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1- ABBREVIATIONS 

 

ACI- autologous chondrocyte implantation 

ASC- adipocyte-derived mesenchymal stromal cell  

BM-MSC- bone marrow-derived mesenchymal stromal cell 

Co-MSC- chondrocyte-derived mesenchymal stromal cell 

ECM- extra-cellular matrix 

FDA- Food and Drug Administration 

MACI- matrix-associated autologous chondrocyte implantation 

MRI- magnetic resonance imaging 

MSC- mesenchymal stromal cell 

OA- osteoarthritis 

PCL- polycaprolactone 

PDO- polydioxanone 

PFF- poly-propylene fumarate 

PGA- polyglycolic acid 

PLA- polylactic acid 

PLGA- polylactic-poliglicolic acid 

POE- polyorthoesters 

STZ- superficial tangential zone 

US- ultrasonography 
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2- ABSTRACT 

 

One of the widest spread musculoskeletal diseases concerns the joints 

and involves the lesion of articular cartilage, being the knee one of the most 

affected joints. 

Cartilage lesions can be divided on two different types: partial-thickness 

cartilage lesions (chondral lesions) which do not penetrate the underlying 

subchondral bone, and full-thickness cartilage lesions (osteochondral le-

sions) which penentrates the subchondral bone. 

Actually there is no effective treatment for the chondral or osteochondral 

lesions, although a large investigation effort is being made in this issue. The 

present tendency is to develop new cell- and tissue-engineering-based 

methods that may overcome the size limitations of current technologies. For 

this purpose, the use of animal experimental models is of extreme im-

portance, because they are a reliable source of information between the in 

vitro assays and the human therapy application. 

Several animal models are used for cartilage repair strategies testing, 

from small to large animal models. Small animal models (rodents or rabbits) 

are recommended for mechanism or proof of principle studies when data 

regarding toxicity, formulation, dose response or safety are needed before 

further pivotal studies. However large animal models (dog, pig, goat, sheep 

or horses) are necessary for truly translational research aimed at gaining 

regulatory approval for clinical use in humans.  

This work presents the study of an animal experimental model for the 

evaluation of the knee’s cartilage regeneration with cellular therapies ap-

proach. The aim was the development of a refined animal model to assess 

the efficacy and safety of mesenchymal stromal cellular therapies with a 

possible future application in human medicine, and settle the basis for the 

clinical trials. 



14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

3- INTRODUCTION 

 

3.1- Epidemiology of Osteoarthritis 

 

Musculoskeletal conditions are the most common cause of severe 

long-term pain and physical disability, and they affect hundreds of millions of 

people around the world. Osteoarthritis (OA) is one of the four major muscu-

loskeletal conditions and is characterized by focal areas of loss of articular 

cartilage within synovial joints, which are associated with hypertrophy of 

bone (osteophytes and subchondral bone sclerosis) and thickening of the 

capsule. The course of the disease varies but is often progressive. Symp-

toms can be relieved and function improved, especially by joint replacement, 

but progression cannot be prevented yet (Woolf and Pfleger 2003). 

 

Worldwide estimates are that 9.6% of men and 18% of women aged 

≥60 years have syntomatic osteoarthritis. Radiographic studies of United 

States of America and European populations aged ≥45 years show higher 

rates for osteoarthritis of the knee: 14.1% for men and 22.8% for women 

(Woolf and Pfleger 2003). 

 

Being OA a disease that causes significant pain and disability and leads 

in many cases to lasting joint damage, all countries need to focus on preven-

tive and treatment strategies to reduce the burden it causes in the communi-

ty (Brooks 2003).  
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3.2- Form and function of hyaline articular cartilage 

 

Hyaline cartilage is an avascular tissue that contains only one cellular 

type (the chondrocyte) sparsely distributed in an extracellular matrix.  

It is a viscoelastic material with variable load-bearing properties, asso-

ciated with different positions and activities. Its complex organization and 

ultra-structure composition determines its ability to minimize surface friction 

on articular surfaces, high lubrication, shock absorption, and wear resistance 

while bearing large repetitive loads throughout a lifetime. These characteris-

tics are clearly unmatched by any synthetic material (Flik, Verma et al. 

2007). 

Hyaline cartilage has a characteristic composition and architecture, and 

four distinct zones can be recognized (Figure 1 and Figure 2). 

 Lamina splendens: consists in the superficial layer, made of tightly 

packed collagen fibers parallel to the articular surface and a cellular 

layer of flattened chondrocytes. Type IX collagen is found in this layer 

between type II bundles that provides resistance to shear. It is thought 

that this layer limits passage of large molecules between synovial fluid 

and cartilage, and it is known that preservation of this superficial layer 

is critical to protect the deeper zones. 

 

 Transitional layer (intermediate zone): composed by spherical chon-

drocytes, proteoglycans and obliquely oriented collagen fibers that re-

sist compressive forces but also serve as a transition between the 

forces in the surface and the compressive forces placed in the deeper 

layers. 
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 Deep zone: consists of collagen fibers and chondrocytes oriented per-

pendicular to the articular surface, which resist compressive loads. 

 

 Calcified layer: is the tidemark that separates subchondral bone from 

the calcified cartilage and provides complex adhesive properties of the 

cartilage to bone. 

 

Collectively, these highly specialized layers produce the superior loading 

and minimal friction characteristics of hyaline cartilage that make it par-

ticularly difficult to restore or duplicate once it is damaged or lost (Alford 

and Cole 2005). 

 

The extra-cellular matrix of hyaline articular cartilage is also divided into 

regions, based on proximity to the chondrocyte, differing in content and in 

collagen fibril diameter and organization: 

 

 Peri-cellular matrix: surrounds completely the chondrocyte, forming a 

thin layer around the cell membrane. Contains proteoglycans and non-

collagenous matrix components but little or no collagen fibrils. This 

matrix region may play a functional biomechanical role for signal 

transduction within cartilage during loading. 

 

 Territorial matrix: surrounds the peri-cellular region and contains thin 

collagen fibrils that form a fibrillar network at its periphery, which pos-

sibly provides mechanical protection for the chondrocyte during load-

ing. 
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 Inter-territorial region: encompasses the entire matrix between the ter-

ritorial matrices of the individual cells, and is the largest of all regions. 

In this zone reside large collagen fibrils and the majority of the proteo-

glycans. The collagen fibrils within the inter-territorial zone change ori-

entation depending on the zone of articular cartilage: they are parallel 

to the surface in the superficial zone, obliquely in the middle zone, and 

perpendicular to the articular surface in the deep zone (Figure 2) (Flik, 

Verma et al. 2007). 

 

 

 

Figure 1- Schematic view of a section of normal articular cartilage structure. There are 

four zones: the superficial tangential zone (STZ), the middle zone, the deep zone, and the 

calcified zone. The cells in the superficial zone have an ellipsoidal shape and lie parallel to 

the surface; the cells of the other zones have a more spherical shape. In the deep zone, 

the chondrocytes align themselves in columns perpendicular to the surface (Flik, Verma et 

al. 2007). 
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Figure 2- Schematic view of the inter-territorial matrix collagen fibril orientation and organ-

ization in normal articular cartilage. In the superficial tangential zone the fibrils lie nearly 

parallel to the surface. In the middle zone, they assume a more random alignment. In the 

deep zone, they lie nearly perpendicular to the articular surface (Flik, Verma et al. 2007). 

 

The extracellular matrix of hyaline cartilage makes up approximately 

95% of the tissue by volume and is mainly composed of type II collagen, but 

types V, VI, IX, X, XI, XII and XIV are also present in smaller amounts.  

Sulphated proteoglycan macromolecules constitute 12% of articular carti-

lage weight. Keratin sulphate and chondroitin sulphate on the glycosamino-

glycans carry a negative charge that creates a high affinity for water that 

helps cartilage resist compressive loads and causes the aggrecans to repel 

one another, resulting in maximal volume expansion.  

The chondrocytes are of mesenchymal stem cell origin and are responsi-

ble for synthesizing the matrix. They constitute 2% of the total volume of 

adult articular cartilage. They are mainly anaerobic, and they survival de-

pends on the proper chemical and mechanical environment, including 

growth factors, mechanical loads, hydrostatic pressures and piezoelectric 

forces (Alford and Cole 2005). 
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3.3- Response to Injury 

The highly specific microscopic anatomy and interdependent physiology 

of articular cartilage can be disrupted by small, superficial injuries, even 

without immediate cartilage loss (Alford and Cole 2005).  

 

 Partial thickness injuries: 

 

Superficial damage will injure chondrocytes, limit their metabolic capacity 

for repair and lead to decreased proteoglycan concentration, increased hy-

dration and altered fibrillar organization of collagen (Mankin 1982; Mow, 

Setton et al. 1990; Mankin, Mow et al. 1994). These alterations will lead to 

increased force transmission to the underlying subchondral bone, which in-

creases its stiffness and, in turn, causes impact loads to be more readily 

transmitted to the partially damaged cartilage. This vicious cycle is thought 

to contribute to the progression of partial-thickness articular cartilage inju-

ries. 

