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 SUMMARY  

Osteoarthritis is the most common musculoskeletal disorder leading to disability, particularly 

in the elderly, and is responsible for an enormous socio-economic burden worldwide. Due to 

its avascular and aneural nature and the quiescent state of its resident cells, articular cartilage 

has a poor capacity for self-repair. Current treatments for OA are unsatisfactory and to date, 

neither disease modifying drugs nor curative treatments have been developed. Mesenchymal 

stem cells are easy to harvest, possess high cell renewal and regeneration capabilities due to 

secretion of factors, good differentiation potential, as well as low immunogenic properties, 

making them an attractive tool for the treatment of degenerating conditions. In order to improve 

the tissue-specific regenerative potential of MSCs, so called óprimingô strategies have been 

extensively investigated in the recent years. In the cartilage field, it has been found that the 

expression of the transmembrane receptor integrin Ŭ10 can be modulated in human 

mesenchymal stem cells (MSCs), and its expression directly correlates with improved 

chondrogenic differentiation potential in vitro.  

In the present study human bone marrow-derived mesenchymal stem cells, expanded in media 

containing human platelet lysate and sorted for integrin Ŭ10 (Ŭ10high), were tested for the 

treatment of post-traumatic osteoarthritis (PT-OA) in a mouse model. Unsorted cells from the 

same donor were used as control.  

First, this study shows that the sorted cells retain the trilineage differentiation potential typical 

for adult mesenchymal stem cells (MSCs). Second, the study demonstrates that platelet lysate 

treatment results in chondrogenic commitment of MSCs and furthermore a better chondrogenic 

differentiation of sorted Ŭ10high MSCs in pellet culture experiments compared to unsorted cells. 

Third, commercial hydrogels were tested and the Artiss® fibrin gel was identified as suitable 

hydrogel in this study, which enables in vitro remodeling and supports cell survival. In addition, 

an in vivo preliminary study shows that MSCs persisted in the gel at least one day after injection 

into the mouse knee joint, suggesting that Artiss® is an appropriate carrier for therapeutic, in 

vivo delivery of MSCs. Fourth, the ability of the Ŭ10high MSCs to ameliorate the onset and 

progression of OA in a PT-OA mouse model induced by surgical destabilization of the medial 

meniscus (DMM) was tested. For this purpose, unsorted and Ŭ10high MSCs were encapsulated 

into Artiss® fibrin gel and injected into the knee joint cavity immediately after the DMM 

operation. Histological analyses of the knee joints to monitor articular cartilage degradation 

were performed eight weeks after post-operation. The histopathological scoring analysis reveals 

that articular cartilage erosion is significantly attenuated in the group that received Ŭ10high 
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MSCs compared to mice injected with unsorted MSCs or the cell-free vehicle. In support of the 

protective role of Ŭ10high MSCs in PT-OA, the circulating levels of the neo-epitope CTX-II as 

a marker of collagen type II degradation were determined, and it turned out that significantly 

reduced CTX-II levels in the blood of mice receiving Ŭ10high MSCs were found compared to 

mice injected with unsorted MSCs. Finally, it was not possible to detect human cells in the joint 

cavity of MSC injected mice eight weeks post-operation, using human a CMT1A-specific PCR 

on genomic DNA templates isolated from mouse knee tissue sections. This would rather suggest 

a paracrine mode of action of the Ŭ10high MSCs in the early phase post injury, yet the eventual 

direct participation of the injected MSCs in the regeneration of damaged cartilage cannot be 

excluded. 

In conclusion, this study shows that Ŭ10high MSCs represent a promising therapeutic tool that is 

safe in a pre-clinical mouse model and has protective potential against PT-OA.  
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ZUSAMMENFASSUNG 

Osteoarthrose ist die häufigste muskuloskelettale Erkrankung, die zu Beeinträchtigungen 

insbesondere bei älteren Personen führt und die eine enorme sozio-ökonomischen Belastung 

weltweit darstellt. Auf Grund der mangelnden Vaskularisation und Innervierung sowie der 

ruhenden Gewebszellen verfügt Gelenkknorpel nur über ein geringfügiges 

Selbsterneuerungspotential. Die derzeitigen Therapiemöglichkeiten sind unbefriedigend und 

bis heute gibt es weder Medikamente noch Behandlungsmöglichkeiten, die den 

Krankheitsverlauf verändern oder heilen können. Mesenchymale Stammzellen sind leicht zu 

gewinnen und verfügen über eine hohe Zellerneuerungsfähigkeit ebenso wie ein ausgeprägtes 

