrogenic differentiation [22]. Furthermore, the cartilage-like microstructural properties of this
biomaterial, in terms of density and elasticity, were combined in a simple production process [25],
which makes this scaffold even very interesting to be evaluated for cartilage regenerative approaches.
For this reason, to further evaluate and emphasize the data obtained in our previous studies, the aim
of the present work was to continue the validation of this cell-free collagen I-based scaffold in an
articular cartilage lesion (ACL) orthotopic model in terms of host cells recruitment, ECM deposition
and cartilaginous repair promotion. The results of the present study complete the multi-step
evaluation process of the 3D collagen I-based scaffold and may pave the way to the use of the latter

in the cartilage regeneration approaches.
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4.2 Materials & Methods

4.2.1 Scaffold Features

Collagen I-based scaffolds used in the present study were manufactured by Fin-Ceramica Faenza SpA
(Faenza, Italy). The characterization and process of manufacturing were already widely defined in
our previous study [22] and summarised below. These supports present a cylindrical form (8 mm
diameter and 5 mm height) and are made up of equine type I collagen gel (1wt%) furnished in aqueous
acetic buffer solution (pH = 3.5) (Opocrin SpA, Modena, Italy). The development process and
physical and chemical features have been explained previously [22,23]. In Brief, collagen gel was
diluted in water and supplied by 0.1 M NaOH solution, up to the isoelectric point (pH =5.5), in which
it precipitated in fibres. Subsequently, it was crosslinked at 37 °C by 48 h long immersion of the fibres
in NaHCO3/Na>CO3 (Sigma Aldrich, Milan, Italy) and Merck Millipore, aqueous solution with a
1,4-butanediol-diglycidyl-ether (BDDGE) and freeze-dried for 25 h under vacuum conditions (P =
0.29 mbar) to obtain a porous 3D structure. Finally, the collagen constructs were treated with gamma-
rays at a minimum of 25 kGy.

The characterisation of 3D collagen scaffolds from a morphological and microstructural point of view
was performed by scanning electron microscopy (SEM) by using an SEM-LEO 438 VP (Carl Zeiss
AG, Oberkochen, Germany). Before the analysis, 3D scaffolds were sputter-coated with gold. SEM
images were assessed by image J software by calculating the mean pore diameter (mean value of 67
+ 31 microns on a total of 327 pores) (Figure 1). The swelling ability of the material was estimated
on 20 cartilaginous cylindrical constructs (¢ = 10 mm, h =4 mm) and determined by evaluating the
weight increase and the percent increase in both dimensions [35], as already reported in our previous
study [22]. The data analysis did not include the outlier values (Huber test). The porosity and density
of collagen constructs were assessed with a glass pycnometer full of highly purified water on n. 20
scaffolds (d = 18 mm; h = 4 30mm) [36]. Pore diameter was then calculated using the geometric

volume of the scaffolds and the mean value of the achieved densities [22].

4.2.2 Breeding and Housing of Animals, Experimental Design and

Surgery Procedure

Twenty-seven 2-month-old healthy female Wistar outbred rats (Charles River Laboratories, Milan,

Italy), with a bodyweight of 300 £ 20 g, were used in the present study. The animals were kept in

polycarbonate cages (10.25”W x 18.75”D x 8”H) at controlled humidity and temperature (20-23 °C)

throughout the whole period of the experiment, with free access to food and water and a 12 h
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light/dark photoperiod. The 27 animals were divided into three groups at three different time points
as shown in Table 1. The ACL groups consisted of rats submitted to surgical treatment to create
defects inducing the ACL model. In the CTRL group, only 4-week samples were taken into account

for the analysis.

Study Groups Time Points Number of Rats

CTRL 4,8, 16 weeks n.9 (3™ each time point)

ACL (only lesion) 4, 8, 16 weeks n.93 X sach time point)

ACL-S (lesion + scaffold) 4, 8, 16 weeks n.93 X sach time point)

Table 2.1. Experimental groups.

Total anaesthesia (30 mg/kg Zoletil 100 + altadol 5 mg/kg + maintenance mixture of O, and isoflurane
2%-2.5%, Vibrac, Milan, Italy) was used for the surgery procedure. The electric clipper was used to
shave the right limb anterior portion, which was then cleaned with povidone iodine (Sceptre Medical,
New Delhi, India). The vertical incision was made through the medial border of the skin around the
knee cap and, subsequently, through the articular capsule. Afterwards, the patella was moved laterally
to expose the right limb femorotibial joint. By flexing the knee, the femoral condyles were exposed
and a 1 mm x 1.5 mm sharp surgical forceps and needles were used to make a hole within the articular
cartilage at the level of the femoropatellar groove of the right limb. Each rat from the ACL-S group
received the same treatment, i.e., the collagen scaffolds were sterilely cut into 1 mm x 1.5 mm pieces
and implanted into the femoral condyle hole on the right leg while no material was implanted in rats
from the ACL group. The implantation was made using press-fit fixation, without supplementary
fixation devices. The patella was then removed back, and the articular capsule and skin were sutured
by using a 3-0 polydioxanone suture (Figure 6). Post-surgery, one dose of antibiotic Convenia® 0.1
mL/kg, (Vibrac, Milan, Italy), anti-inflammatory (Meloxicam 1 mg/kg) and analgesic (Tramadol 5
mg/kg) drugs, was administered for 3 days. After surgery, the animals were free to move in the cages
without joint immobilization. During all the experimental period the suffering of animals was
monitored through their observation (weight, lameness, fur appearance, consumption of food and
water), performed once a day. The animals from all groups (CTRL, ACL and ACL-S) and all the sub-
groups (4-, 8- and 16-weeks) after the surgical procedures were sacrificed by carbon dioxide (COz)
overdose. After euthanasia, femurs were explanted, cleaned of soft tissues and the samples were
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processed for histological, immunohistochemical and gene expression analyses. All the procedures
were carried out at the Center for Advanced Preclinical In Vivo Research (CAPIR), University of

Catania, conformed to the guidelines of the Institutional Animal Care and Use Committee
(ILA.C.U.C.) of the University of Catania (Protocol n. 2112015-PR of the 14.01.2015, Italian Ministry
of Health).

The experiments were conducted in accordance with the Italian Animal Protection Law (116/1992)
and the European Community Council Directive (86/609/EEC).

Figure 2.1 The photographs representing the surgical procedure performed to create defects (ACL induction) and to implant
a collagen I-based scaffold. (A) total anaesthesia induction; (B) knee joint preparation for the incision; (C—E) vertical incision through
the skin and articular capsule along the medial border and lateral displacement of the patella; (F-H) hole formation at the level of the
femoropatellar groove in both ACL and ACL-S groups; (1) collagen I-based scaffold preparation and cutting; (J) collagen I-based
scaffold implantation into the hole in the ACL-S group only; (K,L) patella replacement and the articular capsule and skin suture.

4.2.3 Histology Analysis
Cartilage samples were washed in phosphate-buffered saline (PBS, Bio-Optica, Milano, Italy), fixed
in 10% buffered-formalin (Bio-Optica, Milan, Italy) for 24 h at room temperature. Afterwards, the

samples were dehydrated in graded ethanol (Bio-Optica, Milan, Italy), cleaned in xylene (Bio-Optica,
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Milan, Italy) and paraffin-embedded (Bio-Optica, Milan, Italy), being careful to preserve the desired
anatomical orientation. For the general evaluation of the morphological structure of the cartilage, the
slides of 4-5 um thickness were cut from the obtained paraffin blocks and haematoxylin and eosin-
stained (H&E; Bio-Optica, Milan, Italy) as previously described [33]. The samples were then
examined with a Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen, Germany) and by a digital
camera (AxioCam MRc5, Carl Zeiss), used to take images. For qualitative histological analysis the

following parameters were analysed:
e The type of repaired tissue on the lesion surface (cartilaginous, fibrous or calcified);

e Capability of the collagen I-based scaffold to recruit host cells and promote cartilaginous

matrix deposition;

e The scaffold biocompatibility and reabsorption of the collagen I-based scaffold.

4.2.4 Analysis of SGAGs by Histochemistry

The samples were obtained as described above. Alcian Blue staining (Bio-Optica, Milan, Italy) was
used to evaluate the expression of glycosaminoglycans (GAGs). The evaluation was made by
computerised densitometric measurements. The samples were observed with a Zeiss Axioplan light
microscope (Carl Zeiss, Oberkochen, Germany) and the images were taken using a digital camera
(AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).

4.2.5 Immunohistochemistry (IHC) Analysis

Articular cartilage samples were processed for immunohistochemical analysis as previously
described [37]. In brief, the sections were de-waxed in xylene, hydrated in graded ethanol scale and
incubated in 0.3% H202/PBS to stop endogenous peroxidase activity for 30 min. Afterwards, the
slides were cleaned for 20 min with PBS (Bio-Optica, Milan, Italy). The slides were heated in a
microwave oven (5minx3, 750W, LG Electronics Italia S.p.A., Milan, Italy) in Tris-EDTA buffer (pH
8.0; Bio-Optica, Milan, Italy) or in citrate buffer—pH 6 (pH 6.0; Bio-Optica, Milan, Italy), for the
antigenic retrieval [38]. Afterwards, the slides were incubated overnight at 4 °C with diluted rabbit
polyclonal antibodies against types | collagen (ab34710; Abcam, Cambridge, UK) and type Il
collagen (ab34712; Abcam, Cambridge, UK); rabbit monoclonal anti-SOX9 (ab185966; Abcam,
Cambridge, UK) and anti-aggrecan (ab3778; Abcam, Cambridge, UK) antibodies, diluted 1:100 in
PBS (Sigma-Aldrich, Milan, Italy). Immune-complexes were then incubated with biotinylated link
antibodies (HRP-conjugated anti-rabbit and anti-mouse were used as secondary antibodies) and
detected with peroxidase-labelled streptavidin
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(LSAB + System-HRP, K0690, Dako, Glostrup, Denmark). Immunoreactivity was labelled using
0.1% 3,3°-diaminobenzidine (DAB) (DAB substrate Chromogen System; Dako, Glostrup, Denmark).
The Mayer’s hematoxylin (Histolab Products AB, Goteborg, Sweden) was used for the counterstain
and then the sections were mounted in GVA (Zymed Laboratories, San Francisco, CA, USA),
observed with an Axioplan Zeiss light microscope (Carl Zeiss, Oberkochen, Germany) and captured
with a digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).

4.2.6 Computerized Morphometric Measurements and Image Analysis
One field of about 550,000 um?, corresponding to the defect area, carefully selected from each section
(three sections for each time point), was analysed for histochemical assessment of Alcian Blue
staining, detecting GAGs expression, and to quantify the level of positive anti-Collagen I, anti-
Collagen Il, anti-Aggrecan and anti-SOX9 antibodies immunoexpression. The image analysis
software (AxioVision Release 4.8.2-SP2 Software, Carl Zeiss Microscopy GmbH, Jena, Germany),
which quantifies the staining level as the densitometric count (pixel?) normalized to the defect area
of each sample, was used. The samples were analysed by using the Zeiss Axioplan light microscope
(Carl Zeiss, Oberkochen, Germany) and the pictures were taken with a digital camera (AxioCam
MRc5, Carl Zeiss, Oberkochen, Germany). Two investigators (one anatomical morphologist and one
histologist) made the morphological assessment. If disputes occurred, a unanimous agreement was

reached after section re-evaluation and before proceeding with data interpretation.
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4.2.7 Quantitative Real-Time Polymerase Chain Reaction (g-PCR)

Total RNA was isolated from paraffin-embedded tissue sections by using the RNeasy FFPE Kit
(Qiagen, Germantown, MD, USA). cDNA was synthesised from 1 pg of total RNA using a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative RT-PCR was
performed using the SYBR Green method on a 7900HT Real Time PCR (Applied Biosystems).
Specific primers for chondral genes, including COL1A1, COL2A1, aggrecan and SOX9, were
designed using Primer Blast [39] and selecting exon-exon junctions on mRNA as a target region for
annealing. Gene expression was assessed using the 2724 method [40]. Oligonucleotide sequences
are reported in Table 2. Results were normalised to the levels of Beta-Tubulin (TUBB), used as an

endogenous control.