The avascular nature of articular cartilage means that pure cartilage inju-

ries do not cause hemorrhage or fibrin clot formation, or provoke an immedi-

ate inflammatory response. The chondrocytes respond by proliferating and 

increasing the synthesis of matrix macromolecules near the injury site, but 

the new matrix and proliferating cells cannot restore the surface (Mankin 

1982). 
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 Full-thickness injuries: 

 

A full-thickness injury to articular cartilage that penetrates subchondral 

bone provides access to cells, blood supply, and theoretically a higher ca-

pacity for repair (Goldberg and Caplan 1998). 

Localized bleeding initiates a cascade beginning with hematoma for-

mation, stem cell migration, and synthesis of type I cartilage, resulting in fi-

brocartilage rather than the hyaline cartilage produced by the chondrocyte.  

This repair tissue has inferior stiffness, inferior resistance and poorer wear 

characteristics than normal hyaline articular cartilage (Nehrer, Spector et al. 

1999).  

 

3.4- Current treatment options 

 

The first arthroscopic treatment of chondral injuries was to debride the 

cartilage to reduce mechanical symptoms and inflammation that may arise 

from inflammatory mediators. Early cartilage repair techniques penetrated 

the subchondral bone to recruit pluripotential mesenchymal marrow stem 

cells that would differentiate and form fibrocartilage. Recently, autograft and 

allograft osteochondral plugs with true hyaline cartilage and subchondral 

bone have become popular. Biologic replacement with autologous chondro-

cyte implantation has led to more advanced biologically derived solutions to 

cartilage restoration (Alford and Cole 2005). The present direction involves 

synthetic implants and single-stage biologically active carriers or matrices.  
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 Arthroscopic lavage and debridement 

 

Debridement of friable inflammatory tissue was popularized 6 decades 

ago as a method of reducing mechanical symptoms. Arthroscopic joint lav-

age without debridement provides short-term benefits in 50% to 70% of pa-

tients. 

In carefully selected patients with a specific history of low-energy trauma, 

mechanical symptoms, minimal misalignment, stable ligaments, and low 

body mass index, arthroscopic debridement may be of some use, but in 

general, arthroscopic debridement and lavage alone have shown to have no 

significant lasting benefit in arthritic knees without specific localized mechan-

ical symptoms (Harwin 1999). 

 

 Marrow stimulation techniques 

 

Techniques designed to stimulate the subchondral bone marrow rely on 

the differentiation of primitive mesenchymal cells to produce fibrocartilage, 

which is repair cartilage. Unlike hyaline cartilage, which contains primarily 

type II collagen, fibrocartilage is primarily composed of type I collagen, with 

marked differences in biomechanical and structural properties. After these 

techniques (drilling, abrasion arthroplasty, microfracture), the extent of fill is 

rarely more than 75% of the total volume of the chondral defect, and the 

biomechanical properties of the repair fibrocartilage are inferior to those of 

hyaline cartilage (Alford and Cole 2005).  
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 Cartilage replacement techniques 

 

Osteochondral auto-grafts involve the transfer of intact hyaline cartilage 

and subchondral bone, and heal to the surrounding recipient tissue. Oste-

ochondral auto-grafts are small bone plugs covered with normal hyaline ar-

ticular cartilage that are removed from a relatively non-weight bearing sur-

face and transferred in a single stage to the chondral defect. The key to this 

technique is chondrocyte viability because only living chondrocytes can pro-

duce and maintain the extracellular matrix of proper load-bearing capacity. 

The disadvantages of this technique include donor site morbidity and limited 

available graft volume. In addition, it is technically difficult to position the 

plugs to re-create the contour of curved surfaces (Alford and Cole 2005).  

Fresh osteochondral allografts provide larger constructs of subchondral 

bone and viable cartilage from cadaveric donors. It is generally recommend-

ed that fresh articular cartilage allograft be transplanted within days of har-

vest, with the understanding that the longer the wait, the greater the death of 

cartilage cells. The urgent nature of using osteochondral grafts as they be-

come available creates logistical challenges of obtaining the correct size 

graft at a time and place that the patient is available for surgery (Alford and 

Cole 2005).  

 

 Biologic techniques 

 

Autologous chondrocyte implantation (ACI) is a two-stage procedure in 

which an arthroscopic biopsy of normal hyaline cartilage is cultured in vitro, 

and the resulting chondrocytes are then re-implanted, by arthrotomy, into a 

cartilage defect beneath an autologous periosteal patch. This flap is used in 
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order to seal the chondrocyte suspension, increasing the cellular retention. 

However, complications at a relatively high rate such as hypertrophy and 

arthrofibrosis, caused by the periosteal flap, led to the development of ma-

trix-associated ACI techniques (MACI) without the need of a periosteal flap. 

The tendency is to develop new cell- and tissue-engineering-based methods 

that may also overcome the size limitations of current ACI technologies and 

be applied to larger defects, like the cell-based-polymer therapy (Alford and 

Cole 2005). 

These new techniques should be developed in order to pass from ACI to 

MACI, and from arthrotomy to arthroscopic surgical techniques. 

 

 

3.5- Cartilage tissue engineering 

Tissue engineering applies the knowledge of biology, cell transplantation, 

materials science and bioengineering to construct biological substitutes that 

can restore and maintain normal function in diseased or injured tissues (Va-

canti and Upton 1994; Lu, Peter et al. 2000; Hollister 2005). In this strategy, 

a biodegradable three-dimensional (3D) porous scaffold is often used as a 

matrix to support cell adhesion, to guide new tissue formation, and to restore 

organ function. Tissue engineering is a potential alternative for the treatment 

of osteochondral defects, as it can be effectively used to regenerate carti-

lage, bone and cartilage-bone interface (Nukavarapu and Dorcemus 2013). 

Natural and synthetic polymeric biomaterials have been widely used for car-

tilage tissue engineering. It is well known that cell function on a scaffold is 

related to the chemical properties of the scaffold material, as the scaffold 

surface chemistry affects cell adhesion, morphology and activity (Singhvi, 

Kumar et al. 1994; Yousefi, Hoque et al. 2014). 
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Scaffold materials 

Biomaterials used in tissue engineering can be categorized into four ma-

jor groups: natural polymers, synthetic polymers, metallic materials, and in-

organic materials such as ceramics and bioactive glasses (Place, George et 

al. 2009; Okamoto and John 2013).  

Natural polymers like glycosaminoglycan, collagen, starch, hyaluronic ac-

id, chitosan, alginate, and biodegradable bacterial plastics such as poly-

hydroxyalkanoates (PHA) are excellent biomaterials that support cell adhe-

sion and regeneration while offering biocompatibility. One of the major con-

straints of natural polymers is that their mechanical properties are weaker 

when compared to ceramics and metallic materials (Yang and Temenoff 

2009). 

Synthetic biodegradable polymers used in tissue engineering include pol-

yglycolic acid (PGA), polylactic acid (PLA), poly(L-lactic-co-glycolic acid) 

(PLGA), polycaprolactone (PCL), polydioxanone (PDO), poly(propylene 

fumarate) (PFF), polyorthoesters (POE), polyphosphazenes and polyanhy-

drides (Puppi, Chiellini et al. 2010; Dhandayuthapani, Yoshida et al. 2011; 

Liu, Holzwarth et al. 2012). The advantages that synthetic biodegradable 

polymers offer lie in their range of chemistries, ease of processing and con-

trolled molecular weight distribution that can be tailored to the target applica-

tion (Mano and Reis 2007; Yousefi, Hoque et al. 2014). 

PLGA is a scaffold widely used on cartilage engineering. It is of easy pro-

duction, and it is possible to modify characteristics.  PLGA is non immuno-

genic and has been approved by the Food and Drug Administration (FDA) 

for clinical use. 
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Cell-free approaches 

Published studies reveal that for small and confined osteochondral le-

sions, it might be sufficient to use a cell-free approach with appropriate scaf-

folds (e.g., adequate biomechanical properties and the capacity to re-

sorb/remodel). Although in the case of more extended injuries, the delivery 

of growth factors is necessary for local cell recruitment. The use of a cell-

based approach becomes mandatory if the wound bed is further compro-

mised. Therefore, in most practical cases the scaffolding material alone can-

not initiate biological responses that could support the regeneration process 

(Yousefi, Hoque et al. 2014). 

 

Mesenchymal stromal cells as cell sources for cartilage regenera-

tion 

Currently, chondrocytes are the only identified cell source for the trans-

plantation purposes. This cell source has important limitations, related to do-

nor site availability and morbidity. Given the limitations of cartilage as a cell 

source, investigating an alternative cell source may provide improved treat-

ment options with superior results (Tang, Carasco et al. 2012). 