Differenzierungspotential, wodurch sie ein attraktives Instrument für die Behandlung 

degenerativer Prozesse darstellen. Um das gewebespezifische Regenerationspotential von 

mesenchymalen Stammzellen zu verbessern, wurden in den letzten Jahren vermehrt sogenannte 

ñPrimingò- Strategien untersucht. Im Bereich der Knorpelforschung stellte sich heraus, dass die 

Expression des Transmembranrezeptors Integrin Ŭ10 beeinflusst werden kann und dass dessen 

Expression direkt mit einem verbesserten chondrogenen Differenzierungspotential in vitro 

korreliert.  

In der vorliegenden Studie wurden humane Knochenmarksstammzellen für die Behandlung 

einer post-traumatischen Arthrose in einem Mausmodell verwendet. Hierfür wurden die 

Stammzellen vorab in einem mit Thrombozytenlysat angereicherten Medium kultiviert und 

anschließend nach Integrin Ŭ10 sortiert. Die unsortierten Zellen desselben Spenders wurden als 

Kontrolle verwendet.  

Als erstes zeigt diese Studie, dass die sortierten Zellen weiterhin ihr Differenzierungspotential 

in die drei typischen Zelllinien adulter mesenchymaler Stammzellen beibehielten. Zweitens 

wird gezeigt, dass die Anreicherung mit Thrombozytenlysat in einer chondrogenen Festlegung 

der Stammzellen resultierte. Zudem wiesen die nach Integrin Ŭ10 sortierten Stammzellen ein 

wesentlich höheres chondrogenes Differenzierungspotential in Pellet-Zellkultur Experimenten 

auf als unsortierte Zellen. Drittens erfolgte die Testung der kommerziellen Hydrogele, von 

denen insbesondere das Artiss® Fibringel in vitro Umbauprozesse sowie das Überleben der 

Zellen unterstützte. Darüber hinaus konnte eine vorläufige in vivo Studie zeigen, dass 

mesenchymale Stammzellen im Fibringel mindestens einen Tag nach der Injektion im 

mäuslichen Kniegelenk nachweisbar waren, sodass das Artiss® Fibringel als ein geeignetes 

Transportmedium für therapeutische in vivo Verabreichungen von Stammzellen erachtet 

werden kann. Viertens wurde die Fähigkeit der nach Integrin Ŭ10 sortierten Stammzellen 
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getestet, das Auftreten und das Fortschreiten von Arthrose zu verlangsamen beziehungsweise 

abzumildern. Hierfür wurde ein posttraumatisches Osteoarthrose-Modell genutzt, welches 

durch eine chirurgische Destabilisierung des medialen Meniskus in Mäusen Osteoarthrose 

induziert. Die unsortierten und die nach Integrin Ŭ10 sortierten Zellen wurden mit dem Artiss® 

Fibringel vermengt und unmittelbar nach der Destabilisierungs-Operation in die 

Kniegelenkshöhle injiziert. Die histologischen Analysen der Kniegelenke zur Evaluierung des 

Gelenkknorpelabbaus wurden acht Wochen nach der Operation durchgeführt. Die 

histopathologische Auswertung zeigte, dass die Gelenkknorpelerosion in den Kniegelenken der 

Mäuse, die nach Integrin Ŭ10 sortierte Stammzellen erhalten haben, signifikant geringer war im 

Vergleich zu den Mäusen, die unsortierte Stammzellen erhalten haben, beziehungsweise die 

nur das zellfreie Fibringel erhalten haben. Um die These der protektiven Rolle von Integrin Ŭ10 

sortierten Zellen in posttraumatischer Arthrose zu untermauern, wurde zusätzlich das 

zirkulierende Neo-Epitop CTX-II als Marker für den Abbau von Kollagen Typ II bestimmt. 