Target Gene Forward Reverse
COL1A1 CCGGAAACAGACAAGCAACCCAAA AAAGGAGCAGAAAGGGCAGCATTG
COL2A1 TGGTCTTGGTGGAAACTTTGCTGC AGGTTCACCAGGTTCACCAGGATT
Aggrecan TGTGGTGATGATCTGGCACGAGAA CGGCGGACAAATTAGATGCGGTT
Sox9 AACAACCCGTCTACACACAGCTCA TGGGTAATGCGCTTGGATAGGTCA
TuBB4a GACGTGAGTACTGCTCCGC CTTGCAGGTGCACGATTTCC

Table 2.2. Primer sequences.

4.2.8 Statistical Analysis

The statistical evaluation was carried out by using GraphPad Instat® Biostatistics version 3.0 software
(GraphPad Software, Inc., La Jolla, CA, USA), as previously described [41]. Differences between
experimental groups were evaluated by using a two-way ANOVA followed by Tukey’s multiple
comparison post hoc test. Datasets were tested for normal distribution with the Kolmogorov-Smirnov
test. All variables were normally distributed. For all experiments, p-values of less than 0.05 were
considered statistically significant (*p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001 and ns, not

significant). The data are presented as the mean value £ SD, as previously described [42].
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4.3 Results

4.3.1 3D Scaffold Characterization before Implantation

The microstructural and morphological properties of the 3D Coll-based scaffold were evaluated by
SEM analysis as previously indicated [22,23]. Briefly, Figure 1 shows SEM images of the 3D scaffold
at different magnifications, displaying a high porosity of the scaffold with 3D intersected pores
without any defined alignment of the collagen fibers. Pore distribution analysis indicated a frequency
(> 65%) of pores between 40 and 100 um in size. The swelling test was performed to assess the
change of material structure clearly demonstrating that the collagen I-based scaffold is highly
hydrophilic and reaches a steady-state in less than 1 min. The volume of absorbed PBS was quantified
to evaluate the capability of the collagen scaffold to maintain the liquid assigned to the support of the
3D structure. After swelling, both diameter (6 + 1%) and thickness (27 + 9%) of the scaffold appeared

significantly increased.
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Figure 2.2. Scanning Electron Microscopy (SEM) images of the collagen-based scaffold. At higher
magnification, interconnected collagen fibres are detectable within the scaffold. Scale bars: 100 um in (a); 200
pm in (b).

4.3.2 Morphological Evaluation of Explanted Femurs

To assess the capability of the collagen I-based scaffold to promote cartilage restoration we performed
macroscopic (Figure 2A) and microscopic (Figure 2B) evaluation on the explanted femurs at 4-, 8-,
and 16-weeks post-surgery and orthotopic implantation. The hematoxylin and eosin (H&E) staining
was used to study the microscopic morphology of the femoral articular cartilage in both groups
(femurs with implanted collagen I-scaffolds: ACL-S group, and femurs without scaffolds: ACL
group) in order to detect alterations. In the control group, articular cartilage showed a normal
cytoarchitecture. In the superficial zone, cells appeared flat and small; in the middle and deep zone,
chondrocytes were organised in columns; the tidemark was very strong and evident (Figure 2Ba).

In the articular cartilage of the ACL group, the general tissue organization was completely altered
due to the defect induction. The superficial, middle and deep zones, as well as the tidemark, were not

observable anymore at all the time points (Figure 2Bb—d). At 4 weeks post-surgery, the H&E staining
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revealed a newly formed fibrous tissue (scar tissue) in the superficial zone at the surface of the
subchondral bone, corresponding to the defect repair (Figure 2Bb). At 8- and 16-weeks the scar tissue
tended to be progressively replaced by a tissue that appeared to be calcified, suggested by the
morphological aspect of the tissue and poor proteoglycans deposit, further evidenced by Alcian Blue
staining (Figure 3). The peri-native cartilage features appeared totally altered (Figure 2Bc,d). In the
articular cartilage of the implanted group (ACL-S), at 4-weeks post-surgery, the H&E staining
showed the presence of newly formed tissue at the interface between the subchondral bone and
collagen scaffold, which presented morphological features resembling a prechondrogenic
mesenchymal-like tissue, characterised by the spindle-shaped cells growing without any apparent
internal organisation (Figure 2Be). However, this observation has not been validated by specific
stainings and would need to be confirmed. Afterwards, the samples revealed the capacity of the
biomaterial to recruit host cells that infiltrated, adhered and grown within the scaffold (8-weeks,
Figure 2Bf). A progressive integration and replacement of the degradable collagen scaffold with the
reparative newly formed cartilage-like tissue were shown (16-weeks, Figure 2Bg).
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Figure 2.3. Cartilage repair evaluation through macroscopic and microscopic evaluation. (A) Macroscopic evaluation of repair
capacity of femoral articular cartilage explants after defect creation indicated with black circles (ACL group) and in vivo scaffold
implantation indicated with red circles (ACL-S group) at 4-, 8- and 16-weeks; (B) Histological evaluation by H&E staining of femoral
articular cartilage samples after defect creation (ACL group) and in vivo scaffold implantation (ACL-S group) at 4-, 8- and 16-weeks:
(a) control sample presenting a normal cartilage cytoarchitecture; (b) ACL group sample at 4-weeks presenting fibrocartilage formation
at the defect area level; (c,d) ACL group sample at 8- and 16-weeks presenting cartilage calcification corresponding to the defect area
level; (e) ACL-S group sample at 4-weeks presenting a prechondrogenic mesenchyme-like tissue features at the interface between
scaffold and the peri-native tissue; (f) ACL-S group sample at 8-weeks presenting matrix deposition within the scaffold, suggesting
host cell recruitment and their chondrogenic differentiation; (g) ACL-S group sample at 16-weeks presenting a total scaffold
reabsorption and replacement with a newly formed cartilage-like tissue. Scale bar: 100 um. The inserts represent the image
magnifications (scale bar: 50 um) to evidence the morphology changes observed in a time-dependent manner.
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Figure 2.4. Histochemical evaluation of the deposition of sSGAGs in femoral articular cartilage samples at 4-, 8- and 16-weeks
post-surgery revealed by the intensity of Alcian Blue staining through computerised densitometric measurements and image
analysis. (A) The inserts represent the image magnifications (scale bar: 100 um) analysed by the software: the red colour corresponds
to high intensity Alcian Blue staining. (a) control sample of articular cartilage; (b—d) ACL group samples at 4-, 8- and 16-weeks; (e—
g) ACL-S group samples at 4-, 8- and 16-weeks. Scale bars: 100 um. (B) Graph representing staining level expressed as densitometric
count (pixel?) normalized to the area of each section expressed in pixel?. Results are presented as the mean + SD. Two-way ANOVA
test followed by Tukey’s multiple comparison test reported that all pairwise comparisons were significantly different (p-value < 0.0001)
except for ACL 8-weeks vs. ACL 16-weeks, which was not significant (ns.).

The evaluation of cartilage repair was also assessed by the deposition of sulfated glycosaminoglycans
(SGAGS) revealed by the intensity of Alcian Blue staining (Figure 3). In the ACL group at 4-weeks,
the newly formed fibrous tissue showed a low-intensity blue staining (Figure 3Ab), which diminished
progressively and in a significant way with the supposed calcification of the cartilage tissue through
the time points and, especially, at 16-weeks (p-value < 0.0001, Figure 3Ad, B). In the ACL-S group
(Figure 3Ae—g), the Alcian Blue staining was much stronger than in the defect control group (ACL
group). The internal repair integrity was underlined by the higher ECM deposition within the
scaffolds due to the recruitment of host cells, moreover, it appeared progressive through the time

points, especially at 16-weeks post-implantation (p-value < 0.0001, Figure 3Af, B).

4.3.3 Ex Vivo Evaluation of Cartilage Regeneration

Immunohistochemical staining with statistical analysis was carried out in all groups to evaluate
cartilage repair through the expression level of SOX9 (Figure 4A), a pivotal transcription factor for
cartilage formation and ECM cartilaginous structural molecules, Aggrecan (Figure 4A’), Collagen
type | (Figure 5A), and Collagen type 11 (Figure 5A”). A very strong expression of SOX9 was seen at

4-weeks post-surgery, especially in the ACL group (Figure 4Ab). It decreased significantly at 8-
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weeks in both ACL (p-value < 0.0001, Figure 4Ac, B) and ACL-S (p-value < 0.0001, Figure 4Af, B)
groups, to increase again at 16-weeks especially in ACL-S group (p-value < 0.001, Figure 4Ag, B).
Overall, the SOX9 expression was significantly higher in ACL-S group when compared to defect
control group (ACL group), both at 8- (p-value < 0.05, Figure 4Af, B) and 16-weeks (p-value <
0.0001, Figure 4Ag, B). The expression profile of aggrecan showed a progressive increase through
the time points, with the highest peak at 16-weeks in the ACL-S group (Figure 4A’g). Overall,
aggrecan expression was always higher in the ACL-S group when compared to the defect control
group and it was significant at 8- (p-value < 0.05, Figure 4A’f, B’) and 16-weeks (p-value < 0.001,
Figure 4A°g, B’). Collagen type | expression was strong at 4-weeks (Figure 5Ae) and 8-weeks (Figure
5Af), in the ACL-S group, decreasing significantly at 16-weeks post-surgery (p-value < 0.0001,
Figure 5Ag,B). However, the collagen | expression resulted significantly higher in the ACL-S group
when compared to the defect control (ACL group) at all time points: 4-weeks (p-value < 0.0001,
Figure 5Ae,B), 8-weeks (p-value < 0.0001, Figure 5AfB), 16-weeks (p-value < 0.001, Figure
5Ag,B). A very strong expression of collagen type 11 was seen at 4-weeks post-surgery, especially in
the ACL-S group in which it was significantly higher when compared to the defect control group
(ACL group) (p-value < 0.0001, Figure 5A’e,B’) and it decreased progressively through the time

points (Figure 5A’f,g). The expression profile of collagen Il demonstrated a significant difference
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Figure 2.5. Sox9 and aggrecan evaluation in femoral articular cartilage samples at 4-, 8- and 16-weeks post-surgery. (A-A")
Immunohistochemical analyses: (a) control sample of articular cartilage; (b—d) ACL group samples at 4-, 8- and 16-weeks; (e-g) ACL-
S group samples at 4-, 8- and 16-weeks. In the inserts, the red colour corresponds to brown staining (immune complexes labelled with
chromogen); scale bars 50 um. (B-B’) Graph representing staining level expressed as densitometric count (pixel?) normalized to the
area of each section expressed in pm? (C-C’) Relative quantitation (RQ) of gene expression showing the time-course of Sox9 and
Aggrecan in ACL (L) and ACL-S (S) groups, after 4-, 8-, and 16-weeks from surgery. TUBB4a has been used as endogenous controls.
Results are presented as the mean + SD. Differences between groups were evaluated by using a two-way ANOV A followed by Tukey’s
multiple comparison post-hoc test (* p < 0.05; ** p < 0.01; *** p <0.001; **** p < 0.0001; ns, not significant). * CTRL vs 4-, 8-, 16-
wks_L and 4-, 8-, 16-wks_S; $ 4-wks_L vs 8-, 16-wks_L and 4-,8-, 16-wks_S; 0 4-wks_S vs 8-, 16-wks_L and 8-, 16-wks_S; B 8-
wks_L vs 16-wks_L and 8-, 16-wks_S; + 8-wks_S vs 16-wks_L and 16-wks_S; T 16-wks_L vs 16-wks_S.

between the ACL and ACL-S groups at 4-weeks (p-value < 0.0001, Figure 5A’b,e,B’) but not at 8-
and 16-weeks (p-value < 0.05, Figure 5A’c,d,f,g,B’).

A gRT-PCR analysis was performed on total RNA isolated from explanted scaffolds to evaluate the
expression of specific genes correlated to cartilage phenotype. The expression profiles of
cartilaginous genes, including Coll, Colll, Aggrecan and Sox9 at 4-, 8-, and 16-weeks were compared

to control mMRNA levels. Logarithmic RQ values are reported in Figures 4 and 5.
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Figure 2.6. Collagen type I and collagen type Il evaluation in femoral articular cartilage samples at 4-, 8- and 16-weeks post-
surgery. (A-A’) Immunohistochemical analyses: (a) control sample of articular cartilage; (b—d) ACL group samples at 4-, 8- and 16-
weeks; (e-g) ACL-S group samples at 4-, 8- and 16-weeks. In the inserts, the red colour corresponds to brown staining (immune
complexes labelled with chromogen); scale bars 50 um. (B-B’) Graph representing staining level expressed as densitometric count
(pixel?) normalized to the area of each section expressed in um2. (C-C’) Relative quantitation (RQ) of gene expression showing the
time-course of Coll and Colll in ACL (L) and ACL-S (S) groups, after 4-, 8-, and 16-weeks from surgery. TUBB4a has been used as
endogenous controls. Results are presented as the mean + SD. Differences between groups were evaluated by using a two-way ANOVA
followed by Tukey’s multiple comparison post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant). (D)
Table showing the ratio of collagen Il/collagen I (Colll/Coll). * CTRL vs 4-, 8-, 16-wks_L and 4-, 8-, 16-wks_S; $ 4-wks_L vs 8-, 16-
wks_L and 4-, 8-, 16-wks_S; 0 4-wks_S vs 8-, 16-wks_L and 8-, 16-wks_S; B 8-wks_L vs 16-wks_L and 8-, 16-wks_S; + 8-wks_S vs
16-wks_L and 16-wks_S; T 16-wks_L vs 16-wks_S.