Mesenchymal stromal cells (MSC) have raised as a promising cell source 

candidate for cartilage regeneration in the treatment of articular cartilage de-

fects (Baksh, Song et al. 2004).  

MSC populations were first identified within the stromal compartment of 

bone marrow. Initially considered as supporting milieu for the maintenance 

and differentiation of the hematopoietic stem cells, it was later demonstrated 

by Friedenstein et al. (1968) that these cells had stem cell properties includ-

ing clonal expansion by self-renewal and osteogenic differentiation (Frieden-

stein, Petrakova et al. 1968). 
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Interest in the application of MSCs for the development of articular carti-

lage cell therapies was renewed by the work of Pittenger et al. (1999) who 

demonstrated the multipotent differentiation of MSCs into three cell lineages 

of adipocytes, osteoblast and chondrocytes (Pittenger, Mackay et al. 1999). 

MSC are a rare cell type but have been isolated from a multitude of tis-

sues including bone marrow (Im, Kim et al. 2001; Murphy, Fink et al. 2003; 

Zhou, Liu et al. 2006; Koga, Muneta et al. 2008; Guo, Park et al. 2010), pla-

centa (Timmins, Kiel et al. 2012), umbilical cord (Yang, Huang et al. 2012), 

skeletal muscle (Jackson, Lozito et al. 2010), synovium (Shirasawa, Sekiya 

et al. 2006; Jones and Pei 2012), synovial fluid (Jones, Crawford et al. 2008)  

and adipose tissue (Hennig, Lorenz et al. 2007; Yoshimura, Muneta et al. 

2007; Koga, Muneta et al. 2008; Mizuno, Tobita et al. 2012). In contrast to 

mature chondrocytes, MSCs can be expanded ex vivo to relatively high cell 

numbers making them an attractive cell source for autologous cell therapies 

(Hardingham, Oldershaw et al. 2006; Khan, Malik et al. 2009; Oldershaw 

2012).   

MSC characteristics which increased interest in the scenario of cell-

based therapy, as an alternative cell source, include the fact that MSC play 

an important role in the homeostasis and regeneration of tissues, are able to 

differentiate under appropriate stimuli in vitro into various cell lineages such 

as chondrocytes and osteoblasts, and are more abundant than chondrocytes 

without showing dedifferentiation phenomenon and the need for healthy car-

tilage biopsy to harvest cells (Caplan 2005). Moreover, MSCs have a 

trophic, anti-inflammatory and immunosuppressive action, by modulating T 

and B cells and inducing the expression of anti-inflammatory factors, such as 

interleukin 10 (IL-10), IL-1 receptor antagonist (IL-1RA) or prostaglandin E2 

(PGE2) (Abumaree, Al Jumah et al. 2012; Veronesi, Maglio et al. 2013). 
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3.6- Preclinical studies 

 

The treatment of articular cartilage defects is evolving rapidly, both for 

surgical treatments and for the specific field of cartilage repair products that 

contain living cells. 

Prior to initiation of human trials, several types of information must be 

gathered in non-clinical models. Studies to provide a scientific and medical 

rationale for evaluating the experimental products in humans, to support an 

initial human dose and to evaluate potential toxicities are well-accepted 

components of most pharmaceutical development programs. Due to their 

inherent complexity, products containing cells require substantial additional 

information. These data may be gathered through numerous different stud-

ies, including the following assessments:  

-interactions between cellular and device components of a combination 

product;  

-biocompatibility analysis of the device component; 

-analysis of the contributions of different components of a product to its 

biological action; 

-evaluation of potential immune responses to the product; 

-exploration of potential clinical or surrogate endpoints 

Various experimental systems are usually combined to assemble a data 

set sufficiently comprehensive to allow sound decisions regarding conduct of 

initial clinical studies, and the selected models should reflect the type of in-

formation needed for the product in question (FDA Cellular 2005). 
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One of the most basic requirements in any pharmaceutical development 

program is data to provide reasonable assurance of the product´s safety. In 

addition to conventional safety studies that assess potential toxicities in a 

context designed to model the clinical indication, many cellular products 

need to be evaluated for their potential to undergo unanticipated undesired 

changes in their characteristics, such as malignant transformation.   

Models designed to address this concern should evaluate a number of 

cells sufficient to detect rare events with reasonable statistical confidence. It 

is also important to assess the potential for adverse events in models ap-

proximating the human clinical situation. 

Proof-of-concept studies should mimic the intended clinical indication as 

closely as possible. This is needed not only to allow the most reliable eval-

uation of the therapeutic potential of the experimental product, but also to 

assess the likely duration of clinical effect. The latter consideration is of spe-

cial importance, because given the risks inherent in any cellular therapy, 

failure of the intervention after a brief interval of benefit could be viewed ei-

ther as a late-occurring toxicity or a treatment failure. For joint lesions, this 

issue presents a special problem, because the model needs do resemble a 

human patient not only in applicable cell biology and pathophysiology, but 

also in joint mechanics and anatomy (FDA Cellular 2005). 

 

Immunological considerations 

Though the articular space is thought to be an area of relative immune 

privilege in both animals and humans due to the relative lack of local micro-

vasculature and relative hypocellularity of articular cartilage and synovial flu-

id that bathes the articular surface, rheumatoid arthritis and other inflamma-

tory arthritis suggest that this is not absolute, and therefore immune re-
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sponse to both cellular and device components of component products may 

occur in the articular space. The testing of cellular products derived from 

human cells in animal models thus poses a special concern, as these cells 

are xenogenic to all animal species, and therefore at risk for xenotransplant 

rejection. 

Immunological reactions to human product in animals often necessitate 

that preclinical studies be performed with animal cellular products that are 

analogous to the intended clinical product, rather than the actual human 

product. The determination that a specific animal cell is analogous to the in-

tended clinical product is made on the basis of some combination of mor-

phology, biochemical or molecular biological characteristics, ontogeny, and 

function. Ideally this determination would be multifaceted and involve not just 

in vitro measures of cell identity, but also incorporate detailed understanding 

of the in vivo activity of both the animal analog and putative human correlat-

ed cell. Implicit in the use of analogous animal cells as a means to assess 

biological activity and/or safety of a human cellular clinical product that is 

composed at least in part of human cells is the assumption that cells from 

the two species will respond similarly to the stresses imposed in the in vivo 

articular environment. The data obtained from testing analogous animal cells 

will provide a partial basis from which to make a risk/benefit analysis that is 

integral to review of preclinical data prior to initiation of clinical trials. The de-

gree of understanding of the relationship between an animal cell and its hu-

man correlate is an important factor in determining the strength of the ex-

trapolations from findings in animals to the potential risks in humans (FDA 

Cellular 2005).  
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Animal models of cartilage repair 

 

Animal models are an essential research tool in many biomedical pro-

jects, because they act as the bridge between in vitro studies and human 

clinical trials. Their use is required for regulatory approval for clinical use of 

biologics, devices, and methods (Cook, Hung et al. 2014).  

Research using animal models provides important knowledge of patho-

logical conditions that can eventually lead to the development of more effec-

tive clinical treatment of diseases in both humans and animals (An and 

Friedman 1999).  

Animal models of cartilage repair are categorized as small animal mod-

els (mice, rats and rabbits) and large animal models (dog, pig, sheep, goat 

and horse).  

 

Rodents 

Rodent models are cost-effective in providing proof of concept data to 

serve as a bridge between in vitro experiments and more costly large animal 

preclinical studies. Chondrogenesis has been extensively studied in murine 

models by several biomaterial and cells implantation (Lammi, Lammi et al. 

2001; Dausse, Grossin et al. 2003; Matsumoto, Kubo et al. 2008). However, 

rodent joints are of small size, have thin cartilage, and open growth plates 

are present through advancing age, which are likely to increase the intrinsic 

healing potential of cartilage. This fact can confound repair and regeneration 

studies in this models (Chu, Szczodry et al. 2010).  
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Mice 

The availability of athymic, transgenic and knock-out strains are ad-

vantages that make mice potential valuable models for mechanistic in vivo 

studies. Immunocompromised mice allow the performace of studies involv-

ing allogenic or xenogenic cells and tissues (Chu, Szczodry et al. 2010). 

There are also mice strains in which OA occurs spontaneously (Bendele, 

McComb et al. 1999), and transgenic and knock-out mice to study how the 

overexpression or the absence of a particular gene or protein impacts carti-

lage regeneration and repair (Helminen, Kiraly et al. 1993; Serra, Johnson et 

al. 1997; Helminen, Säämänen et al. 2002; Majumdar, Askew et al. 2007; 

Wu, Kim et al. 2008). The improved understanding of the molecular basis for 

cartilage regeneration may generate new treatment options for further study 

in larger animal models (Chu, Szczodry et al. 2010).  