Hier zeigten sich deutlich erniedrigte CTX-II  Konzentrationen im Blut der Mäuse, die nach 

Integrin Ŭ10 sortierte Zellen erhielten im Vergleich zu den Mäusen, die unsortierte Stammzellen 

injiziert bekommen haben. Letztlich gelang es nicht humane Zellen acht Wochen postoperativ 

in den Mäuseknien nachzuweisen. Hierfür wurde eine CMT1A-spezifische PCR an 

genomischen DNA-Proben durchgeführt, die aus Gewebeschnitten der Mäuseknie isoliert 

worden waren. Dies deutet daher eher auf eine parakrine Wirkung der nach Integrin Ŭ10 

sortierten Stammzellen in der frühen posttraumatischen Phase hin, wobei eine direkte 

Beteiligung der injizierten Stammzellen an der Regeneration des geschädigten Knorpels nicht 

ausgeschlossen werden kann. 

Zusammenfassend zeigt diese Studie, dass nach Integrin Ŭ10 sortierte Stammzellen ein 

vielversprechendes therapeutisches Instrument darstellen, welche in einem präklinischen 

Mausmodell sicher anzuwenden sind und ein protektives Potential bezüglich posttraumatischer 

Arthrose aufweisen. 
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1 INTRODUCTION  

1.1 OSTEOARTHRITIS  ï CLINICAL RELEVANCE  

Osteoarthritis (OA) is one of the most common degenerative joint disease affecting 

approximately 250 million people in the world1,2. OA is described by progressive degeneration 

of the articular cartilage (AC) with damage that may extend until the underlying subchondral 

bone, as well as the inflammation of the surrounding soft tissue such as ligaments and synovia. 

Every joint in the human body is susceptible to OA, nevertheless hip and knee, the main weight 

bearing joints, are the most affected anatomical sites. In early stages of OA, appearance of 

symptoms is rare, but with its progression patients suffer from pain, joint swelling and impaired 

physical function until a possible complete loss of mobility of the joint3. In this respect, physical 

disability and chronic pain are the main reasons why OA represents an enormous economic 

burden on the healthcare systems worldwide. The prolonged and expensive conservative 

treatments required for OA are mostly unsatisfactory, and patients often end up needing 

arthroplastic surgery. Clinical operations represent the most obvious direct costs, but important 

to keep in consideration are the associated socio-economical drawbacks like reduced quality of 

life, inefficient productivity, decrease of working days, as well as the increased use of 

healthcare resources4,5, which altogether constitute a significant indirect cost of OA. In the year 

2013, the prevalence of OA in Germany was 22,3% for women and 18,1% for men6. According 

to Salmon et al., the total annual average costs per patient for hip and knee OA worldwide were 

around 11100 ú (2013), with rising tendency due to increased life expectancy5.  

1.1.1 DIAGNOSIS OF OA 

For the diagnosis of OA, clinical as well as radiological criteria must be considered. The 

American College of Rheumatology (ACR) classification includes clinical criteria such as  

people older than 50 years as well as crepitus or stiffness for more than 30 minutes7. For the 

assessment of radiological findings, the classification implemented by Kellgren and Lawrence 

is widely used and accepted. These criteria are oriented towards structural changes, such as 

joint space narrowing, occurrence of osteophytes, subchondral sclerosis and cysts8. If those 

criteria are applied together, the sensitivity of the Kellgren and Lawrence system to detect OA 

increases. Nevertheless, early stages of OA are more difficult to detect, therefore, additional 

examinations such as magnetic resonance imaging (MRI) scans or diagnostic arthroscopy are 

often needed9. However, arthroscopy is an invasive procedure, which is not used for primary 

diagnostic. On the other hand, arthroscopy offers the possibility to remove demolished cartilage 
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or meniscus, as well as the examination of the cartilage such as the consistence with the help of 

specific instruments. However, Moseley et al. could not find evidence for a better outcome of 

patients receiving arthroscopy for diagnosis compared to non-invasive diagnostic methods10. 

Another desirable method to identify patients with OA is the usage of diagnostic biomarkers. 

Inflammatory markers in the blood such as the C-reactive protein (CRP) or interleukin-6 (IL -

6) have been found to be increased in OA-patients, but these markers remain not completely 

specific for OA, because they are related also to other pathologies. Promising more specific 

biomarker candidates are structural protein byproducts generated by degradation processes 

during OA. For example, cleavage products (C2C) or neoepitopes (CTX-II , C2M) of degraded 

collagen type II  as well as cartilage oligomeric matrix protein (COMP) can be detected at 

elevated levels in the blood or urine of OA patients11. However, according to the current 

guideline of the DGOU (Deutsche Gesellschaft für Orthopädie und Unfallchirurgie), no valid 

biomarkers for the diagnosis of OA are currently available12, and the lack of reproducibility and 

validation of these emphasizes the need for further investigations12.   