Sox9 displayed a characteristic peak of expression at 4-weeks both in the ACL (RQ = 7.563) and in
ACL-S groups (RQ = 5.432) that decreased progressively over time (ACL group: 8-weeks, RQ =
2.199 and 16-weeks RQ = 1.143; ACL-S group: 8-weeks RQ = 2.580, 16-weeks RQ = 2.528), even
if the ACL-S group maintained a higher expression of Sox9 when compared to the ACL group (Figure
4C).

Aggrecan exhibited a lower expression until the 8" week with a peak of expression at the 16" week
in both groups, although the ACL-S group (RQ = 18.687) displayed a more pronounced expression
than the ACL group (RQ = 7.433) (Figure 4C’).
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Coll showed an increased expression during the fourth week in both groups, RQ = 1.965 in the ACL
group and RQ = 2.612 in the ACL-S group, that decreased down to 0.792 and 1.085 at 16-weeks,
respectively for the ACL and ACL-S groups (Figure 5C).

Finally, Colll showed a distinctive peak of expression at 4-weeks for ACL-S (RQ = 7.388) with a
subsequent decrease and reduced modulation (3.355 orders of magnitude) until week 16; in contrast,
the ACL group showed a higher Colll expression at 8-weeks (RQ = 4.905) that subsequently
decreased to 1.671 orders of magnitude at week 16 (Figure 5C’). Moreover, the gene expression
profile data showed a ratio of Colll/Coll for ACL-S/ACL groups of 2.48 fold at 4-weeks, 0.82 at 8-
weeks and 3.07 at 16-weeks post-surgery (Figure 5D).

4.4 Discussion

The aim of the present study was to evaluate the extent to which the cell-free collagen I-based 3D
scaffold might support hyaline cartilage repair of femoral articular cartilage defects, created to
reproduce the ACL model, at 16-weeks post-surgery. The concept of using cell-free scaffolds in tissue
engineering is widely accepted and has been advanced by Omori et al., in 2008, in an interesting study
on laryngeal cartilage reconstruction in a canine model [26], where the authors suggested the
successful cartilage reconstruction by the in situ tissue engineering approach.

In the present study, the collagen I-based scaffolds were confirmed to be biocompatible, as already
demonstrated in our previous study [23] and as evidenced by the histological analysis of the present
study, showing total biodegradation and replacement of the biomaterial with the newly formed
cartilage-like tissue at 16-weeks post-implantation (Figure 2B). Moreover, as previously revealed
[22,27,28], the scaffolds showed good immune tolerance by the animals, as suggested by the absence
of scar-like tissue formation and inflammatory cell infiltration at the interface between the scaffold
and peri-native cartilage tissue (Figure 2B). Furthermore, the H&E and Alcian Blue staining
demonstrated that the collagen-based scaffold allowed the formation of an articular cartilage-like
tissue corresponding to the defect area at the femoropatellar groove level. It was underlined by the
significantly higher deposition of SGAGs at 16-weeks post-implantation (Figure 3g) when compared
to the defect control group (Figure 3d). The latter showed, instead, newly formed tissue resembling
calcified tissue in the area corresponding to the defect, at the same time point. These data were
confirmed by immunohistochemical analysis, which showed a higher expression of cartilage markers
in ACL-S group samples, when compared to the ACL group samples (Figures 4 and 5), at all the time
points. The only exception regards the SOX9 expression, which at its highest peak, corresponded to
the ACL group sample at 4-weeks post-surgery (Figure 4Ab). The latter was probably due to the fact
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that, at 4-weeks, we expected that the formation of fibrous tissue might be preceded by mesenchymal
tissue formation, characterized by a high SOX9 expression [29,30]. Afterwards, along with the
probably observed calcification-unlike process (8- and 16-weeks post-surgery) in the ACL group, a
significant decrease of SOX9 expression was observed (Figure 4Ac,d,B). It probably happened
because the recruited host cells were not supported by any 3D structure, like that given by the collagen
I-based scaffold (ACL-S group, Figure 4Ae—g). Indeed, it has been widely shown that the 3D
architectural support enhances and improves the cartilaginous matrix formation and stability [31-33].
SOXQ is a transcription factor that plays a key role in chondrogenesis, both by driving the collagen
type Il and aggrecan expression and by supporting the survival of chondrocyte [29,34]. Apart from
the exception of week 4, the results of immunohistochemistry demonstrated that SOX9 expression
was maintained always higher in the ACL-S group, especially at 16-weeks post-implantation. These
results were observed also in the expression profiles of collagen 1l (Figure 5) and, especially, of
aggrecan, which the highest peak corresponded to the the ACL-S group at 16-weeks (Figure 4A’g).
Another important observation regards the expression profiles of collagen type | and II, which the
highest peaks corresponded to the ACL-S group at week 4, as seen in Figure 5Ae,A’e. This was
probably due to the fact that at this time point, the collagen I-based scaffolds still conserved their
integrity, and have not yet undergone the biodegradation process, which was observable at 8- and,
even more, at 16-weeks after implantation (Figures 2 and 3). However, the scaffold has not been
specifically labelled and this observation would need to be further confirmed. The collagen Il high
expression was also justified by the infiltrated cells within the scaffolds, already synthesising this
cartilage marker, and occupying a bigger area when compared to the cartilage repair tissue at 8- and
16-weeks (Figure 2). The immunohistochemistry results were further confirmed by the gene
expression analysis, which presented the same expression profiles of all the chondrogenic markers,
as seen in Figures 4C and 5C. Overall, the results of histological, histochemical,
immunohistochemical and gene expression analysis confirmed that implantation of collagen I-based
scaffold within the cartilage defects of rats, improved the cartilage tissue regeneration

when compared to the group without the scaffolds.

4.5 Conclusions

In conclusion, our data support the high biocompatibility of the collagen I-based scaffold, which is
able to efficaciously integrate into the host articular cartilage and to promote the development of new
cartilage-like tissue by recruiting the host cells and driving them towards the chondrogenic
differentiation. Moreover, thanks to the good biodegradability over time (up to 16-weeks), this

scaffold represents a promising tool for cartilage tissue engineering and repair approaches.
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5.1 Introduction

Molecular homeostasis of the cartilage tissue is based on structural integrity of chondrocytes and their
milieu, which are subjected to biomechanical and biochemical stresses (Martinez-Moreno et al.,
2019). Imbalances in the physiological anabolic and metabolic processes within the tissue could lead
to loss of cytoarchitecture and biomechanical properties of the cartilage that could, in turn, eventually
degenerate in osteoarthritis (OA) (Man and Mologhianu, 2014; Musumeci et al., 2012). This latter is
a widely common pathology, which is a serious reason for disability among older people and that
represents a high burden for worldwide society in terms of healthcare cost (Neogi, 2013). OA is a
progressive joint disease that induces several changes in all joint structures prompt by a contribution
of biomechanical, genetic and ageing factors (Chen et al., 2017). Although the etiology of OA is still
uncertain, inflammation and apoptosis are two main key elements which have been linked to
extracellular matrix (ECM) disrupting which will eventually result in the weaking and degradation of
articular tissue, remodeling of subchondral bone, followed by the typical pathological signs which
include articular pain, swelling, early morning stiffness, and ultimately impairment (Moraet al., 2018;
Loreto et al., 2009). Since no specific resolutive treatment is currently available, a progressively
higher number of researches has recently posed the attention on molecules that could potentially be
used in clinical practice. Disease- modifying osteoarthritis drugs (DMOADS) are a class of agents
which are presumed to act on the key mechanisms involved in OA to prevent further structural
damages and therefore improve its symptoms (Zhang et al., 2021b). DMOADSs can be more target-
specific than current drugs for OA, aiming specifically at the cartilage, synovium or subchondral
bone. Since their administration can occur through local injection, efficacy and reduction of side
effects would be improved (Oo et al., 2021). Some examples can be found in the use of injectable
small molecules as inhibitors of the WNT pathway and matrix metalloproteinases (MMPSs), human
platelet rich plasma (PRP), Sprifermin (recombinant human fibroblast growth factor 18, rhFGF-18)
and bone morphogenic protein 7 (BMP-7) (Chen et al., 2021; Schulze-Tanzil, 2021). At present,
regulatory agencies have not yet licensed DMOADs for clinical use but several potential molecules
are under clinical investigation, e.g. in advanced phase of trial (phase I1/111) (Makarczyk et al., 2021).
Considerable evidence suggests that plasma and synovial fluid levels of enzyme ATX (ENPP2) are
increased in OA patients (Mabey et al., 2015, Chou et al., 2021). ATX is a glycoprotein with
lyosophosopholipase D activity, able to convert lysophosphatidylcholine (LPC) to lysophosphatidic
acid (LPA). This latter activates multiple signaling pathways, including proinflammatory signaling
(Jones et al., 2016; Zhang et al., 2021a; Hayashi et al., 2013). This enzyme is a 125 kDa protein with
two N-terminal somatomedin B-like domains, a central phosphodiesterase domain, and a catalytically
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inactive nuclease-like domain on the C-terminal region (Yuelling, Fuss, 2008.). Five main isoforms
(ATXao.- €) are described and distributed in different tissues, according to different alternative splicing
forms of the gene. All the five ATX isoforms have the lyosophosopholipase D activity, although
ATXp and ATXS are the most distributed and stable isoforms. ATXp presents the deletion of exons
12 and 21 enriched in human peripheral tissues, ATXy the deletion of exon 12 and is widely expressed
in the central nervous system. ATXa, in which exon 21 is deleted, is expressed in the nervous system
and peripheral tissues. ATXd and ATXe show four amino acid deletions in the L2 linker region of
ATXpP and ATXa, respectively. (Zhang et al., 2021a). In the catalytic domain, two zinc ions
coordinate with residues of aspartic acid and histidine where a threonine alcohol represents the
nucleophile. The lipophilic structures are accommodated in a large hydrophobic pocket (Jones et al.,
2016). ATX inhibitors, like cyclic phosphatidic acid (cPA) and its analog carbacyclic phosphatidic
acid (ccPA), were able to reduce pain in vivo in acute and chronic models, by inhibiting the cleavage
of LPC in loco (Kakiuchi et al., 2011). Mice lacking LPA receptors (LPAL, LPA3 and LPA5) were
observed to resist to neuropathic pain following injury in the peripheral nerve (Thirunavukkarasu et
al., 2017). Therefore, ATX has been considered to be able to upregulate inflammatory molecules and
MMPs, involved in OA progression and participate in neuropathic pain (Thirunavukkarasu et al.,
2017; Datta et al., 2019; Abdel-Magid, 2014).

In the present research, we conducted morphological analysis of three regions of interest in rats with
surgically-induced mild OA, i.e. articular cartilage in femur, tibia and patella, to evaluate the presence
and expression of ATX. In addition, we also aimed to understand the effect of moderate physical
exercise on the expression levels of ATX and Lubricin. This latter is a glycoprotein able to lubricate
the articular surfaces, protecting the tissue and reducing inflammation in damaged articular cartilage
(Ravalli et al., 2020; Musumeci et al., 2013; Leonardi et al., 2012; Igbal et al., 2016). During OA,
reduction in lubricin expression has been linked to the inflammatory processes following
degeneration and trauma of cartilage. As a matter of fact, lubricin expression shows an inverse
relationship to inflammation. This has been investigated in chondrocyte cell culture and cartilage
explant systems suggesting that pro-inflammatory cytokines (e.g. TNF-a and IL-1B), proteolytic
enzymes, like procathepsin-B, neutrophil-derived enzymes and MMPs concur to its downregulation.
The mechanism by which these factors regulate lubricin and the relationship between lubricin and
inflammation remains to be identified. On the other hand, it has been observed that as lubricin levels
decrease, inflammation increases suggesting that lubricin may play an indirect role in inhibiting
inflammation within the joint. (Musumeci et al., 2014; Igbal et al., 2016). For this reason, we
considered these two molecules as indicative, respectively, of the damage and the health of the
cartilage. Our aim is to provide new insights about the involvement of ATX and Lubricin in the
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homeostasis of cartilage integrity and pathogenesis of OA, as potential therapeutic targets and

biomarkers, and investigate the role of exercise on their expressions.