 

Rats 

The larger size of the rat, comparing to mice, improves the feasibility 

and reproducibility of studies involving creation of cartilage defects (Anraku, 

Mizuta et al. 2008; Anraku, Mizuta et al. 2009). In addition, athymic rats are 

available. The ability to create osteochondral defects within which xenogenic 

cells can be implanted provides a unique opportunity to study the repair po-

tential of human cells within the diarthrodial environment (Pagnotto, Wang et 

al. 2007) or of other xenogenic cells, as murine cells (Matsumoto, Kubo et al. 

2008). The successful use of murine cells in athymic rats raises the possibil-

ity of studying the effects of different genes and proteins on cartilage repair 

by using cells from transgenic and knockout mice (Chu, Szczodry et al. 

2010). The rat model also provides a cost effective means for initial testing 
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of the in vivo degradation characteristics and safety profile of new biode-

gradable scaffolds and polymers (Ferretti, Marra et al. 2006).  

 

Rabbits 

The rabbit model has been widely used on cartilage regeneration re-

search (Furukawa, Eyre et al. 1980; Shapiro, Koide et al. 1993; Chu, Coutts 

et al. 1995; Chu, Dounchis et al. 1997; Kawamura, Wakitani et al. 1998; 

Han, Chu et al. 2003). This is a practical animal model for early stages of 

therapy evaluation due to reasonable joint size for surgical procedures, ease 

of handling and relative cost effectiveness. However, this animal model has 

lost favor in recent years due to high potential for spontaneous healing, siz-

able variation from human joint loading conditions, and thin cartilage which 

make the interpretation of experimental results problematic (Chu, Szczodry 

et al. 2010). 

In fact, endogenous healing potential has been described on rabbits 

(Wei, Gao et al. 1997), while cartilage in humans, if left untreated, have little 

to no spontaneous repair. This makes difficult to evaluate the translational 

potential of treatments using this model (Chu, Szczodry et al. 2010). 

The loading conditions in the lapine knee are due to the high degree 

of knee flexion: therefore they use the trochlea groove as partial weight 

bearing surface, which in the connection with low body weight creates much 

different loading conditions than in humans or large animals (Ahern, Parvizi 

et al. 2009). 

Regarding cartilage thickness, it is documentated that the lapine mod-

el has a mean cartilage thickness on the trochlear groove of 0.44 ± 0.08 mm 

and of 0.3 ± 0.07 mm on the anteromedial femoral condyle (Räsänen and 

Messner 1996), which limits the size and depth of articular cartilage defects 
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that can be made (Chu, Szczodry et al. 2010). The most commonly reported 

depth of experimental osteochondral defects induced on rabbits is of 3mm 

(Wei, Gao et al. 1997; Buma, Pieper et al. 2003; Han, Chu et al. 2003), 

which means that more than 80% of the defect volume is located within the 

subchondral bone (Chu, Szczodry et al. 2010). 

 

Dogs 

The dog has been used in studies of articular cartilage repair (Oates, 

Chen et al. 1995; Shortkroff, Barone et al. 1996; Breinan, Minas et al. 1997; 

van Dyk, Dejardin et al. 1998; Breinan, Minas et al. 2001; Cook, Patron et al. 

2003). They lack significant intrinsic ability to heal cartilage defects, as hap-

pens with humans, and they can more closely model the human situation 

than rodent or lapine models. Dogs suffer naturally from cartilage pathology 

as osteochondritis dissecans and OA (Shortkroff, Barone et al. 1996).  

In medium to large dogs, the thickness of the cartilage ranging from 

0.95 to 1.3 mm (Ahern, Parvizi et al. 2009) is greater than that of rodents or 

lapine models, which renders the possibility to create and study partial thick-

ness cartilage injuries. However, canine cartilage is still relatively thin and 

articulation size small when compared to humans, and consequently repair 

studies in canine models generally use small diameter osteochondral de-

fects (Bouwmeester, Kuijer et al. 2002; Hunziker 2002). Advantages of this 

model is that the relatively exposed stifle joint facilitates arthroscopic ap-

proach of the tibio-femoral joint (Feczkó, Hangody et al. 2003), and that 

dogs are well suited to study protocols requiring specific exercise and reha-

bilitation protocols or bandages (Chu, Szczodry et al. 2010).  

However, the strong bond between dogs and humans, and their status 

as family pets have highlighted ethical concerns regarding their use as ani-
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mal models on research. Therefore this animal model is used only if the 

study protocol, due to specific particularities, cannot be done using another 

animal species (Chu, Szczodry et al. 2010). 

 

Pigs 

The porcine joint size, weight bearing requirements and cartilage 

thickness more closely imitate the human condition than the canine and 

smaller models (Chiang, Kuo et al. 2005; Vasara, Hyttinen et al. 2006; Jiang, 

Chiang et al. 2007). However, the porcine model has been relatively un-

derused in cartilage research. This is in part due to housing requirements of 

adult swine, which are heavy and large when adults, making them difficult to 

handle in research facilities (Swindle, Smith et al. 1988; Newman, Turner et 

al. 1995). Miniature swine breeds maintain an adult weight and size compa-

rable to adult human males; however the size of the mini-pig stifle joint re-

mains smaller than humans. Adult pigs, as with humans, have limited capa-

bility for endogenous repair of chondral and osteochondral defects (Chu, 

Szczodry et al. 2010). Pig cartilage has a thickness around 1.5 mm (Frisbie, 

Cross et al. 2006), which allows the creation of full and partial-thickness car-

tilage defects, with defect volumes closely corresponding to the ones ob-

served in clinical human defects. Arthroscopic evaluation of the knee is fea-

sible (Pan, Li et al. 2003; Zelle, Zantop et al. 2007). This model is not well 

adapted to protect weight bearing or to perform exercise protocols   (Chu, 

Szczodry et al. 2010). 

Minipigs have potential to be a large animal model for studying the 

use of allograft and xenograft tissues for cartilage repair. Prolonged toler-

ance to large musculoskeletal allografts was reported using a short course of 

cyclosporine (Bourget, Mathes et al. 2001). Transgenic pigs have also been 
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developed to express human regulators of complement activation, indicating 

a possibility for transgenic work in large animals (Hancock 1997). These ex-

citing findings have interesting implications for the potential use of xenograft 

tissue in joint reconstruction and osteochondral transplantation (Yang and 

Sykes 2007; Chu, Szczodry et al. 2010). 

 

Goats 

The caprine model is commonly used in cartilage research (Butnariu-

Ephrat, Robinson et al. 1996; Niederauer, A Slivka et al. 2000; Jackson, 

Lalor et al. 2001; Murphy, Fink et al. 2003; Kangarlu and Gahunia 2006). 

The advantages of this model are joint size, cartilage and subchondral bone 

thickness and consistency, accessibility for arthroscopic procedures, and 

limited intrinsic cartilage healing capacity (Jackson, Lalor et al. 2001; Ahern, 

Parvizi et al. 2009). The caprine joint is larger than the canine joint, and the 

proportion of cartilage to subchondral bone and subchondral bone con-

sistency in goats is reported to be closer to humans than small animal, ca-

nine or sheep models (Jackson, Lalor et al. 2001; Ahern, Parvizi et al. 2009). 

When compared to other large animal models, goats are relatively inexpen-

sive and easy to handle (Chu, Szczodry et al. 2010). The larger size of the 

joints facilitates creation of chondral and osteochondral defects in goats, and 

allows arthroscopic examination of the knee (Brehm, Aklin et al. 2006). 

However exercise protocols or protected weight bearing are difficult to im-

plement in goats, making them less well suited for studies where these fac-

tors are important (Chu, Szczodry et al. 2010). The cartilage thickness on 

the medial femoral condyle ranges from 0.8 to 2.0 mm, providing an oppor-

tunity to study the healing of partial and full-thickness cartilage defects 

(Brehm, Aklin et al. 2006). However, despite the size of the goat stifle joint, 

the cartilage defects are, by volume, in the lower range of commonly ob-
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served cartilage defects in humans (Ahern, Parvizi et al. 2009), and the tibio-

femoral joint is still significantly smaller in goats when compared to humans 

(Chu, Szczodry et al. 2010). 

 

Sheep 

The ovine model is commonly used in cartilage research (Martini, Fini 

et al. 2001; Erggelet, Neumann et al. 2007; Munirah, Samsudin et al. 2007; 

Ahern, Parvizi et al. 2009). The knee anatomy is similar to humans (Allen, 

Houlton et al. 1998), and it is recognized the possibility of minimally invasive 

surgical approaches on this model. However, published research in the area 

reveals the habitual use of invasive methodology on the experimental proce-

dures (Munirah, Samsudin et al. 2007; Jubel, Andermahr et al. 2008; Milano, 

Deriu et al. 2012). 

Articular cartilage thickness of sheep is of variable thickness. Pub-

lished literature refers cartilage thickness ranging from 0.4-1mm (Lu, 

Hayashi et al. 2000), 0.45mm (Frisbie, Cross et al. 2006) and 1.68mm as 

average thickness for the medial femoral condyle (An and Freidman 1998). 