1.1.2 ETIOLOGY OF  OA 

During the development of OA, the cartilage and its surrounding joint tissues are exposed to 

multifactorial and complex interactions of metabolites, which are not yet completely 

understood. In this regard, a deeper understanding of the pathophysiological pathways and 

causes of OA may help to identify potential therapeutic targets. Aging, trauma, abnormal 

biomechanics, genetic predispositions, metabolic syndromes including obesity and diabetes as 

well as comorbidities such as cardiovascular disease, possibly contribute to the development of 

OA. The consensus main risk factors for OA are mechanical distress, genetics and age-related 

degeneration. 

Mechanical distress is typically caused by abnormal anatomy, chronic overweight condition or 

combination of both. Anomalous anatomy comprises congenital or acquired malformations, 

like misalignment of the limb axis or malformation of the tibial or patella-femoral joint 

surfaces13. The other most important mechanically-driven cause of OA is direct injury. Misuse 

and instability of joints cause a shift towards rarely loaded regions followed by cartilage 

breakdown as shown by Andriacchi et al.14,15. Additionally, the presence of inflammatory 

proteins combined with mechanical overload results in increased upregulation of catabolic 

pathways leading to a stronger cartilage degradation16,17. Furthermore, degradation fragments 

of collagen type II  and fibronectin in the synovial fluid stimulate chondrocytes into a vicious 

cycle to produce matrix-degrading proteinases leading to accelerated matrix degradation18,19. 
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However, age-related OA remains one of the most common forms of OA. The accumulation of 

several risk factors during aging processes together with reduced regenerative capacities bears 

high risk for the development of OA. Although OA is not a necessary condition of aging3, the 

rarity of OA in young people (age below 30 years) implies the impact of age on articular 

cartilage degeneration and OA20. In the United States the median age of patients suffering from 

knee OA is 55 years21. Moreover, OA is a chronic disease, where decades are necessary for the 

development of the condition. During aging, the intensification of inflammatory processes and 

the accumulation of fat tissue increase the levels of circulating inflammatory cytokines (e.g. 

Interleukin-6)22. Additionally, leptin, adiponectin and resistin, members of the adipokine-

family expressed in fat tissue, play important roles in inflammatory processes during the 

development of OA23. This pro-inflammatory state together with the excessive loading provoke 

cell senescence in tissues like cartilage and the related joint structures. Exposure of senescent 

chondrocytes to chronic stress or mechanical stimulation results in DNA damage and telomere-

shortening. Further, the secretory phenotype of these cells is changing towards higher 

expression levels of matrix metalloproteinases (MMPs), such as the collagen-degrading MMP-

13. The lost ability to maintain homeostasis in senescent chondrocytes goes along with a 

decreased production of the extracellular matrix (ECM). Additionally, a reduced anabolic 

response and decreased proliferation rate is observed, despite stimulation with growth 

factors24,20. Altogether these are typical features of the aging process25. A similar scenario can 

be observed in obese people. Overweight implies abnormal joint overload and accelerated 

release of inflammatory mediators as well as adipokines. As the increase of fat tissue is not only 

an independent disease, but also an age-dependent side-effect, a clear separation of these two 

etiologies is difficult26. 

Besides the environmental risk factors, genetics can also have a high impact on the development 

of OA, although just a few OA-associated genes have been identified to date27. A genome-wide 

association study funded by the Arthritis Research UK Osteoarthritis Genetics (arcOGEN) 

Consortium could identify eleven loci associated with OA28. For example, GDF5 

(Growth/differentiation factor 5), a signaling molecule belonging to the TGF-beta superfamily, 

displays a significant and reproducible down-regulation in knee OA patients, but not in hip OA 

patients, compared to control groups29,30. Another gene identified to be associated with OA is 

the MCF2L gene, which encodes the guanine nucleotide exchange factor DBS protein31. 

Furthermore, chromosome 7q22 was identified as an OA susceptibility locus. In the European 

population, the chromosomal region of 7q22 together with the GDF5 gene reached high 

significance in a genome-wide analysis32. Not only cartilage, but also the surrounding joint 



1 INTRODUCTION 

4 

tissues as the synovium and menisci could be affected by catabolic changes33. Taking into 

account the polygenic architecture and multiple variants, the approaches to identify the genetic 

components of OA require larger meta-analytical efforts34. Further interesting aspects are the 

gender-associated differences in OA. OôConner et al., found gender specific differences 

concerning the cartilage thickness (thinner in women), estrogen receptor genes (with higher risk 

in homozygous individuals) as well as the joint anatomy, all reflecting higher risk of OA 

development in women35. 