5.2 Materials and methods

5.2.1 Ethical approval

Animal care and handling were conducted at the Center for Advanced Preclinical In Vivo Research
(CAPIR), University of Catania. The guidelines of the Institutional Animal Care and Use Committee
(ILA. C.U.C.) of the University of Catania (Approved protocol n. 2112015-PR of the 14.01.2015,
Italian Ministry of Health) have been strictly followed. All the procedures were carried out in
accordance with the EU Directive 2010/63/EU, as well as the Italian law (D.Lgs. 26/2014).

5.2.2 Animals: housing and breeding

3-month-old healthy male Wistar outbred rats, purchased from Charles River Laboratories, Milan,
Italy, with a bodyweight of 250 + 20 g, were used in the experiment. Rats were housed in
polycarbonate cages (10.25" W X 18.75" D X 8H) in stable hygrometric and thermic conditions (20
23°C) on 12 h light/dark cycle. Water and food could be accessed ad libitum, during the entire period
of the study. The rats were fed standard chow: carbohydrates (40%), proteins providing the essential
amino acids (30%), and lipids (30%). Lipids consisted in neutral, saturated, and unsaturated fatty
acids. The chow was purchased from the Laboratorio Dottori Piccioni, Gessate (Milan), Italy.
Twenty-four rats were involved, equally and randomly distributed into four groups: control rats
(CTRL), rats developing surgical-induced osteoarthritis (OA), rats developing surgical-induced
osteoarthritis and subjected to physical exercise for 12 weeks after the surgery (OAPA), healthy rats
subjected to physical exercise for 12 weeks (PA). The number of the rats was calculated in accordance
with the 3Rs principles and the resource equation approach. Each procedure was conducted with
respect of their suffering (Castrogiovanni et al., 2019). Movement in the cages was free and their
health was monitored through objective observation and daily controls (weight, claudication, fur and
eyes appearance, consumption of food and water, lethargy) (Castrogiovanni et al., 2019). When 5-
month-old, anterior cruciate ligament transection (ACLT) was surgically performed in accordance
with a previously adopted protocol in order to induce mild OA (Castrogiovanni et al., 2019) (Table
1). Multiple measurements of cartilage thickness in different points of cartilage were detected in all
groups and the semi-quantitative grading criteria of macroscopic Kraus’ modified Mankin score
(Ostergaard et al., 1997) and microscopic histopathology OARSI system (Gerwin et al., 2010) were
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used. The Kraus’ modified Mankin score provides grades from 0 to 4: Grade 0, normal cartilage;
Grade 1, minimal articular damage; Grade 2, articular cartilage damage affecting up to 30% of the
articular surface; Grade 3, loss of up to 50% of the articular cartilage; Grade 4, severe loss of cartilage
affecting more than 50% of the articular surface. The Histopathology OARSI system provides grades
from 0 to 6: Grade 0, normal articular cartilage; Grade 1, intact surface; Grade 2, surface
discontinuity; Grade 3, vertical fissures extending into mid zone; Grade 4, erosion; Grade 5,
denudation; Grade 6, deformation. After the surgery, rats were free to move in their cages without
operating joint immobilization. After 12 weeks of the in vivo phase of the study, the rats were
sacrificed by lethal injection of anesthetic overdose using a mixture of Zoletil 100 (Virbac, Milan,
Italy) at a dose of 80 mg/kg and Dexdomitor (Virbac, Milan, Italy) at a dose of 50 mg/kg. Femurs,
tibia and patellae were therefore explanted, cleaned of soft tissues and used to proceed with

immunohistochemical analysis.

Groups  H&E histological evaluation Kraus’ Histopathology
Modified OARSI System
Mankin Score Score

CTRL Articular cartilage showed normal  0.76 +0.87 0.82+0.76

cytoarchitecture. Cells appeared flat
and small in the superficial zone;
chondrocytes displayed a columnar
organization in the middle and deep
zone; the tidemark was evident;
cartilage thickness measured 383.0
76.76.

OA Articular cartilage presented structural 2.5+ 0.83 3.25+0.71

alterations in the superficial and middle
zones and chondrocytes were poorly
organized in columns in the
intermediate and deep zones; a
reduction of thickness was observed
(260.7 + 62.34 um) and the difference
was statistically significant when
compared with both Group CTRL and
PA (p < 0.0001).

OAPA Better general tissue preservation was  1.32 £0.76 1.32+0.78

observed in comparison with Group
OA, where the articular cartilage
showed a slight but not statistically
significant reduction in thickness
(357.9 + 61.88 um) when compared
with  CTRL (p > 0.05, ns). The
cartilage also showed a reduced
number of cells.

PA Articular cartilage showed normal 0.85+0.90 0.83 +0.73.

cytoarchitecture. Cells appeared flat
and small in the superficial zone;
chondrocytes displayed a columnar
organization in the middle and deep
zone; the tidemark was evident;
cartilage thickness measured 396.5 +
61.68 um.

Table.1. Hematoxylin & Eosin (H&E) staining in articular cartilage samples, histomorphometric analysis, Kraus’ Modified Mankin
Score and Histopathology OARSI System Score were used to verify the onset of experimentally induced early OA and have been
published in detail in our previous work on the same colony of rats (Castrogiovanni et al., 2019).
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5.2.3 Treadmill training

Rats belonging to OAPA and PA groups were subjected to moderate physical activity by the use of a
treadmill for 12 weeks (2Biological instrument, Varese, Italy). Rats became familiar with the
treadmill by running for 5 days prior to surgery at a speed of 10 m/min. The following protocol was
administered to stimulate the movement of flexion-extension of the limbs. The rats performed in the
treadmill 3 days a week and, to adapt the exercise to the time-dependent ability of the animals, the
speeds and the durations were progressively augmented from 5 m/minute for 5 min in week 1-20
m/min for 25 min in week 12 (Castrogiovanni et al., 2019). The treadmill was gradually inclined
between 2°and 6° degrees (type of exercise: interval training, between mild and moderate). A minimal
electric shock (0.2 mA) was employed to train and encourage the running. All-electric shock bouts
were monitored in real-time and stored by the built-in data acquisition software (2Biological
instrument). A maximum of five electric bouts in one session was considered the limit amount for the

rat prior to be suspended from the physical activity for their safety.

5.2.4 Immunohistochemistry

Bone samples were explanted, cleaned from soft tissues in phosphate-buffered saline (PBS, Bio-
Optica, Milano, Italy), fixed in 10% buffered-formalin (Bio-Optica, Milan, Italy) for 24 h at room
temperature and decalcified in TBD-2 decalcifier (ThermoShandon, Pittsburg, PA, USA) according
to the manufacturing protocol. After an overnight wash, procedures of dehydration in graded ethanol
(Bio-Optica, Milan, Italy), cleaning in xylene (Bio-Optica, Milan, Italy) and paraffin- embedded (Bio-
Optica, Milan, Italy) followed, while preserving the desired anatomical orientation. Slides of 5 um
thickness were obtained by the microtome from the paraffin blocks and processed for
immunohistochemical analysis. The slides were dewaxed in xylene, hydrated through graded ethanol
solutions, and heated (5 min x 3) in polypropylene case with citrate buffer—pH 6 (pH 6.0; Bio-Optica,
Milan, Italy), by a microwave oven (750 W, LG Electronics Italia S.p.A., Milan, Italy) to unmask
antigenic sites. Therefore, slides underwent incubation for 30 min in 0.3% H202/PBS to quench
endogenous peroxidase activity and washing for 20 min in PBS (Bio-Optica, Milan, Italy). After
blocking, the sections were incubated overnight at + 4 *C with rabbit monoclonal anti-ATX antibody
(2:100; Invitrogen, Thermo Fisher Scientific) and rabbit polyclonal anti-Lubricin antibody (1:100;
Abcam). After immune complex formation, biotinylated link antibodies were added (horseradish
peroxidase polymer (HRP)-conjugated anti-rabbit and anti-mouse were used as secondary antibodies)
and therefore conjugated with peroxidase-labeled streptavidin, via incubation for 10 min at room
temperature (LSAB + System-HRP, K0690, Dako, Glostrup, Denmark). Immunoreactivity was
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obtained by treating the sections for 2 min in 0.1% 3,3-diaminobenzidine (DAB) (DAB substrate
Chromogen System; Dako, Glostrup, Denmark). The slides were counterstained with Mayer’s
hematoxylin (Histolab Products AB, Goteborg, Sweden) and mounted in ™ Glycerol Vinyl Alcohol
(GVA) (Zymed Laboratories, San Francisco, CA, USA). An Axioplan Zeiss light microscope (Carl
Zeiss, Oberkochen, Germany) and a digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen,

Germany) were used to observe and photograph the slides.

5.2.5 Computerized densitometric measurements and image analysis

A software of digital image analysis (AxioVision Release 4.8.2-SP2 Software, Carl Zeiss Microscopy
GmbH, Jena, Germany) was used to quantify positive staining of anti-ATX and anti-Lubricin. Five
representative fields, 20x magnification, scattered in the preparation were selected from each section
on the basis of tissue integrity, cleanliness and area of interest. Staining segmentation phase was based
on automatic brown detection in the entire image and, where present, the artifacts were manually
excluded by the four blinded investigators (two anatomical morphologists, one histopathologist and
one histologist) which evaluated the images. Statistical results were expressed as staining intensity
(pixel?)/(pixel?) of immunostaining on cartilage tissue. The staining intensity of the DAB was
normalized by total tissue area. Four blinded investigators (two anatomical morphologists, one

histopathologist and one histologist) evaluated the images.

5.2.6 Statistical analysis

Statistical analysis was performed by GraphPad Instat® Biostatistics version 8.0 software (GraphPad
Software, Inc. La Jolla, CA, USA). The sample size calculation was reached through the resource
equation approach, including minimum and maximum sample sizes, because it was not possible to
assume standard deviation and effect size. Based on this approach, the acceptable range of degrees of
freedom (DF) for the error term in an analysis of variance (ANOVA) is between 10 and 20. For one-
way ANOVA, the between-subject error DF (that is, the within- subject DF) is calculated as: DF =N
—k =kn -k =k(n-1), where N = total number of subjects, k = number of groups, and n = number of
subjects per group (Arifin and Zahiruddin, 2017). In this study the sample sizes per group are
Minimum n = 10/4 + 1 = 3.5 = rounded up to 4 animals/group Maximum n = 20/4 + 1 = 6
animals/group. The total sample sizes are: Minimum N = Minimum n X 4 =4 x 4 = 16 animals,
Maximum N = Maximum n x 4 = 6 x 4 = 24 animals, therefore 6 animals/group were used for a total
of 24 animals. Data were tested for normality with the Kolmogorov—Smirnov and Shapiro-Wilk test.