The subchondral bone is very dense and hard (Ahern, Parvizi et al. 2009). 

The critical size cartilage defect on sheep has been reported as 7mm. 

The location of the cartilage defects in the ovine model has involved the me-

dial femoral condyle (Pearce, Hurtig et al. 2001; Dorotka, Windberger et al. 

2005; Tytherleigh-Strong, Hurtig et al. 2005; Uhl, Lahm et al. 2005; Frosch, 

Drengk et al. 2006), both femoral condyles (Siebert, Miltner et al. 2003; Von 

Rechenberg, Akens et al. 2003; Tibesku, Szuwart et al. 2004), and the femo-

ral trochlea (Kandel, Grynpas et al. 2006).  
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Sheep are readily available, easy to handle and are relatively inex-

pensive model suitable for testing new approaches in cartilage regeneration 

and repair (Ahern, Parvizi et al. 2009). 

 

Horses 

Similar to humans, horses suffer from cartilage problems ranging from 

osteochondritis dissecans to cartilage injury and OA. Largely due to racing 

industry, the clinical treatment of cartilage injuries in horses is well devel-

oped (Nixon, Fortier et al. 2004). Consequently, the injury and repair of ar-

ticular cartilage are better known in horses than in most other animal mod-

els. 

The equine model is highly beneficial for preclinical evaluation of the 

efficacy of new repair techniques and technologies, as it allows for the clos-

est correlation with humans among all animal models commonly employed 

in cartilage research. Cluster analysis of studies involving single cartilage 

defects on the distal femur placed horses as the only animal model in the 

same group with humans in regard to defect dimension (Ahern, Parvizi et al. 

2009). Cartilage thickness in horses is reported to be in range of 1.75-2mm, 

which is closest to human cartilage thickness (2.35 mm) among all animal 

models. Therefore, full and partial cartilage thickness defects can be readily 

and successfully created with very close correlation to clinically relevant 

sized defects in human cartilage (Hendrickson, Nixon et al. 1994; Hidaka, 

Goodrich et al. 2003; Strauss, Goodrich et al. 2005; Ahern, Parvizi et al. 

2009). Evaluation of chondral and osteochondral defects of 15 to 20 mm, 

which are similar to the sizes requiring treatment in humans, is possible in 

the equine model (Convery, Akeson et al. 1972; Hidaka, Goodrich et al. 

2003). 
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Similar to humans, equine articular cartilage shows a loss of function 

and a low intrinsic capability for repair (Convery, Akeson et al. 1972; Koch 

and Betts 2007). It is reported that large defects (9 mm) made on weight 

bearing areas of femoral condyles in Shetland ponies do not heal after 9 

months (Clar, Cummins et al. 2005). Additionally, horse models with large 

joint dimension, thick articular cartilage layers, and fully extended, upright 

stifle joints during gait should be considered, as they are quite similar to hu-

man knee anatomy (Gotterbarm, Breusch et al. 2008). 

The dimensions of the equine stifle joint allow the use of arthroscopic 

techniques (Wilke, Nydam et al. 2007). The availability of complementary 

clinical data offers additional advantages for translation of basic research to 

preclinical study in horses (Chu, Szczodry et al. 2010). 

The horse is the largest of the animal models commonly available for 

cartilage research, weighting around 500 kg. Equine joint loading conditions 

and the consequent hardness of the equine subchondral bone are of some 

concern (Murray, Vedi et al. 2001), as well as the difficulty to maintain pro-

tection of weight bearing in this model. Therefore, the location of the experi-

mental cartilage defect should be carefully considered to avoid early over-

loading: the lateral trochlea of the femur has been frequently used for carti-

lage repair studies in the equine model (Ahern, Parvizi et al. 2009). 

The major disadvantage of equine models include high expense and 

the need of highly specialized and equipped facilities to conduct experiments 

on equines, but horses should be considered as a good translational model 

for studying new cartilage treatments prior to human clinical trials (Chu, 

Szczodry et al. 2010). 
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The importance of large animal models in translational research 

The combination of overall increased stifle size, less effective native 

cartilage repair, and longer lifespan are advantages of large animal models 

of human clinical indications. Larger animals allow for the testing of cellular 

products and associated attachment devices that more closely approximate 

the size and design of the intended clinical product. The two primary benefits 

of large animals are the ability to model a clinically useful duration of re-

sponse (durability) to products more closely, and the potential to incorporate 

minimally invasive or non-invasive endpoints into a product development 

strategy prior to clinical trials.  

One key requirement for successful implementation of cell-based 

therapies for joint surface repair is durability of clinical benefit. Due to biology 

of cartilage repair in large animals, studies of eight to twelve weeks duration 

(maximal length in rabbits) are only adequate to provide information on the 

biocompatibility and early cellular viability in larger animals. Longer-term 

studies of at least six to twelve months duration are needed to assess the 

true success of cartilage repair. This study duration is similar to what is gen-

erally thought by the orthopedic community to be needed for initial clinical 

indications of activity in humans. The ability to use large animals to test not 

just the cartilage repair product, but also the feasibility of various diagnostic 

modalities such as imaging, biomechanical tests, arthroscopy, and arthro-

scopic biopsy for the in situ evaluation of the product could prove to be 

beneficial in an overall product development scheme that includes these 

modalities in clinical trial design. 

The most frequently used large animal model in cartilage repair stud-

ies is the goat, because of her reasonable cartilage thickness, relatively 

large stifle size and ease of use, cost and availability. Some investigators 
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made also extensive use of sheep, whose stifle resembles that of goats in 

many aspects (FDA Cellular 2005). 

 

Preclinical imaging  

It is recognized that the implementation of preclinical imaging repre-

sents a keystone in the refinement of animal models allowing longitudinal 

studies and enabling a powerful, non-invasive and clinically translatable way 

for monitoring disease progression in real time (Tremoleda, Khalil et al. 

2011). The use of imaging modalities holds significant potential for the as-

sessment of disease pathogenesis and therapeutic efficiency overtime in 

animal models of musculoskeletal disorders, minimizing the use of conven-

tional invasive methods and animal redundancy (Tremoleda, Khalil et al. 

2011). 

Magnetic resonance imaging (MRI) is a non-invasive imaging technol-

ogy extensively used in clinics for assessment of articular cartilage in joint 

disorders, and has also been used in the ovine model of cartilage repair 

(Uhl, Lahm et al. 2005; Goebel, Orth et al. 2012). 

In humans, musculoskeletal ultrasound (US) plays an important role in 

detecting the minimal soft tissue changes (McCune, Dedrick et al. 1990; 

Grassi, Lamanna et al. 1999; Court-Payen 2004; Naredo, Cabero et al. 

2005). US has the ability to differentiate intra and extra-articular soft tissue 

structures, is a quick, readily available, inexpensive and non-invasive imag-

ing technique (Abraham, Goff et al. 2011) which is particularly adapted in 

longitudinal in vivo experimental model studies (Boulocher, Duclos et al. 

2008) .  
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4- OBJECTIVES 

 

General objective: 

 

The general objective of this research work was the development of a re-

fined preclinical animal model of partial thickness and full thickness cartilage 

defects to test and assess new approaches in regenerative medicine, using 

mesenchymal stromal cells. 

 

The aim was to obtain nonclinical data sufficient to establish a scientific 

rationale for clinical investigation of the experimental product, and to demon-

strate an acceptable safety profile of the experimental product prior to initiat-

ing a human clinical study. 

 

 

Detailed objectives: 

 

1-Development of the animal experimental model: 

 

 Develop a minimally invasive surgical procedure for experimental os-

teochondral lesion induction and assay product implantation 

 Study the behavior and resistance to arthroscopic implantation of the 

tissue engineered constructs 

 Study the efficacy of the PLGA scaffolds seeded with Co-MSC in the 

regeneration of osteochondral lesions 

 Develop the complementary exams to assess the evolution of the le-

sion and of the treatment, in a non-invasive methodology 
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2-Test different sources of MSC in the preclinical ovine model: MSC de-

rived from fat, bone barrow and cartilage seeded in PLGA scaffolds: 

 

 To study the efficacy of these cellular therapies in osteochondral le-

sions regeneration 

 Assess the safety of these cellular therapies in cartilage lesions in the 

sheep knee 

 

3-Study the efficacy and safety of BM-MSC in the regeneration of chronic 

chondral lesions 

 

4-Detail the refinement strategies developed on the preclinical ovine 

model, regarding experimental lesion modelling and non-invasive imaging 

techniques for longitudinal assessment. 
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5.4- STUDY 4 

 

REFINEMENT STRATEGIES FOR CHONDRAL EXPERIMENTAL LESION 

INDUCTION AND LONGITUDINAL ASSESSMENT ON THE SHEEP 

MODEL OF CARTILAGE REPAIR: KNEE ARTHROSCOPY AND ULTRA-

SONOGRAPHY AS VALUABLE TOOLS.  