1.2 CARTILAGE  

1.2.1 COMPOSITION  AND ORGANIZATION  

In the human body there exist three different types of cartilage that are differing in their 

structure and extracellular matrix composition: hyaline, elastic and fibrocartilage. Hyaline 

cartilage, the most abundant cartilage type, constitutes the transient cartilaginous template of 

the developing endochondral bones and the permanent articular cartilage (AC), which is 

covering the surfaces of the articulating bones36 and therefore is the type of cartilage this study 

is focusing on. The hyaline cartilage ECM consists a network of collagen fibrils composed of 

type II , IX and XI collagens, proteoglycans (PGs) carrying glycosaminoglycan (GAG) side 

chains,  hyaluronic acid (HA) and various glycoproteins produced by the highly specialized 

cells, the chondrocytes37. The high negative-charge density of GAGs attracts water and counter-

ions into the tissue generating an internal swelling pressure, which enables to withstand 

compression forces38. Due to the high tensile strength of collagen fibrils, cartilage is endowed 

to resist tensile forces. Compared to other tissues, cartilage is hypocellular, and lacks vessels, 

lymphatics and nerves. Therefore, nutrients are provided by the synovial fluid via diffusion 

through the matrix39.  The appearance of chondrocytes in lacunae, also known as chondrons, 

characterize another important property of cartilage. Here, the chondrocytes are surrounded 

with different matrix compartments divided into interterritorial, territorial and pericellular 

sections 40. 

Collagens 

Collagens are the major component of cartilage accounting for about two-thirds of the dry mass 

of the AC41. The arrangement of collagens into triple helical structures provides a three-

dimensional network, which is responsible for its tensile strength as well as its mechanical 

stability. The predominant collagen in cartilage is collagen type II , a homotrimer of three Ŭ1 

(II) -chains42. Beside collagen type II , AC contains additional collagens such as collagen type I, 

III, VI, IX, X, XI, XII .  and XIV. The typical collagen fibrils are heterotypic containing collagen 
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II and the quantitatively minor types IX and XI collagens. In degenerative cartilage, the collagen 

II/IX/X fibrils are degraded by collagenases43. 

Proteoglycan 

Proteoglycans consist of a core protein and one or more covalently-linked side chains of 

glycosaminoglycans (GAGs), such as chondroitin sulfate or keratan sulfate. Aggrecan is the 

most important and predominant proteoglycan in AC, comprising about 35% of the dry weight. 

Multiple aggrecan monomers are attached to a hyaluronan polysaccharide chain via link 

protein, thereby creating a supramolecular structure as represented in Figure 1. The negatively 

charged GAGs are responsible for the osmotic attraction of water into the ECM, providing the 

ability to resist compressive loads. The water content in total wet weight is about 80%44,45. In 

addition to aggrecan, other proteoglycans such as versican, with a similar molecular structure 

to aggrecan, and small leucine-rich proteoglycans (SLRPs), such as decorin and biglycan, are 

present in lower amount in the AC cartilage, where they fulfill various biological functions, e.g. 

regulation of collagen fibril diameter and arrangement. In tissue-engineering, heparan sulfate is 

a highly investigated GAG due to its high affinity for TGF-ɓ1 and -2, two growth factors which 

play an important role in repair processes, especially in liver tissue46. 

Glycoprotein 

Additional non-collagenous molecules in the ECM of AC are the glycoproteins including 

cartilage oligomeric matrix protein (COMP), matrilins, fibronectin and others. Glycoproteins 

are proteins post-translationally modified with oligosaccharide side chains (glycans). The main 

function of glycoproteins is to stabilize the ECM and to support the interaction of chondrocytes 

with the surrounding matrix47. An important glycoprotein of the cartilaginous ECM is 

fibronectin, consisting of two almost identically monomers linked by disulfide bonds (Figure 

1). Although it is a non-cartilage-specific protein, it plays a critical role in cartilage development 

inducing cell condensation and chondrogenesis. Moreover, cartilage homeostasis is modulated 

by fibronectin and its upregulation in osteoarthritic joints was observed. Additional 

glycoproteins found in cartilage are the matrilins. This family have four members (matrilin 1, 

2, 3 and 4), whereby matrilin 1 and 3 have been implicated in the fine regulation of collagen 

fibril growth48. 
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Figure 1: Schematic representation of the extracellular matrix components in articular 

cartilage. Besides chondrocytes, AC is composed of three main types of proteins: collagens 

(e.g. collagen type II ), proteoglycans (e.g. aggrecan) and glycoproteins including non-

collagenous proteins, as COMP, fibronectin, and link protein for example (Chen et al, 200649)I. 