All variables were normally distributed. Differences between experimental groups were evaluated by
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using one-way ANOVA followed by Tukey’s multiple comparison post hoc test. P-values lower than
0.05 (p < 0.05) were statistically significant; p-values lower than 0.01 (p < 0.01) were highly
statistically significant. Data are showed as mean+SD. Cohen’s k was used to evaluate the agreement

between the blinded researchers.
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5.3 Results

5.3.1 Histochemistry of ATX

In this work, positive immunostainings for ATX were compared between the four groups: CTRL,
OA, OAPA, PA, inthe three tissue samples (femur, tibia, and patella). Statistical results are presented
as mean+SD of the staining intensity (pixel?)/(pixel?) of ATX immunostaining on the total area of the
cartilaginous tissues. In the femur, ATX labeling analysis shows a statistically significant increase in
its expression in OA (5,2 x10™ 2 , 2,2 x10~ 2 (pixel?)/(pixel?)) vs. CTRL (2,1 x10"3,1,9 x10~*
(pixel?)/(pixel?)) (* p < 0.05), vs. OAPA (2,2 x102. 2,4 x10~3 (pixel?)/(pixel?)) (* p < 0.05) and PA
(2,3 x1073.1,1 x10 3 (pixel?)/ (pixel?)) (* p < 0.05). No other differences considered significant were
highlighted between groups (Fig. 10). In the tibia, ATX labeling analysis indicates a statistically
significant increase in its expression in OA (4,1 x1073. 2,5 x10~3 (pixel?)/(pixel?)) vs. CTRL (1 x10"
3,0,28 x10~ 3 (pixel?)/(pixel?)) (* p < 0.05) and vs. PA (1,1 x10-3. 0,5 x10~3(pixel?)/(pixel?)) (* p <
0.05). Densitometric values for ATX in OAPA, in the tibia, was 2,3 x 10" %, 0,72 x 10" 3
(pixel?)/(pixel?). No other statistically significant differences were highlighted between groups (Fig.
1P). In the patella, densitometric values for ATX were CTRL (0,85 x10~ % . 0,66 x10- 3
(pixel?)/(pixel?)), OA (1,6 x10" 3 . 1 x10~ 3 (pixel®)/(pixel?)), OAPA (1,6 x10~* . 0,54 x10~ 3
(pixel?)/(pixel?)) and PA (0,51 x10™ 3. 0,18 x10~ 3 (pixel?)/(pixel?)) (Fig. 1Q). No statistically

significant differences were highlighted between groups.
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Figure.1l. ATX immunostaining (A-N). Representative images of ATX immunostaining for cartilaginous tissue in femur condyles
(A-D), tibia (E-H) and patella (I-N) in CTRL (A, E, 1), OA (B, F, L), OAPA (C, G, M) and PA (D, H, N). (O-Q) Statistical analysis
of ATX expression and comparison between groups in femur (O), tibia (P) and patella (Q). Each point on the graphs represents a
different animal. Five representative fields scattered in the preparation were selected from three different slides for each animal. 20x
magnification, scale bars: 50 pm.

5.3.2 Histochemistry of lubricin

In this work, positive immunostainings for Lubricin were compared between the four groups (CTRL,
OA, OAPA, PA) in the three tissue samples (femur, tibia, and patella). Statistical results are presented
as mean+SD of the staining intensity (pixel?)/(pixel?) of Lubricin immunostaining on the total area of
the cartilaginous tissues. In the femur, Lubricin labeling analysis shows a statistically significant
decrease in its expression in OA (14 x10-2. 4,8 x10~3 (pixel?)/(pixel?)) vs. CTRL (34 x10-2.8,7 x10~
3 (pixel?)/(pixel?)) (* p < 0.05) and vs. PA (34 x10- 3, 17 x10~ 3 (pixel®)/(pixel?)) (* p < 0.05).
Densitometric values for Lubricin in OAPA, in the femur, was 20 x 10-2, 1,9 x 103 (pixel?)/(pixel?).
No other differences considered significant were highlighted between groups (Fig. 20). In the tibia,
Lubricin labeling analysis indicates a statistically significant decrease in its expression in OA (8,3
x1073,5,1 x10~3 (pixel?)/(pixel?)) vs. CTRL (21 x10~3+ 11 x10" 3 (pixel?)/(pixel?)) (* p < 0.05) and in
OAPA (8,2 x10 3+ 2 x10™ 3 (pixel®)/(pixel?)) vs. CTRL (21 x10 ®. 11 x10 3 (pixel?)/ (pixel?)) (* p < 0.05).
Densitometric values for Lubricin in PA, in the tibia, was 11 x 10 %. 4,2 x 10" % (pixel?)/(pixel?). No other
statistically significant differences were highlighted between groups (Fig. 2P). In the patella, Lubricin
labeling analysis indicates a statistically significant decrease in its expression in OA (4,5 x1073, 2,1
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x10~3 (pixel?)/ (pixel?)) vs. CTRL (26 x10~2. 10 x10~3 (pixel?)/(pixel?)) (* p < 0.05). Densitometric
values for Lubricin in OAPA was 22 x 10-3+ 15 x 103 (pixel?)/(pixel?) and in PA was 20 x 1073, 14

x 1073 (pixel?)/(pixel?). No other statistically significant differences were highlighted between groups

(Fig. 2Q). Negative controls were used to determine the baseline for the analysis and to further

validate staining specificity (Fig. 3).
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Figure 2. Lubricin immunostaining (A-N). Representative images of Lubricin immunostaining for cartilaginous tissue in femur (A-
D), tibia (E-H) and patella (I-N) in CTRL (A, E, 1), OA (B,F,L), OAPA (C,G,M) and PA (D,H,N). (O-Q) Statistical analysis of
Lubricin expression and comparison between groups in femur (O), tibia (P) and patella (Q). Each point on the graphs represents a
different animal. Five representative fields scattered in the preparation were selected from three different slides for each animal. 20x

magnification, scale bars: 50 pm.
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Negative Controls
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Figure 3 Negative controls (A-F). Representative images of
negative staining for ATX (A-C) and Lubricin (D-F) in femur (A,
D), tibia (B, E) and patella (C,F). Five representative fields
scattered in the preparation were selected from three different slides
for each animal. 20x magnification, scale bars: 50 pum.

5.4 Discussion

The therapeutic options for the treatment of OA still suffer from limitations, therefore extensive
efforts have been made to identify novel genes and biomarkers that can characterize pathological
imbalances and disease progression (Bernotiene et al.,, 2020). Understanding the molecular
mechanisms that regulate function of articular chondrocyte as well as that of all the main players
involved in the onset of osteoarthritic metabolic changes is paramount in the clinical setting and in
tissue engineering. The expression of ATX and Lubricin in the hyaline cartilage of three components
of the knee joint (femur, tibia and patella) was the object of this study performed on OA rats. In
addition, we also observed the effect of exercise aimed at encouraging the movement of the lower
limbs and improving pathological condition. Radiographic and symptomatic severity of knee OA
have been correlated with ATX concentrations in the synovial fluid and plasma of patients (Mabey et
al., 2015). This molecule appears to participate in systemic and local manifestation of OA, although
it does not directly affect cellular activity. It leads to the synthesis of the phospholipid LPA which
actively binds LPA receptors in the cell membrane. LPA is involved in macrophagic migration
towards OA tissues (Miyabe et al., 2013), in the regulation of bone remodeling (David et al., 2014)
and in the increase of expression of angiogenic factors and vascular endothelial growth factor (VEGF)
through GiI/NF-xB pathway (Chuang et al., 2014). Consistent with its inflammatory contribution,
genetic suppression of ATX in mesenchymal cells leads to pathological attenuation in mice model of
OA, suggesting that ATX/LPA axis could represent a target in the disease (Nikitopoulou et al., 2021;
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Datta et al., 2020). Inhibition of ATX has also been linked to reduced pain in animal model of the
pathology (Thirunavukkarasu et al., 2017), as well as lower synovitis and cartilage degeneration,
therefore leading to enhanced chondrocyte survival and lower catabolic activity, like MMPs-mediated
type Il collagen breakdown (Datta et al., 2020). In this study, statistical analysis of the staining
intensity of ATX expression showed that it was significantly increased in articular cartilage of femur
and tibia of OA rats in respect to healthy controls (* p < 0.05) (Fig. 10 and P), while no differences
were evidenced in the patella (Fig. 1Q). These results suggest that the molecule could be involved
during the imbalances within the cartilage in presence of mild OA and that could be an indicator of
degenerative processes. Inversely, statistical analysis of the staining intensity of Lubricin showed
similar expression patterns in femur, tibia and patella, reporting significant lower expression of the
molecule in OA groups vs healthy CTRLs (* p < 0.05) (Fig. 20-Q). This observation is in line with
the current literature that suggests Lubricin role in maintaining joint integrity, preventing tissue
breakdown and lowering the extent of friction between the articular surfaces. For this reason, failing
in Lubricin production might be participating in the progression of arthritic events (Szychlinska et
al., 2016; Musumeci et al., 2011). Physical activity has showed to stimulate the production of Lubricin
and therefore slow down degeneration processes, furthermore, sustaining chondroprotection (Ogawa
et al., 2014; Musumeci et al., 2015). In the presented results, we did not find significant differences
between OA and OAPA groups in Lubricin expression in femur, tibia, and patella (Fig. 20-Q). It
cannot be excluded that the loss of superficial zone could be linked to reduced detection of molecule,
but since the used model for this experiment was early/mild OA, mainly characterized by structural
alterations, poorly organization and reduction of thickness rather than great loss of tissue, we retain
plausible that the difference noticed with the CTRL group could be addressed to the lack of production
of Lubricin by the populating cells. Nevertheless, in the femur, OAPA group showed lower
expression of ATX when compared to OA, suggesting that moderate physical activity would be able
to reduce the expression of this inflammatory mediator at least in the femur cartilage (* p < 0.05) (Fig.
10). We hypothesize that to induce a significant impact though physical activity in the osteoarthritic
cartilage, exercise should be potentially administered for longer time or more intensely, and this
should be listed among the limitations of the study. To summarize, higher expressions of ATX in
femur and tibia of mild OA rats suggest that this molecule could participate in the progression of the
degenerative disease, although not involved in the patella. In the femur, moderate physical activity
performed by mild osteoarthritic rats was able to lower the expression of ATX, encouraging the
evidence that joint movement could be beneficial for the cartilage, especially in pathological
conditions. As opposed to ATX, physical activity did not increase Lubricin levels in OA rats, although
its expression was lower in respect to CTRLs, in femur, tibia and patella. The preliminary results of
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this basic and morphological study suggest that these two molecules may be affected by changes in
the tissue environment under conditions of pathological alteration involving chondrocytes and ECM,
and in response to an exercise regimen. According to the clinical study of Mabey et al. (2015) plasma
and synovial fluid levels of ATX are correlated with severity of knee OA, moreover, Ludwig et al.
(2012) showed that Lubricin concentration in synovial fluid is diminished in many patients with OA.
Although the synovial fluid and plasma are compositionally different, the evaluation of the presence
of these two molecules in biological fluids is necessary to translate from rat to human and may not
necessarily reflect the results found in cartilage tissue. Therefore, to deepen our results, further
research is needed to analyse the expression levels of these biomarkers in serological and synovial
fluid and to cross-validate these results with other biomolecular assays. Furthermore, synovial fluid
biomarkers, associated with radiographic imaging of the knee, could provide a molecular biological

profile to identify the severity of OA and this represents the future perspective of this study.

5.5 Conclusions

OA management still requires several efforts in medical science. Indeed, the understanding of
pathophysiological process at molecular level is fundamental in order to prospect therapeutical and
pharmaceutical strategies. In this study, we highlighted a possible involvement of ATX in the
pathological scenario of mild OA, the altered lubricating property of the joint, as well as the role of
mechanical stimulation, i.e., moderate exercise, in reducing ATX expression in the femur. Our
findings might encourage further studies on the potential usefulness of ATX and Lubricin, as
biochemical markers of disease progression, and of exercise to prevent/attenuate the osteoarthritic

process.
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6.1 Introduction

The skeletal muscle is a highly dynamic and plastic tissue that promptly responds to physical activity
and sedentary behavior [1]. Skeletal muscle disuse atrophy (SMDA) refers to biochemical,
morphological, and functional changes in skeletal muscle that may result from states of hypokinesis
or immobilization, e.g., following fractures or elective orthopedic surgery, and represents a major
topic in the fields of regenerative and rehabilitation medicine [2,3]. On the contrary, both resistance
and aerobic training induce metabolic changes within the muscle by altering protein synthesis, muscle
proteolysis, therefore inducing molecular and cellular adaptations that regulate homeostasis and
hypertrophy [4-6]. A large variety of stromal cells are involved during physiological processes
following physical exercise, in order to sustain remodeling and regeneration [7,8]. More specifically,
the involvement of Pax+ cells, side population cells (SP cells), pericytes, fibro/adipogenic progenitor
cells (FAPs), and PW1+/Pax7- interstitial progenitor cells (PICs), has received attention to
investigate exercise-based interventions preventing sarcopenia or in response to injury [8-13].
Alexander Mauro described, for the first time, in 1961, a population of mononucleated cells which
had been called “satellite cells” (SCs) by virtue of their localization: underneath the surrounding basal
lamina and outside the plasma membrane of the muscle fiber they are associated with [14]. These
cells have been immunophenotypically identified by Pax7 [15], M-cadherin [16], CD34 [17], and a7-
integrin [18] and originate from Pax3+ progenitors in the somites of the embryo that migrate to the
limb bud [19-21]. In his dissertation, Mauro speculated about the role of these cells to be involved in
muscle regeneration as dormant myoblasts, able to initiate the development of skeletal muscle fibers
in the event of damage or exogenous triggers [14,22,23]. Besides SCs, other cells concur to the
maintenance of skeletal muscle homeostasis and contribute to stem cell niche [24]. Fibroblasts
proliferate in close proximity to satellite cells [25], providing structural reliability through assembly
of collagen, elastic fibers, and other matrix substances [12,26—28]. FAPs are mesenchymal resident
cells able to sustain SCs differentiation during tissue regeneration [29-31]. Furthermore, muscle-
associated vessels accommodate pericytes and mesoangioblasts, participating in endothelial cell
communication, angiogenesis, mechanisms of survivals, and cross-talk [32].