 

Fonseca C, Caminal M, Peris D, Espada Y, Domínguez E, Barrachina J, 

Codina D, Moll X, de la Fuente C, Pla A, Gòdia F, Vives J , Cairó JJ, García 

F.  

 

Paper submitted to the journal:  BMC Musculoskeletal Disorders 
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6- DISCUSSION 

 

In the studies performed for this thesis, we first focused on the develop-

ment of an arthroscopic approach to the ovine stifle joint, which could enable 

the implantation of a tissue engineered therapy based on Co-MSC seeded 

on PLGA scaffolds to repair osteochondral defects on the femoral medial 

condyle. 

After this study, and due to the limited source of cartilage and morbidity of 

donor site, we studied the ability of different MSC sources (adipose tissue, 

bone marrow in comparison with cartilage) to regenerate osteochondral de-

fects in the stifle joint, using the arthroscopic approach previously devel-

oped. 

On the third study, we used the most efficient MSC source found in the 

study 2 in a new model of chronic chondral lesion. This model was created 

to mimic the clinical condition found in human patients with OA in the clinical 

settings. The arthroscopic technique was adapted to induce the chondral 

lesion in the medial femoral condyle and medial meniscus of the ovine stifle 

joint. After evolution of the lesions, the BM-MSC therapy was applied as an 

intra-articular injection of cells.  

Finally, in the fourth study we aimed to highlight the refinement strategies 

which were developed on the animal models on these studies. The ovine 

model is commonly used on preclinical studies of cartilage repair strategies, 

but the review of the published literature reveals the common use of invasive 

procedures for experimental lesion induction, for cellular therapies implanta-

tion and for longitudinal assessment. Ethical concerns relative to animal wel-

fare during research procedures encourages the development of refined 

procedures, which have the advantage of decreased morbidity and in-
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creased translational potential of the model itself. In this study we described 

in detail the minimally invasive surgical approach to the ovine stifle joint, and 

the non-invasive imaging techniques which allowed a comprehensive longi-

tudinal follow-up of the lesions during the time. 

 

6.1-Development of an arthroscopic approach to model osteochondral 

defects and to implant tissue engineered constructs using Co-MSC as 

cell source in the ovine stifle joint: Study 1 

 

The use of tissue engineered approaches to cartilage repair involves 

the use of scaffolds and cells seeded in these scaffolds. The osteochondral 

defects are a challenging condition, as two different tissues types are in-

volved: articular cartilage and subchondral bone.  

The study of biocompatible scaffolds is a hot topic, and several re-

search is performed using natural based polymers or synthetic materials for 

this purpose. 

Also, due to the nature and characteristics of the both tissues involved 

in osteochondral defects, there is also studies describing the use of scaffolds 

with two distinct layers or gradients (Rodrigues, Gomes et al. 2011).  

In the present study, a synthetic PLGA scaffold was chosen because it 

is one of the few synthetic materials approved by the FDA as scaffolding ma-

terial for clinical applications. Furthermore, it was been previously used in 

articular cartilage treatment, emerging as a valuable chondrocyte and MSC 

delivery vehicle (Sittinger, Reitzel et al. 1996; Uematsu, Hattori et al. 2005). 

The methodology followed for the manufacture of the scaffolds permit-

ted to set a porosity level that allowed the ingrowth of host tissue as well as 
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supporting the preloading with in vitro expanded chondrocytes. Importantly, 

the scaffold structure allowed arthroscopic implantation making it an attrac-

tive material for clinical use. This highlights the need of the use of large ani-

mal models in the development of new cartilage repair techniques, in par-

ticular those species with size and physiology similar to humans.  

We used skeletally mature 2-year old sheep (Kilborn, Trudel et al. 

2002), and the osteochondral defects were modeled in weight bearing areas. 

For this purpose, the experimental defects were located in the cen-

tral/posterior region of the medial femoral condyle, with the aim of represent 

the clinical situation faced in humans. We harvest donor cartilage cells from 

the shoulder, so both knees of each animal could be used in the study, in the 

same comparable conditions without additional lesions on the surrounding 

area that might influence the outcome of the treatments. 

The use of chondrocytes allowed a significant improvement with re-

spect to untreated controls at the macroscopic level, although this observa-

tion was not confirmed histologically, probably due to the short observation 

time. Therefore, it was not clear whether the addition of chondrocytes into 

the PLGA scaffolds could significantly accelerate the regeneration mecha-

nisms. 

To our knowledge, this is the first report of arthroscopic implantation of 

the PLGA scaffolds in the sheep knee. Published studies used arthrotomy 

procedures to implant the tissue engineered constructs (Niederauer, A Sliv-

ka et al. 2000; Córdoba, Martínez et al. 2007; Erggelet, Neumann et al. 

2007), because of the difficulty of holding in place the implant without inva-

sive procedures. The biomechanical characteristics of some of the con-

structs, as the ones made of chondrocytes and fibrin are too soft to hold in 

the defect site independently of the use of a periosteum patch. The need of 

development of this minimally invasive technique in the sheep knee has 
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been mentioned by some authors (Munirah, Samsudin et al. 2007; Sha'ban, 

Kim et al. 2008). Furthermore, the regulatory authorities require the use of 

the intended route of administration in humans and the intended delivery de-

vice in preclinical studies.  

This surgical technique has the recognized advantage of decrease 

morbidity associated with arthrotomy, more ethical experimental procedure 

and a final study that matches the clinical situation faced in human patients.  

On the other side there are two limitations that need to be acknowl-

edged in the present study.  Although the clinically accepted range of MRI 

covers from 0.2T to 3T (Ghazinoor, Crues et al. 2007), the use of low-field 

MRI in this study made the detection of small cartilage abnormalities very 

challenging. The second point concerns to the sample size and the proximity 

of the two time endpoints for the euthanasia, which gave similar results, 

making possible to combine data for each treatment from both the 12 and 

20-week groups for the statistical analysis.  

Cartilage has limitations as a cell source for osteochondral regenera-

tion, which is related to the lesion that is inflicted to the donor site and the 

limited amount of tissue that can be extracted. Some studies discussed the 

possibility of using the debrided discarded cartilage tissue obtained from 

around the cartilage lesion itself, which could solve the problem of iatrogenic 

damage during the cartilage sourcing (Biant and Bentley 2007) . However, 

alternative cell sources should be investigated. 

Future studies should evaluate the effects of a full regeneration pro-

cess at later end-points (i.e., up to 12 months), other cell sources, and the 

appropriate therapeutic dose. 
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6.2- Comparing BM-MSC, ASC and Co-MSC as cell sources in a tissue 

engineering approach to regenerate osteochondral defects in the ovine 

stifle joint: Study 2 

 

In the actuality only ex vivo expanded chondrocytes have been ap-

proved by the regulatory authorities for human use and have thus become 

the gold standard in cell therapy for cartilage resurfacing of focal injuries 

(Vanlauwe, Saris et al. 2011). However limitations of this technique include 

donor site limitation and morbidity, as well as low success rate. 

Therefore there is the need to explore and study other cell sources to 

regenerate osteochondral defects. 

In the present study, scaffolds of PLGA were used as a vehicle of 

three different cell types that were tested side-to-side under the same exper-

imental conditions in order to assess cartilage resurfacing capacity at 6 and 

12 months post-implantation on critical-size osteochondral defects. PLGA 

was chosen due to its proven biocompatibility and the feasibility of three-

dimensional molding of the constructs in the shape of the experimental de-

fects. Furthermore it allowed minimally invasive surgical implantation. The 

PLGA degradation rate, which was compatible with the deposition of extra 

cellular matrix (ECM) by the cells loaded on the scaffolds (Sittinger, Reitzel 

et al. 1996; Niederauer, A Slivka et al. 2000; Uematsu, Hattori et al. 2005; 

Córdoba, Martínez et al. 2007). The use of porous PLGA scaffolds permitted 

the retention of the cells at the defect site and promoted homogeneous dis-

tribution throughout the graft. 

We observed that PLGA scaffolds at a ratio of 50 (PLA): 50 (PGA) 

preserved their integrity up to 5 weeks in vitro, which is compatible with the 

time taken by the cells to synthesize the new ECM (from 9 to 20 days, ac-
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cording to the work performed by Barry and collaborators (Barry, Boynton et 

al. 2001)) that substitutes the scaffolding material (Middleton and Tipton 

2000). Furthermore, PLGA-based constructs allow arthroscopic implantation, 

making this biomaterial even more attractive for clinical use, since the ar-

throscopic technique reduces morbidity, surgical time, secondary complica-

tions and improves patient recovery. The complications derived from open 

surgery which is routinely performed in tissue engineering strategies for car-

tilage repair (Niederauer, A Slivka et al. 2000; Córdoba, Martínez et al. 2007; 

Erggelet, Neumann et al. 2007).  