1.2.2 STRUCTURE OF THE ARTICULAR CARTILAGE  

The unique properties of the intact AC together with the synovial fluid are providing joint 

lubrication for frictionless movement in joints as well as even transmission of loads50. 

Structurally, AC is distributed into four zones based on the differences of ECM composition 

and cell shape, density and organization as it is represented in Figure 2. 

The superficial zone is forming the thinnest layer (10-20% of AC thickness) opposite to the 

joint cavity. The chondrocytes in this layer are flat and orientated parallel to the surface. 

Compared to the other zones, the density of collagen is higher while the amount of aggrecan is 

lower, which causes high resistance towards sheer stress of the articulating bones51,47. During 

OA development the usually parallel oriented fibrils get more disorganized and decrease in 

number, which is followed by appearance of fibrillations in this zone52.  

 
I Reprinted by permission from Springer Nature, Nature Clinical Practice Rheumatology; ĂTechnology Insight: 

adult stem cells in cartilage regeneration and tissue engineering ñ, Chen et al, ©2006 
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In the transitional zone (40-60%) chondrocytes are spherical and fibrils are randomly aligned 

to the articular surface51,47. As, OA progresses, the PG content decreases more significantly in 

the deeper zones compared to the superficial zone52.  

The radial zone (30%) is the zone with the highest content of PG and has largest collagen fibers. 

The round and dense chondrocytes represent high synthetic activity. They are vertically 

oriented as columns towards the surface, likewise as the fibers do51,47. 

The calcified zone is laid up on the subchondral bone. As the name suggests, the ECM is 

mineralized and contains the hypertrophic chondrocyte marker collagen type X. It is a 

transitional zone between the soft cartilage and the stiff bone51,47,53. The uppermost part of this 

zone, the so-called tidemark, divides the AC from the calcified layer. During OA, the calcified 

zone is thickening, which is advancing the tidemark towards the radial zone and therefore 

contributes to a thinning of AC54.  

 

Figure 2: Schematic representation of the structure of articular cartilage. AC is divided 

into four different functional zones, layered above the subchondral bone. The collagen network 

is parallel organized with the surface in the superficial, randomly in the transitional zone, and 

perpendicular in the transitional zone. The border between the radial and calcified zone is 

marked with the tidemark. The chondrocytes are flat in superficial zone, roundish in the 

transitional zone and organized into columns in the radial zone (Ondrésik et al., 201755).II 

 
II Reprinted by permission from Springer Nature, Springer Cham; ĂKnee Articular Cartilage. In: Studies in 

Mechanobiology, Tissue Engineering and Biomaterials. Vol 21ñ, Ondrésik et al, ©2017  
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1.2.3 CARTILAGE DEVELOPMENT - ENDOCHONDRAL OSSIFICATION  

Endochondral ossification (EO) is the essential process during embryonic development of most 

bones in vertebrates. It is characterized by sequential morphogenetic steps initiated by 

condensation and differentiation of skeletogenic mesenchymal stem cells (MSC) into 

chondrocytes followed by formation of the cartilaginous anlagen in which the chondrocytes 

proliferate and produce the cartilaginous ECM. Following steps consist of chondrocyte 

hypertrophy, vascular invasion and replacement of the cartilage by bony skeleton56. In long 

bones, chondrocytes at the metaphysis arrange into the growth plate which is responsible for 

longitudinal elongation, while at the end of the epiphyses they form the permanent AC covering 

the articulating surfaces of the bones57. 