Lastly, another type of cell, recently identified in the muscle interstitium, is represented by the so-
called “Telocytes” (TCs), which appear to physically reside near satellite cells, nerve, and
microvascular network [13]. The discovery of this population is referred to as a case of serendipity
by the Romanian research group led by Professor Laurentiu M. Popescu, just ten years ago [33]. To
understand the road that leads to the definition of these new type of cells, it needs to be reminded the
work of Santiago Ramdn y Cajal, who described, at the beginning of 1900, the presence of unknown
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cells in the loose connective tissue of the tunica muscularis of the gut, considering them as primitive
interstitial neurons [34]. Although their existence was not fully recognized by the scientific
community for half a century, M.S. Faussone-Pellegrini [35] and, independently, L. Thuneberg [36]
acknowledged that these cells were not neurons and called them “Interstitial Cells of Cajal (ICCs)”.
Extended studies, following the annotation of Cajal, lead to the identification of Interstitial Cajal-like
Cells (ICLCs), named “Telocytes” in 2010, in many organs [33], testifying the ubiquity of the novel
cell type [37]. Since they were identified, the number of scientific works on TCs is growing

exponentially [38] (Figure 1).

1900s 2005 2020

=400
Number of scientific articles published until 2020 on the topic
of telocytes based on searches through www.pubmed.com
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Figure.l. At the beginning of 1900, Santiago Ramén y Cajal described the presence of what he
considered primitive interstitial neurons in the loose connective tissue of the tunica muscularis of the gut.
Half a century later, M.S. Faussone-Pellegrini and L. Thuneberg observed that these cells were not
neurons and called them “Interstitial Cells of Cajal (ICCs)”. These type of cells were then found in many
other organs. Finally, Faussone-Pellegrini together with L. M. Popescu, proposed, in 2010, to use the
term “Telocyte” to indicate an ICLC. Since their identification, TCs have received attention and the
number of scientific articles on the topic is growing considerably.

It is noteworthy to mention that this discovery raised skepticism and controversy, since ICLCs were
also described merely as CD34-positive stromal cells acting as stem cells during regeneration
processes [39,40], or the term was used interchangeably to describe fibroblasts [41]. Therefore, there
is a need for new evidence that can discriminate the different populations hosted in the stem cell niche
of the tissues, not only for their morphology but also for their function. TCs are typically described
as cells with small bodies, reported as pear-, spindle-, triangular-shaped, and very long cytoplasmic
processes, up to hundreds of micrometers but only approximately 0.2 pum thick [42,43]. The
identification of TCs, via transmission electron microscopy, showed characteristic features [33,44]
(Table 1).

Although it is still unclear, the role of TCs seems to participate in sustaining cross-talk
communication between stromal cells through signaling transmission via exosomes [13,45], secreting
vascular endothelial growth factor (VEGF) and, broadly, promoting myofibers regenerative
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mechanisms by supporting local stem cell niche differentiation, vasculogenesis, and preventing
fibrosis [46]. The presence of this population has been observed, under physiological conditions, in
numerous organs and tissues [47,48], and also following pathologic situations, such as
musculoskeletal injuries [49], suggesting their role in healing processes and their function for
regenerative medicine strategies [50-53]. As already mentioned, physical inactivity and activity have
been extensively studied in relation to stem cell niche and, more recently, are also attracting attention
with regard to TCs [49,54,55]. Finally, the aim of this morphologic study was to investigate the
presence/absence of TCs in tibialis anterior muscle of healthy rats who underwent a protocol of
endurance training for either 4 weeks or 16 weeks in comparison to sedentary rats who were inactive,

I.e., not engaging in any physical exercise, throughout the duration of the experiment.

Cell Structure Characteristic Features of Telocytes

small, oval- pear- spindle- triangular-shaped; average dimensions: 9.39 pm
Body + 3.26 um; the nucleus occupies about 25% of the cell volume and contains clusters

of heterochromatin attached to the nuclear envelope

mitochondria: approximately 5%-10% of the cytoplasmic volume; small

Cytoplasm . I .
Golgi complex; endoplasmic reticulum: 1%-2% of the cyto-plasmic volume
thin or absent basal laming; Caveolae occupy about 2—-3% of cytoplasmic
Plasmalemma
volume;
Telopodes Number on average from 1 to 5;
Length up to hundreds of pm;
Thickness uneven calibre, mostly below 0.2 um;
Aspect moniliform with dilations and branches;

o three-dimensional network
Organization o . .
communicating through gap junctions;

Tablel. Characteristic features of TCs and of their telopodes.
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6.2 Materials and Methods

6.2.1 Ethical Approval

All the procedures involving alive animals were performed at the Center for Advanced Preclinical In
Vivo Research (CAPIR), University of Catania. The guidelines of the Institutional Animal Care and
Use Committee (I1.A.C.U.C.) of the University of Catania (Approved protocol n. 2112015-PR of the
14.01.2015, Italian Ministry of Health) have been complied with. Animal care and handling were
carried out in accordance with the EU Directive 2010/63/EU, as well as the Italian law (D.Lgs.
26/2014).

6.2.2 Animals: Housing and Breeding

Two-month-old healthy female Wistar outbred rats, with a bodyweight of 200 + 20 g, were purchased
from Charles River Laboratories, Milan, Italy and bred in the animal facilities at the University of
Catania. Rats were maintained and kept in polycarbonate cages (10.25%°W x 18.75°° D x 8% H) in
stable hygrometric and thermic conditions (20— 23 °C) on 12 h light/dark cycle with ad libitum access
to water and food, throughout the whole period of the experiment. It was used a standard rat chow:
carbohydrates (40%), proteins containing all essential amino acids (30%), and lipids (30%). Lipids
were a mixture of neutral fatty acids, saturated fatty acids, and unsaturated fatty acids. Diets were
provided by Laboratorio Dottori Piccioni, Gessate (Milan), Italy. Twenty rats were used in this study
equally divided into two groups, sedentary and undergoing physical exercise, respectively CTRL and
PA, sacrificed at two different time points, 4 and 16 weeks: CTRL4W, control sedentary rats
sacrificed at 4 weeks; PA4W, rats performing physical exercise sacrificed at 4 weeks; CTRL16W,
control sedentary rats sacrificed at 16 weeks; PA16W, rats performing physical exercise sacrificed at
4 weeks. All animals were randomly distributed to groups. All efforts were made to minimize the
number of mice, according to the principles of the 3Rs and the resource equation approach, and reduce
their suffering [56]. Throughout the whole period of the experiment, the animals were free to move
in the cages and their wellness was monitored through objective observation and daily checks (weight,
claudication, fur and eyes appearance, consumption of food and water, lethargy) [57]. The animals
were sacrificed by carbon dioxide (CO2) overdose, at the established time points. After euthanasia,
tibialis anterior muscles were explanted and processed for the planned experiments since the high

responsivity of this muscle to exercise [58].
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6.2.3 Treadmill Training

Two groups of rats (PA4W and PAL16W) performed physical activity in the form of running on a
treadmill (2Biological instrument, Varese, Italy) (Figure 2). Rats were made familiar with the
instrument for 1 week prior to surgery, at a speed of 10 m/min (type of exercise: interval training,
between mild and moderate) for 5 min daily. This type of exercise is used to stimulate the muscles,
joints, and bones in the work of flexion-extension of the limbs. The rats exercised 3 days a week and,
in order to adapt the settings to the time-dependent ability of the rats to perform the exercise, the
speeds and the durations were gradually incremented from 10-15 m/min for 5 min to 20-30 m/min
for 15 min (from week 1 to week 4), from 10-15 m/min for 5 min to 30—-40 m/min for 20 min (from
week 1 to week 8), from 10-15 m/min for 5 min to 40-50 m/min for 25 min (from week 1 to week
16). The treadmill was gradually inclined between 2° and 6° degrees. A minimal electric shock (0.2
mA) was used to avoid the rat to stop running, if distracted, to stimulate the walking and to instruct
the rats in the first place. All-electric shock bouts were closely monitored in real-time and acquired
by the embedded data acquisition software (2Biological instrument, Varese, Italy). Rats that exceeded

the number of five electric shocks, in one session, were suspended from the exercise.

Figure 2. Rats exercising on the treadmill. Speeds and the durations were gradually incremented, respectively, from 10-15 m/min
for 5 min to 40-50 m/min for 25 min (from week 1 to week 16).
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6.2.4 Histology Analysis

Tibialis anterior muscle samples were washed in phosphate-buffered saline (PBS, Bio-Optica,
Milano, Italy), fixed in 10% buffered-formalin (Bio-Optica, Milan, Italy) for 24 h at room
temperature. Afterwards, the samples were dehydrated in graded ethanol (BioOptica, Milan, Italy),
cleaned in xylene (Bio-Optica, Milan, Italy) and paraffin-embedded (Bio-Optica, Milan, Italy), being
careful to preserve the desired anatomical orientation. Slides of 5 um thickness were cut from the
obtained paraffin blocks and hematoxylin and eosin-stained (H&E, Bio-Optica, Milan, Italy)
following a protocol described elsewhere [59]. The samples were then examined in triplicate for
morphological evaluation with a Zeiss Axioplan light microscope (Carl Zeiss, Oberkochen,
Germany) and by a digital camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany), used to take

images.

6.2.5 Histomorphometric Analysis

Each H&E stained muscle cross section was subjected in triplicate to morphometric analysis by
calculating the area of twenty muscle fibers of five randomly selected fields with a total area of about
35.000 um2, using a software for image acquisition (AxioVision Release 4.8.2—SP2 Software, Carl
Zeiss Microscopy GmbH, Jena, Germany) [60]. Data were then expressed as diameter mean +
standard deviation (SD). Statistical significance of results was thus accomplished. Three investigators
(two anatomical morphologists and one histologist) made the morphological assessment. If disputes
occurred, a unanimous agreement was reached after section re-evaluation and before proceeding with

data interpretation.

6.2.6 Double Immunofluorescence Analysis

Paraffin-embedded muscle tissue sections of 5 um thickness were subjected in triplicate to double
immunofluorescence (IF) combining anti-mouse and anti-rabbit goat secondary antibodies with either
mouse or rabbit primary antibodies. Muscle sections were deparaffinized with xylene and rehydrated
in graded ethanol scale. Afterwards, the slides were cleaned for 20 min with phosphate-buffered
saline (PBS; Bio-Optica, Milan, Italy) and unmasked in citrate buffer (pH 6.0; Bio-Optica, Milan,
Italy), or in ethylenediaminetetraacetic acid-Tris buffer (Tris-EDTA pH 8.0, Bio-Optica, Milan, Italy)
for the antigenic retrieval and incubated in 0.3% H20./PBS, for 30 min, to block endogenous
peroxidase activity. Non-specific antibody binding sites were blocked by applying a solution of 1%
bovine serum albumin (BSA; Sigma-Aldrich, Saint Louis, MO, USA) in PBS 1X for 1 h at room

temperature. Tissue slides were washed in PBS and, then, incubated overnight at +4 “C with a mixture
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of mouse and rabbit primary antibodies at appropriate dilution in antibody dilution buffer: mouse
monoclonal anti-CD34 (1:100; Dako, Agilent, Santa Clara, CA, USA), rabbit monoclonal anti-CD34
(1:100; Invitrogen, Thermo Fisher Scientific,Waltham, MA, USA), rabbit polyclonal anti-CD117
(1:500; Dako, Agilent, Santa Clara, CA, USA), mouse monoclonal anti-Vimentin (VIM, 1:200; Dako,
Agilent, Santa Clara, CA,USA). Primary antibodies were revealed using specific fluorescent-dye
Goat anti-Mouse Alexa Fluor 488-conjugated 1gG (1 pg/mL; Invitrogen, Thermo Fischer Scientific,
Waltham, MA, USA) and Goat anti-Rabbit 594-conjugated 1gG (2 pg/mL; Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) for 1 h at room temperature. Details on primary and secondary
antibody sources and dilutions are shown in Table 2. Negative controls were performed by replacing
primary antibodies with non-immune serum, while cross reactivity of secondary antibodies was
verified by omitting primary antibodies. Immunolabeled samples were rinsed in PBS and mounted
using an anti-fade mounting medium containing 4',6-diamidino-2-phenylindole (DAPI) for nuclear
counterstaining (Vectashield, Vector Laboratories, Burlingame, CA, USA) and sealed with nail

polish.