Although in some samples the tide mark was faint or disappeared, it is 

remarkable that none of the specimens showed detachment of neocartilage 

from subchondral bone, indicating that the integration between the two lay-

ers resisted the load bearing forces in all treatment groups and highlighting 

the suitability of PLGA scaffolds in the treatment of osteochondral defects. 

With respect to cell types, the differentiation potential of MSC into 

chondrocytes and osteoblasts makes these cells very attractive for the sim-

ultaneous regeneration of bone/cartilage lesions. Additionally, MSC can be 

expanded extensively in vitro whilst chondrocytes hold a limited culture 

growth capacity and display phenotypic instability during the course of their 

expansion in monolayer culture. Such phenotypic instability, also called de-

differentiation, is characterized by a shift of  cellular morphology from a 

rounded to the typical fusiform fibroblastic shape, among other features 

(Schnabel, Marlovits et al. 2002), as we also observed in the present study. 

Considering the advantages of using BM-MSC and provided that both chon-

drocytes and BM-MSC gave similar results with respect to the quality of the 

new tissue, our results may suggest that BM-MSC as the preferred cell 

source in cell-therapies aiming at osteochondral repair using PLGA scaf-

folds. On the other hand, we observed that ASC were not as effective as 
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BM-MSC to regenerate osteochondral defects neither at 6 nor at 12 months 

post-treatment. Different expression profiles in ASC and BM-MSC may ex-

plain why the later differentiate more efficiently into bone and cartilage, 

whereas ASC differentiate better into adipocytes as reported previously by 

Liu and collaborators (Liu, Martina et al. 2007) thus supporting our observa-

tions in the present study. 

The safety of the implantation of autologous cell- scaffold constructs 

was demonstrated by the absence of local or systemic adverse effects dur-

ing the clinical follow-up and by a full necropsy performed at 12 months post-

treatment. 

With respect to the efficacy, the presence of cartilage of hyaline quali-

ty one year after treatment with either BM-MSC or chondrocytes is a key 

point since current surgical approaches typically result in a short-term clinical 

success but eventually fail due to poor mechanical properties of the mixed 

matrix that is generated. For example, even though fibrocartilaginous repair 

tissue from microfracture results in initially enhanced clinical knee-function 

scores at earlier assessment time points, it later degrades, and scores de-

cline (Mithoefer, McAdams et al. 2009). This also highlights the importance 

of using large animal models with anatomy similar to the human knee allow-

ing orthopaedic surgeons to undergo procedures similar to those in human 

practice and therefore making possible to assess the performance of novel 

implants in situ using minimally invasive surgical approaches. Due to its size 

and anatomy, sheep arises as a relevant translational animal model for this 

type of research and, in fact, it has been previously used in several other 

studies for the treatment of chondral and osteochondral lesions (Ahern, Par-

vizi et al. 2009).  

Although the promising results obtained in this study, further work is 

needed in order to evaluate dose-effect relationships. Also scaffold design 
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should be optimized in order to improve the integration to the adjacent tis-

sue. Mechanisms involved in the regeneration process should be explored, 

which may uncover additional advantages of the use of MSC in contrast to 

chondrocytes, such as MSC’s anti-inflammatory effects. 

To accurately translate the results to the clinics, the developed cell 

therapies should be further tested in an animal model of chronic cartilage 

injury. This would enable to assess the efficacy of this cell therapy on a joint 

condition that more truthfully simulate the pathological condition found in the 

clinics. 

 

6.3- Assessment of BM-MSC long-term effects on a chronic model of 

chondral lesion in the ovine stifle joint: Study 3. 

 

The development of a novel pharmaceutical requires the characteriza-

tion of its pharmacological and toxicological properties according to its in-

tended use in humans. In this sense, most previous studies have investigat-

ed the use of MSC for therapy of acute defects, in which generation and re-

construction of the defects were conducted simultaneously. However, chron-

ic defects are more in line with the type of lesions found in clinical practice, 

since patients have a lengthy course following trauma to the cartilage, which 

results in altered intra-articular homeostasis (Saris, Dhert et al. 2003). This 

may explain why the encouraging and reproducible data obtained in experi-

mental studies in vivo have been unattainable in the clinical setting (Horas, 

Pelinkovic et al. 2003; Krishnan, Skinner et al. 2006; Ruano-Ravina and Di-

az 2006; Wasiak, Clar et al. 2006). Significant efforts have been made in the 

development of relevant chronic animal models of articular cartilage disease 

(Hepp, Osterhoff et al. 2009). The translational animal model used on this 
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study mimicked an osteoarthritis condition of grade III in articular cartilage 

according to the ovine adaptation of the Outerbridge classification  (Burger, 

Mueller et al. 2007)and incorporated a further lesion on the anterior horn of 

the medial meniscus. The 4 weeks required for chronic degeneration of the 

defects were spent in the isolation and ex vivo expansion of MSC from bone 

marrow.  

After treatment, MRI, ecographic or X-Ray monitoring did not show 

any progression of the degenerative process, and the macroscopic, histolog-

ical and immunohystochemical analysis (at 6 and 12 months) permitted to 

evaluate more accurately the extent of the refill tissue and hyaline nature of 

the regenerated cartilage of the condyles. 

A case-dependent efficacy of the treatment was observed among an-

imals from both experimental groups with respect to macroscopic and histo-

logical International Cartilage Repair Society (ICRS) scores. A further exam-

ination of each individual parameter assessed in the macroscopic and histo-

logical analysis provided evidence of statistical significant improvement in 

the MSC-treated group compared to controls. Macroscopically, these pa-

rameters included the color, rigidity and aspect of sagittal section. Likewise 

histological parameters displaying statistically significant differences be-

tween treatment and control groups included cell distribution, subchondral 

bone structure and proteoglycan/ type II collagen content. Meniscal lesions 

were also partially repaired in some cases. 

The animal model used in this study is relevant to pathological condi-

tion of joint disease found in humans and the results of intra-articular cell-

based therapy suggest a safe and straightforward approach for the treat-

ment of articular cartilage and meniscal injury, which may prevent the pro-

gression of osteoarthritis. 
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Further work is required in order to enhance the regenerative proper-

ties of MSC, understand the mechanisms involved, evaluate the use of scaf-

folds for cell delivery in focal lesions that otherwise may progress to OA and 

to determine dose-effect relationships. 

 

6.4- Detailing the refinement strategies for chondral experimental le-

sion induction and longitudinal assessment on the ovine model of car-

tilage repair: Study 4 

 

In the present study, a minimally invasive surgical approach was suc-

cessfully performed for modelling partial-thickness chondral lesions on the 

medial femoral condyles and meniscal tears on the sheep knee, without sur-

gical complications on the post-operatory period. Arthroscopy was an effec-

tive, safe and quick technique to perform the experimental lesions on all the 

20 stifle joints.  

The sheep is a key animal as a preclinical experimental model of carti-

lage repair, being the stifle joint one of the preferred location for these stud-

ies due to anatomical similarities with human knee  (Allen, Houlton et al. 

1998; Ahern, Parvizi et al. 2009). Arthrotomy is the usual method to induce 

the experimental cartilage lesions, however it is recognized that arthrotomy 

in sheep has as a common post-operative complication patellar luxation. 

Recent work described a mini-arthrotomy without patellar luxation as a re-

finement of the usually performed technique (Orth and Madry 2013). How-

ever, as bilateral surgery is usually performed on animal models on cartilage 

research (Orth, Zurakowski et al. 2013), a minimally invasive surgical tech-

nique (arthroscopy) should be preferred in order to minimize animal distress 

after the surgical approach. It is also expected that arthroscopic approach is 
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accompanied of a lower risk of joint infection, as surgical exposure of the 

intraarticular tissues and surgical wounds are smaller than in arthrotomy ex-

posure: this is especially important due to housing conditions of sheep, 

which are usually on a reduced antiseptic environment due to the nature of 

the animal model itself.  

It is recognized that the implementation of preclinical imaging repre-

sents a keystone in the refinement of animal models allowing longitudinal 

studies and enabling a powerful, non-invasive and clinically translatable way 

for monitoring disease progression in real time (Tremoleda, Khalil et al. 

2011). In this sense, it was used on this study magnetic resonance imaging 

and US imaging for lesion longitudinal assessment. On the present study 

MRI was especially useful to detect meniscal tears and subchondral altera-

tions and to discard lesions on tendons or ligaments. The fact that we used a 

0,2 T unit limited the ability to detect cartilage lesions that didn´t produce a 

reaction of the subchondral bone. 

US is emerging as a viable imaging modality in the diagnosis and as-

sessment of the musculoskeletal system, and as a valuable additional diag-

nostic modality for the evaluation of the knee joint in the clinical practice 

(Friedman, Finlay et al. 2001). 