Primary Host Secondary

Antibody Species Producer Dilution Antibody Producer Dilution
Anti-CD34 MOUSE Dako 1:100 AF488 Invitrogen 1 pg/mL
Anti-CD117 RABBIT Dako 1:500 AF594 Invitrogen 2 pg/mL
Anti-CD34 RABBIT Invitrogen 1:100 AF594 Invitrogen 2 pg/mL

Anti-VIM MOUSE Dako 1:200 AF488 Invitrogen 1 pg/mL

Table 2.Primary and secondary antibody used in IF and their dilutions.

6.2.7 Computerized Densitometric Measurements and Image Analysis

Digital micrographs of double immunofluorescence sections were taken using a confocal laser
scanning microscopy (CLSM, Zeiss LSM700, Carl Zeiss, Oberkochen, Germany) with ZEN-2010
software. In order to detect the fluorophore signal, three lasers with 405, 488, and 555 nm wavelengths
were used for the analysis of blue, green, and red signals, respectively. Image analysis software
(AxioVision Release 4.8.2-SP2 Software, Carl Zeiss Microscopy GmbH, Jena, Germany), which
quantifies the level of double positive staining of anti-CD34/anti-CD117 and anti-CD34/anti-
Vimentin immunolabeling, was used to calculate the densitometric count in five fields, 10x
magnification, randomly selected from each section. Statistical results are expressed as densitometric
count (pixel?)/(pixel?) of double immunostaining on muscle tissue. Three blinded investigators (two
anatomical morphologists and one histologist) made the evaluations that were assumed to be correct
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if values have not statistically significant difference. If disputes concerning interpretation occurred,

unanimous agreement was reached after sample re-evaluation.

6.2.8 Immunohistochemistry

Skeletal muscle samples, 5 um-thick, were processed for immunohistochemical analysis. Briefly, the
slides were dewaxed in xylene, hydrated using graded ethanols, and therefore heated (5 min x 3) in
capped polypropylene slide-holders with citrate buffer— pH 6 (Bio-Optica, Milan, Italy), using a
microwave oven (750 W, LG Electronics Italia S.p.A., Milan, Italy) to unmask antigenic sites. The
slides were incubated for 30 min in 0.3% H20./PBS to quench endogenous peroxidase activity before
being rinsed for 20 min with PBS (Bio-Optica, Milan, Italy). After blocking, the sections were
incubated overnight at 4 “C with rabbit monoclonal anti-CD34 (1:100; Invitrogen, Thermo Fisher
Scientific, Waltham, MA USA). Immune complexes were then treated with biotinylated link
antibodies (horseradish peroxidase polymer (HRP)-conjugated anti-rabbit and anti-mouse were used
as secondary antibodies) and then detected with peroxidase-labelled streptavidin, both incubated for
10 min at room temperature (LSAB + System-HRP, KO0690, Dako, Glostrup, Denmark).
Immunoreactivity was visualized by incubating the sections for 2 min in 0.1% 3,3-diaminobenzidine
(DAB) (DAB substrate Chromogen System, Dako, Glostrup, Denmark). The sections were lightly
counterstained with Mayer’s hematoxylin (Histolab Products AB, Goteborg, Sweden), mounted in
Glycerol Vinyl Alcohol (GVA) (Zymed Laboratories, San Francisco, CA, USA), observed with an
Axioplan Zeiss light microscope (Carl Zeiss, Oberkochen, Germany), and photographed with a digital

camera (AxioCam MRc5, Carl Zeiss, Oberkochen, Germany).

6.2.9 Statistical Analysis

Statistical analysis was performed using GraphPad Instat® Biostatistics version 8.0 software
(GraphPad Software, Inc., La Jolla, CA, USA). The sample size calculation for this study was
established using the resource equation approach, including minimum and maximum sample sizes,
because it was not possible to assume standard deviation and effect size [56]. Data were tested for
normality with the Kolmogorov—Smirnov and Shapiro-Wilk test. All variables were normally
distributed. Differences between experimental groups were evaluated by using one-way ANOVA
(histomorphometric and immunofluorescence analysis) and two-way ANOV A (weights) followed by
Tukey’s multiple comparison post hoc test. For all experiments, p-values of less than 0.05 (p < 0.05)
were considered statistically significant; p values of less than 0.01 (p < 0.01) were considered to be

highly statistically significant. The data are presented as the mean value + SD. Cohen’s k was applied
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to measure the agreement between the three blinded observers and averaged to evaluate overall

agreement.

6.3 Results

6.3.1 Body Weight

Body weights and food and drink consumption were monitored throughout the experiment, 3 days
per week, for a total of 48 time points. A physiological increase in body weight during the weeks in
all groups was observed since the differences between groups, for each time point, are never
significant (p > 0.05), as expected (Figure 3). At the start of the experiment, the mean + SD body
weight of all rats was 209.4 + 13.52 g, at the end of the fourth week, it was 240.95 + 10.95 g, reaching

290.7 + 15.97 g, at the end of the sixteenth week, for the remaining animals.
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Figure.3. Body weight variations over 16 weeks, showing a physiological increase in all groups.
The differences between groups, analyzed by two-way ANOVA followed by Tukey’s multiple
comparison post hoc test, are not significant, as expected (p > 0.05). CTRL4W, control sedentary rats
sacrificed at 4 weeks; PA4W, rats performing physical exercise sacrificed at 4 weeks; CTRL16W,
control sedentary rats sacrificed at 16 weeks; PA16W, rats performing physical exercise sacrificed at
4 weeks.
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6.3.2 Histology and Histomorphometry

Histological analysis with H&E were examined to highlight the possible structural alterations in
muscle tissue of all experimental groups. No cytological alteration is detected in the muscle fibers of
all groups. The morphometric analysis of the diameter (um) (mean = SD) of the muscle fibers
highlights a significant hypertrophy of the groups PA16W (30.46 + 1.43 pm) (** p < 0.0001) and
PAAW (27.47 £ 1.61 pm) (* p < 0.001) vs. CTRL16W (21.39 £+ 2.19 pm). PA16W (27.47 £ 1.61 pm)
also shows a predictable hypertrophy when compared to CTRL4W (24.01 + 1.57 pm), (* p < 0.001).
On the contrary, PA16W (30.46 + 1.43 pm) does not show a statistically significant hypertrophy
when compared with group PA4W (27.47 £ 1.61 um), (ns) (Figure 4). No significant differences are
revealed when compared CTRL4W vs. CTRL16W and PA4W vs. CTRLAW.

E Fiber size
40+ s

LA, g ket ] | \ Ry

Figure 4. Hematoxylin and eosin staining (A-D) and morphometric analysis of the diameter (um) (mean
+ SD) of the muscle fibers (E). (A-D) (A) group CTRL4W and in the inset morphometric analysis by the
software; (B) group PA4W and in the inset morphometric analysis by the software; (C) group CTRL16W and
in the inset morphometric analysis by the software; (D) group PA16W and in the inset morphometric analysis
by the software. (E) The morphometric analysis highlights a significant hypertrophy of the groups PA16W
(30.46 + 1.43 pm) (** p < 0.0001), and to PA4W (* p < 0.001) when compared to CTRL16W (21.39 £ 2.19
um). Comparison between CTRL4W and PA16W highlights a significant hypertrophy of the latter group (* p
< 0.001). No other comparisons show to be significant. Data were tested for normality with the Kolmogorov—
Smirnov and Shapiro— Wilk test, and differences between experimental groups were evaluated by using one-
way ANOVA, followed by Tukey’s multiple comparison post hoc test. Lens magnification: x20. Scale bars:
50 pm. ** p < 0.0001, * p < 0.001. CTRL4W, control sedentary rats sacrificed at 4 weeks; PA4AW, rats
performing physical exercise sacrificed at 4 weeks; CTRL16W, control sedentary rats sacrificed at 16 weeks;
PA16W, rats performing physical exercise sacrificed at 4 weeks.
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6.3.3 Double Immunofluorescence and Densitometric Analysis

Although transmission electron microscopy (TEM) examination is the golden standard for TCs
identification [33,61], double-immunostaining is currently the most common tool for semi-
quantitative analysis of TCs [62-64], since it can help in discriminate this population from other
interstitial cells. In this work, double positive immunofluorescences for CD34/CD177 and
CD34/VIM were used to identify TCs in sedentary and exercised muscle rat tissue at 4 and 16 weeks
(Figures 5A and 6A). Statistical results are expressed as mean + SD of the densitometric count
(pixel?)/(pixel?) of double immunostaining on muscle tissue. CD34 and CD117 double labeling
analysis indicates a statistically significant increase in the expression of TCs in PA16W (7.7 x 10™* +
1.3 x 107* (pixel?)/(pixel?)) vs. CTRL16W (3.9 x 104+ 2 x 10~* (pixel?)/(pixel?)) (* p < 0.05) (Figure
5B). Densitometric values for CTRL4W and PA4W groups are, respectively, 4.9 x 104+ 1.4 x 1074
(pixel?)/(pixel?) and 6.1 x 104+ 2.5 x 10~* (pixel?)/(pixel?). Similarly, the number of interstitial TCs
is highly significant higher in PA16W (1.3 x 103+ 3.1 x 10*(pixel?)/(pixel?)), vs. CTRL16W (6.9
x 1074+ 1 x 104 (pixel?)/(pixel?)) (** p < 0.01) as determined by CD34/VIM double-immunostaining
(Figure  6B). Densitometric  values for CTRL4AW and PA4W groups are,
respectively,1x1073+2.6x10~* (pixel?)/(pixel?) and 9.3 x 107*+ 2.5 x 10°* (pixel?)/(pixel?). No other

statistically significant differences are highlighted between groups, in both experiments.
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Figure 5. (A) Representative images of double immunofluorescence staining for muscle tissue TCs as determined by CD34+/CD117+.
CD34 (green) and CD117 (red) immunostaining with 4,6-diamidino-2-phenylindole (DAPI; blue) counterstain for nuclei. (B)
Comparison between PA16W and CTRL16W highlights a significant higher expression of TCs in exercised rats at 16 weeks (* p <
0.05). No other comparisons show to be significant. Data were tested for normality with the Kolmogorov—Smirnov and Shapiro-Wilk
test, and differences between experimental groups were evaluated by using one-way ANOVA, followed by Tukey’s multiple
comparison post hoc test. The slides are scanned by confocal laser scanning microscopy (CLSM; Zeiss LSM700, Oberkochen,
Germany) at 200x magnification. Scale bars: 50 um. CTRL4W, control sedentary rats sacrificed at 4 weeks; PA4W, rats performing
physical exercise sacrificed at 4 weeks; CTRL16W, control sedentary rats sacrificed at 16 weeks; PA16W, rats performing physical
exercise sacrificed at 4 weeks.
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Figure 6. (A) Representative images of double immunofluorescence staining for muscle tissue TCs as determined by CD34+/VIM+.
CD34 (red) and VIM (green) immunostaining with 4,6-diamidino-2-phenylindole (DAPI; blue) counterstain for nuclei. (B)
Comparison between PA16W and CTRL16W highlights a highly significant higher expression of TCs in exercised rats at 16 weeks
(** p <0.01). No other comparisons show to be significant. Data were tested for normality with the Kolmogorov-Smirnov and Shapiro—
Wilk test, and differences between experimental groups were evaluated by using one-way ANOVA, followed by Tukey’s multiple
comparison post hoc test. The slides are scanned by confocal laser scanning microscopy (CLSM; Zeiss LSM700, Oberkochen,
Germany) at 200x magnification. Scale bars: 50 um. CTRL4W, control sedentary rats sacrificed at 4 weeks; PA4W, rats performing
physical exercise sacrificed at 4 weeks; CTRL16W, control sedentary rats sacrificed at 16 weeks; PA16W, rats performing physical
exercise sacrificed at 4 weeks.
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6.3.4 Immunohistochemistry

Skeletal muscle sections showed CD34+ cells at the periphery of the fibers, within the interstitium
between muscle fibers (Figure 7). These cells appear to exhibit morphological features of TCs, i.e.,
spindle nuclei, approximately 5-10 um in diameter, and multiple long cytoplasmic processes,

approximately 10-25 pm in length and 0.1-0.2 um in thickness, identifiable with telopodes.

Figure 7. Representative images of immunohistochemistry staining for muscle tissue
CD34+ cells. (A) group CTRL4W, estimated size body (arrowhead): 5.23 pm, estimated
cytoplasmic processes length (arrows): 13.28 and 24.28 um; (B) group PA4W, estimated size
body (arrowhead): 5.04 um, estimated cytoplasmic processes length (arrows): 26.68 and 11.94
pum; (C) group CTRL16W, estimated size body (arrowhead): 8.69 um, estimated cytoplasmic
processes length (arrows): 13.07 and 20.56 um; (D) group PA16W, estimated size body
(arrowhead): 9.56 pm, estimated cytoplasmic processes length (arrows): 22.03 and 13.36 pum.
Lens magnification: x40. Scale bars: 20 um. CD34+ cells nuclei and cytoplasmic processes were
measured using a caliper tool of the software for image acquisition (AxioVision Release 4.8.2—
SP2 Software, Carl Zeiss Microscopy GmbH, Jena, Germany). CTRL4W, control sedentary rats
sacrificed at 4 weeks; PA4W, rats performing physical exercise sacrificed at 4 weeks;
CTRL16W, control sedentary rats sacrificed at 16 weeks; PA16W, rats performing physical
exercise sacrificed at 4 weeks.
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6.4 Discussion

TCs have been largely identified, over the last ten years, as populating the stromal compartments of
a variety of organs, belonging to the tissue stem cell niche [33,49,65]. Within the skeletal muscle
tissue, TCs are distributed throughout the perimysium and endomysium and could reach long-
distances through their telopodes which allow these cells to make contact with myofibers, nerve
terminals, blood vessels, and other stromal populations, including SCs, sited beneath the surrounding
basal lamina of the myofiber.

In the present morphological study, the presence of TCs in tibialis anterior muscle of healthy rats who
underwent a protocol of endurance training for either 4 weeks or 16 weeks was investigate in relation
to sedentary rats who were inactive, i.e., not engaging in any physical exercise, throughout the
duration of the experiment.

H&E staining shows no cytological alteration in the muscle tissue of all groups, although the
morphometric analysis of the size of the muscle fibers highlights a significant atrophy, defined as a
decrease in the size of myofibers, of the sedentary control group at 16 weeks (CTRL16W) when
compared to physically active rats undergoing treadmill training for both 16 weeks (** p < 0.0001)
and 4 weeks (* p <0.001) (Figure 4). Muscle morphological adaptations to active/inactive styles were
not, however, accompanied by statistically significant differences (p > 0.05) in body weights in all
groups, indicating a physiological growth of the rats during the weeks, as expected (Figure 3).
Whether atrophy may affect muscle stem cells numbers or behavior is still controversial and should
be further elucidated to assess the role of daily mechanical stress administered through exercise [66].
Mitchell et al. [67] reported that the number of stem cells in hindlimb muscles of mice was reduced
after 2 weeks of hind limb suspension, and Verdijk et al. [68] observed similar decline in human
vastus lateralis muscle following sarcopenia, reversed by resistance training which increased satellite
cell content and type Il muscle fiber size. Conversely, aerobic and resistance training have been
reported to be a stimulus for the formation of new muscle fibers and maintain their homeostasis [4,5].
Although SCs are the main characters of renewal programme in skeletal muscle, other tissue residents
and recruited stromal cells, e.g., fibroblasts, fibro-adipogenic progenitors, endothelial cells, perycites,
and macrophages, are paramount supporting players [16,22,69]. Among these cell-cell interactions,
TCs and SCs seem to interact by juxtacrine and paracrine intercellular signaling, in order to support
in a concerted manner [13] the network mediating new tissue organization [70]. However, the
interplay between these two cell types, especially in skeletal muscle injury [49], has yet to be
elucidated in depth since cue-based investigations rely mainly on knowledge of the close proximity

of TCs to SCs and their ability to communicate.
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This study provides a novel finding that interstitial TCs are decreased in the muscles of sedentary rats
compared to exercised rats, supporting the recent reports that TCs are, otherwise, increased in
exercise-induced cardiac growth [55], participate in early moderate exercise-induced remodelling
after acute myocardial infarct [71] and in eccentric contraction induced skeletal muscle injury, in
rodents. Since their discovery is relatively recent, TCs are not yet defined by specific antigenic
markers, although CD34 is the most commonly used antigen to characterize their presence [48,72].
Vimentin, CD117/c-kit, PDGFR-B (platelet derived growth factor receptor ), and SMA (smooth
muscle actin) are the antigens most frequently associated with TCs [47,62,73,74]. Bei et al. analysed
immunofluorescence double staining for cardiac TCs and fibroblasts in vitro. CD34/CD117,
CD34/vimentin, and CD34/PDGFR- were positive for TCs, whereas fibroblasts showed positivity
only for vimentin and PDGFR-B [75].

In this work, double positivity for CD34+/CD117+ and CD34+/vimentin+ were used to individuate
TCs and to discriminate this population from fibroblasts which are CD34/CD117-/vimentin+. CD34
is a sialomucin mainly expressed in hematopoietic stem cells (HSCs) surface but it has also been
found in other tissue-specific stem cells [76]. Vimentin is cytoskeletal type 111 intermediate filament
protein found in mesenchymal-derived cells that provides an architectural network for organelles
anchoring to cytoplasm [73]. CD117 is a transmembrane receptor tyrosine kinase widely used for
TCs identification which is active in proliferation and differentiation [77]. Based on two distinct
double-immunostainings for CD34/CD117 and CD34/Vimentin, skeletal muscle TCs were identified
in all groups. CD34/CD177 statistical analysis indicates a significant difference in the higher level of
TCs in exercised rats at 16 weeks in relation to their control group (* p < 0.05) (Figure 5).

This result is also more significantly supported by CD34/VIM double-immunostaining (** p < 0.01)
(Figure 6). These results indicate a potential targeting of TCs, as belonging to muscle stem cell niche,
in cell dysfunction associated with atrophic condition [67]. This latter negatively affects stem cells
via presence of catabolic factors such as myostatin [78] and tumor necrosis factor a [79] as well as
decreases in trophic factors [80]. In contrast, in this work, rats subjected to regular physical training
for 16 weeks maintained a stable TCs population, although not statistically increased compared to
rats who performed exercise for only 4 weeks.

Finally, immunohistochemistry showed CD34+ cells, within the interstitium between muscle fibers
(Figure 7), with characteristic features of TCs and telopodes, i.e., spindle nuclei and multiple long
cytoplasmic processes. These observations are in support with current evidence suggesting TCs’ role
in intercellular signaling through their strategic position and organized network of telopodes with
local cellular neighborhood, nerves, and capillaries [33,81,82]. Homo- and heterocellular

communication seems to be carried out via small molecules and shedding microvesicles carrying
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various molecules like proteins, RNAs, and microRNA [49,83,84]. These mechanisms of
transmission allow rapid cell engagement in the tissue milieu, in order to approach adaptations to
biochemical and physical changes. The use of TEM would have been useful to determine the
ultrastructural features of TCs in exercised rats and this should be noticed as a limitation of this study.

6.5 Conclusions

These findings herein are intended to encourage knowledge about TCs population and their role in
the stem cells niche of skeletal muscles. Further studies investigating TCs in response to different
types of exercise (resistance, aerobic, isotonic, flexibility), sedentary behavior, ageing, and
pathophysiological conditions, as well as studies on the possibility of triggering TCs through exercise
to reverse atrophic conditions, would be scientifically valuable.

This study may be framed in a field still in its infancy, although it is rapidly attracting the attention
of the scientific community. The understanding of the above-mentioned mechanisms between the
cells involved in the tissue remodeling process could offer new chances in regenerative tissue
strategies and insights about finding possible triggers for TCs in sarcopenia and other musculoskeletal
disorders, in clinical medicine.

Finally, since exercise training has been shown to exert protective effects against sedentary-induced
atrophy, rather by sustaining muscle remodeling and maintenance of TCs, this finding might promote
further skeletal muscle adapted physical activity and rehabilitation programmes for humans.
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7 General Conclusions

Traditional treatments for OA involving the use of non-steroidal anti-inflammatory drugs (NSAID)
and opioids are effective as pain reliefers but fail in restoring tissue degeneration and commonly
present several adverse events. Current efforts in scientific research of OA are devolved to
understanding the morpho-molecular mechanisms and pathophysiological changes occurring in the
tissue, in order to plan future preventive measure and treatments for this complex and spreading
disease. Regenerative engineering for cartilage, in the means of use of progenitor cells, scaffolds and
biological and biophysical stimuli, is emerging as a promising alternative and solution to tissue
defects for the support of neocartilage formation. Nevertheless, application of engineered structures
deals with phenotypic instability of the cells in long-term cultures and, consequently, poor neo-tissue
morphological properties. For this reason, in the first presented study, the work was addressed to
investigate and improve the chondrogenic differentiation of hBM-MSCs in two different in vitro
models represented by pellets and GelMA/HA hydrogels The results showed that the pellets after 21
days of culture and TGFB1 supplementation, with different exposure times, showed a proper
chondrogenic differentiation, but at the same time high hypertrophic factors expression levels were
also highlighted, confirming the TGFp1 “double effect”. These observations were important for the
second part of the study in which the chondrogenic differentiation of hABM-MSCs was evaluated in a
more complex in vitro system by seeding the hBM-MSCs in GelIMA/HA hydrogels and subjecting
the constructs to TGFB1 priming for one-week and mechanical stimulation. The results showed that
the cells inside the hydrogels exposed to mechanical stimulation alone did not give, or in some cases
very weak, a significant differentiation response, while the cells inside the hydrogels exposed to
TGFB1 priming and mechanical stimulation combination were able to differentiate in the
chondrogenic sense demonstrated a chondron-like organisation. The preliminary results of this work
therefore encourage further study of this combination of elements which appears to be promising for
tissue engineering for cartilage repair. In the second study the collagen I-based scaffolds were
confirmed to be biocompatible after orthotopic implantation in vivo rat model by histological,
histochemical, immunohistochemical and gene expression analysis, as suggested by total
biodegradation and replacement of the biomaterial with the newly formed cartilage-like tissue at 16-
weeks post-implantation, and absence of scar-like tissue formation and inflammatory cell infiltration
at the interface between the scaffold and peri-native cartilage tissue.

Also regarding to prevention, the benefits of physical activity in OA patients have demonstrated to
exert protective effect on joints as a non-surgical and non-pharmacological treatment, re-establishing
the physiological function of cell populations, preventing the onset of OA, and/or postponing the need
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for joint replacement. The purpose of the third study was to highlight the role of mechanical
stimulation, i.e., moderate exercise, in reducing ATX expression in healthy and mild OA rat articular
cartilage. Higher expressions of ATX were found in femur and tibia of OA rats, suggesting that this
molecule could participate in the progression of the disease. Interestingly, in the femur, physical
activity performed by OA rats was able to lower ATX expression, encouraging the evidence that joint
movement is beneficial for the cartilage, and further studies on the potential usefulness of ATX, as
biochemical markers of disease progression, and of exercise to prevent/attenuate the osteoarthritic
process. Finally, last morphological study was intended to observe the presence of telocytes in tibialis
anterior muscle of healthy rats who underwent a protocol of endurance training. The understanding
of the mechanisms between the cells involved in the muscle tissue remodelling offers new chances in
regenerative tissue strategies and insights about finding triggers in sarcopenia and other
musculoskeletal disorders like OA that are affected by muscle integrity. Exercise training has been
shown to sustaining muscle maintenance of telocytes, therefore promoting adapted physical activity
and rehabilitation programmes for healthy subjects and OA patients.

The therapeutic and preventive approaches for OA still represent a difficult challenge for the clinical
and scientific research fields. In conclusion, the present PhD thesis highlights some potential useful
aspects concerning tissue engineering strategies and preventive methods based on physical activity
aimed, respectively, to resolve and avoid osteoarthritic disease and cartilage degeneration.
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