Human hyaline cartilage is described as a well-defined anechogenic 

or homogeneously hypoechogenic band between the chondrosynovial and 

osteochondral margins (Tsai, Lee et al. 2007; Möller, Bong et al. 2008). In 

our study, we found that normal articular cartilage of sheep stifle joint has a 

similar aspect. The lack of echoes is due to uniform transmission of sound 

wave in cartilage with high water content and densely packed and organized 

collagen (McCune, Dedrick et al. 1990; Grassi, Lamanna et al. 1999). The 

absence of echoes of the cartilage layer and the sharpness of the margins 

are its principal features in healthy subjects, corresponding the sharp margin 
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to smooth surface of healthy cartilage (Tsai, Lee et al. 2007; Lee, Huang et 

al. 2008; Möller, Bong et al. 2008). 

On the present study, one week after the experimental lesion induc-

tion the cartilage band of the medial femoral condyle presented altered 

echogenicity with alteration on the sharpness of the chondrosynovial margin, 

which correspond to fibrillations and erosion of the cartilage induced previ-

ously on the arthroscopy for chondral lesion induction. At this moment, no 

alteration was detected on the osteochondral margin of the majority of the 

condyles, suggesting that the surgical methodology to partial-thickness 

chondral lesion induction respected the calcified cartilage layer. Five weeks 

after the chondral lesion induction, it was already noticeable alteration in the 

osteochondral margin. 

This alteration on the osteochondral margin 5 weeks after the lesion 

induction, which was not consistently present on the previous examination (4 

weeks before) can be due to the natural evolution of the lesion: the underly-

ing subchondral bone suffers alteration due to abnormal mechanical forces 

which are no longer attenuated by the eroded cartilage.  The highly specific 

microscopic anatomy and interdependent physiology of articular cartilage 

can be disrupted by small, superficial injuries, even without immediate carti-

lage loss. Superficial damage will injure chondrocytes, limit their metabolic 

capacity for repair, and lead to decreased proteoglycan concentration, in-

creased hydration, and altered fibrillar organization of collagen. Proteoglycan 

loss, increased water content, decreased cartilage stiffness, and increased 

hydraulic permeability lead to increased force transmission to the underlying 

subchondral bone, which increases its stiffness and, in turn, causes impact 

loads to be more readily transmitted to the partially damaged cartilage. This 

vicious cycle is thought to contribute to the progression of partial-thickness 

articular cartilage injuries (Alford and Cole 2005). 
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Though the US examination at 5 weeks was performed one week after 

assay-product or saline vehicle intra-articular infiltration, we believe that at 

this moment it is not noticeable alteration of the lesion status due to the in-

jected products. The cellular treatment effects over the lesions are expected 

to be noticed at long-time period. Moreover, identical lesion images were 

obtained between the knees injected with saline or MSC. The total volume of 

4 ml is small to consider a lavage procedure. 

 The described earlier US features of osteoarthritis in humans are loss 

of clarity of the cartilage band and loss of sharpness of the margins. The 

loss of sharpness of the interface is due to scattering of sound by a rough 

surface. The increased echogenicity may represent structural alteration such 

as fibrillation of cartilage and cleft formation. In the later stages, an asym-

metric narrowing of the cartilaginous layer occurs (Möller, Bong et al. 2008). 

In our study we found difficult to correctly measure by US the cartilage band 

thickness.  It is recognized on the clinical settings that the loss of sharpness 

of the interface can make the placement of markers, for thickness measure-

ment, difficult (McCune, Dedrick et al. 1990; Grassi, Lamanna et al. 1999). 

The overlying soft tissue may influence the appearance of the underlying 

cartilage band. Synovial fluid in patients with synovitis may impair the visual-

ization of the synovial-cartilage interface (Grassi, Lamanna et al. 1999; Lee, 

Huang et al. 2008). Varying thickness of the overlying tissue may also verify 

the image echogenicity (McCune, Dedrick et al. 1990; Lee, Huang et al. 

2008). Because of this, clarity and sharpness of the cartilage images are 

considered the best predictors of cartilage alteration, correlating significantly 

with gross findings of the specimen in the clinics (McCune, Dedrick et al. 

1990). 

The main limitation of US is the inability of the beam to penetrate the 

bony cortex. Thus, US visualization of the articular cartilage is restricted by 
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the acoustic windows, their width being determined by the anatomy of the 

joint under examination (Möller, Bong et al. 2008). The bone alterations that 

can be detected by US are loss of continuity of the bone profile or an in-

creased intensity of the posterior bone-cartilage interface, that may reflect 

subchondral bone sclerosis or loss of overlying cartilage (Grassi, Lamanna 

et al. 1999). Difficulty to measure cartilage thinning and the fact that US is an 

operator-dependent imaging technique are also important limitations, as the 

recorded US images largely display the subjective selection of findings ob-

served by the individual performing the examination (Möller, Bong et al. 

2008). In order to minimize this limitation, we defined a standardized exami-

nation protocol, we took basal images and we performed blind examination 

of the articulations. 

The basal US images on our study were also important to diagnosis 

naturally occurring chondral lesions on the sheep. Naturally occurring osteo-

arthritis exists in ageing sheep, and prevalent cartilage defects should be 

take into account at baseline in studies using ovine models (Vandeweerd, 

Hontoir et al. 2013). 

On our study, US assessment after arthroscopy revealed the pres-

ence of popliteal cysts on 50% of the stifle joints. This represents the chan-

nel of communication with the joint space, and the route for potential de-

compression of large intra-articular fluid collections, of any etiology, and are 

frequently associated with internal meniscal tears (Friedman, Finlay et al. 

2001).  

The cysts on our study didn´t required surgical treatment and de-

sapeared spontaneously some weeks after. We hypothesized that these 

cysts appeared as a consequence of the meniscus tears or as a mechanism 

of decompression of the joint after arthroscopy, due to articulation irrigation 

during the surgery. 
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The consideration of all articular tissues with respect to treatment of 

cartilage pathology is vitally important, but often overlooked. The joint is an 

organ and even early focal cartilage defects are associated with pathology of 

peri-lesional and apposing articular cartilage, subchondral bone and synovi-

um, as well as other tissues such meniscus, intra-articular ligaments, and 

labrum in respective joints. If the whole joint is not taken into consideration 

when developing and assessing cartilage repair strategies, clinical applica-

bility of the data will be severely limited, especially with respect to pain relief, 

level or function attained and effects on disease progression (Cook, Hung et 

al. 2014). Therefore on the preclinical studies longitudinal assessment of le-

sion evolution should include whole-joint assessments (Cook, Hung et al. 

2014). Demonstration of inflammation requires sensitive modalities like MRI 

or US. US has the advantage over MRI in that is cheaper, convenient and 

easier to use, is dynamic (Iagnocco 2010) and does not require general an-

aesthesia on the preclinical studies. US is a valuable tool on the clinical set-

tings, and can be a valuable tool on longitudinal assessment on the preclini-

cal ovine model of cartilage repair. For many years, studies in animal models 

relied on histological analysis of tissues and/or organs post-mortem. These 

destructive methods limited the ability of researchers to study the progres-

sion of the disease on a single animal serially over time as well as assessing 

therapeutic efficiency overtime (Tremoleda, Khalil et al. 2011). It is possible 

that US imaging could enable the reduction of the total number of animals on 

cartilage repair studies, if each animal could be studied serially over time.  
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CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 
 

7- CONCLUSIONS 

 

 Arthroscopic techniques are feasible and appropriate to model oste-

ochondral and chondral experimental lesions on the ovine stifle joint. 

 The used PLGA scaffolds resisted successfully to arthroscopic surgi-

cal manipulation. 

 The use of Co-MSC in combination with PLGA scaffolds improves os-

teochondral regeneration on the ovine model at 20 weeks end-point. 

 Comparing efficacy on cartilage resurfacing of Co-MSC, BM-MSC and 

ASC in combination with PLGA scaffolds on osteochondral lesions, 

cartilage of hyaline quality is observed principally after using cells de-

rived from cartilage and bone marrow. 

 The use of expanded cells from cartilage, bone marrow and adipose 

tissue in combination with PLGA scaffolds for cell therapy of oste-

ochondral defects is safe at one year post-implantation. 

 After using BM-MSC on the treatment of chondral defects in the ovine 

knee it was found significant improvement in colour, rigidity, cell distri-

bution, hyaline quality of the refill tissue and on the structure of the 

subchondral bone. 

 The use of BM-MSC for the treatment of chondral defects in the ovine 

stifle joint is safe at one year post-implantation. 

 US revealed to be a useful non-invasive technique in the assessment 

of the injured articular cartilage in the ovine knee, making possible the 

prediction of small alterations in the cartilage band, allowing effective 

longitudinal follow-up. 
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 The application of the developed refined techniques in the field of car-

tilage repair promotes animal welfare and increases research quality.  

 Refining the preclinical animal model facilitates the extrapolation of 

methodologies on assay-product application and diagnosis techniques 

in future clinic human trials. 

 The developed preclinical studies using the refined ovine model al-

lowed the set-up of clinical studies in humans using autologous BM-

MSC as cellular therapy on knee cartilage repair. 
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