Endochondral ossification in the growth plate is an essential morphogenetic mechanism in most 

of the mammalian bones, except the craniofacial skeleton and part of the clavicle, where 

intramembranous ossification (IO) occurs. Until  the end of puberty, the cartilaginous growth 

plate in humans is mostly responsible for the linear bone growth, than become silent and it may 

completely resolve58. The individual steps of endochondral ossification are demonstrated in 

Figure 3. Beginning in the normal growth plate, chondrocytes are well-organized into distinct 

horizontal zones. The resting zone, or also called reserve zone, contains round, small, stem-cell 

like chondrocytes that divide rarely and are maintained as replenishment for chondrocytes for 

the underlying zones59. When resting zone chondrocytes enter to the cell cycle, the daughter 

cells form the proliferative zone, where flat chondrocytes are forming columns in the direction 

of bone growth. Proliferative chondrocytes arrange into the columns by dividing parallel with 

the long axis resulting in perpendicularly aligned daughter cells, which rearrange towards the 

long axis of the column60. Later, proliferative zone chondrocytes exit from cell cycle and 

increase in volume while entering the pre-hypertrophic zone61,62. After further enlarging in size, 

the ECM in the hypertrophic zone is mineralized, the hypertrophic chondrocytes stop 

expressing collagen type II  and begin to express vascular endothelial growth factor (VEGF) to 

induce blood vessel invasion. In addition, they produce collagen type X, the typical marker for 

hypertrophic chondrocytes, and MMPs in the terminal layers to degrade the cartilaginous 

template61.  Subsequently, chondroclasts and osteoblast precursors are recruited along the 

invading vessels to degrade the cartilage matrix and build trabecular bone, respectively, at the 

primary ossification center63. At the epiphyseal ends of the bone, a similar scenario occurs, 

where mesenchymal cells condensate to form the cartilage anlagen. However, at the future joint 

site cells dedifferentiate and arrange into different layers. Centrally, cell density is decreasing 

and cells undergo apoptosis to form the future joint cavity by separation. The underlying 
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interzone contains densely packed, proliferating cells forming the future articular cartilage and 

other joint tissues. Important is the distinction of articular cartilage and growth plate cartilage 

as two different origins for chondrocytes64,65.  

 

Figure 3: Endochondral ossification. In the first steps of EO, mesenchymal stem cells start to 

proliferate (a) and condensate (b) before differentiating to chondrocytes to build a cartilaginous 

template (anlagen). Cells become hypertrophic and vascularization starts (c). The calcified, 

hypertrophic cartilage is degraded by osteoclasts and replaced by trabecular bone produced by 

osteoblasts. Parallel with the formation of the bone cavity, the perichondrium around the 

hypertrophic zone is ossified by IO and become the periosteum forming the cortical bone of the 

shaft (d). At the center of epiphyses, called secondary ossification center, a similar process 

removes most of the cartilage, leaving back only the permanent articular cartilage at the ends 

of the bone.  (e).  In human, after the end of puberty a remnant of the growth plate remains and 

the epiphysis and the diaphysis fuse (f) (Salazar et al., 201666).III  

1.2.4 CARTILAGE DEVELOPMENT  - TRANSCRIPTIONAL REGULATION  

Chondrogenesis describes the process of cartilage development, which is modulated by 

multiple signaling and transcription factors. One of the most important transcription factors is 

SOX-9. SOX-9 firstly was described by Foster et al. who found mutations in the SRY-box 9 

(sex-determining region of y; SOX-9) region68. This region is a member of the HMG-box (high-

mobility group) class DNA-binging protein, which is responsible for several skeletal 

malformations. For that reason, many researches started to identify the role of SOX-9 as 

transcription factor for chondrogenesis67. Foster et al., for example, could show that 

heterozygous mutation of SOX-9 results in campomelic dysplasia, a rare disorder characterized 

by various skeletal malformations68. Analysis of chimeric SOX-9-/- mice have demonstrated that 

 
III  Reprinted by permission from Springer Nature, Nature Reviews Endocrinology; ĂBMP signalling in skeletal 

development, disease and repairñ, Valerie S. Salazar et al, ©2016  
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SOX-9 deficient progenitor cells do not differentiate into chondrocytes implicating the pivotal 

role of this transcription factor in chondrogenesis69. Additionally, differentiation of SOX-9-/- 

embryonic stem (ES) cells in vitro have failed to produce cartilaginous nodules confirming the 

essential role of SOX-9 in cartilage formation69. During  chondrogenic differentiation, SOX-9 

induces the expression  of other SOX-family members, SOX-5 and SOX-6, and cooperates with 

them in the  control of chondrocyte phenotype and the expression of genes encoding for 

cartilage specific ECM molecules, for example collagen type II  and aggrecan, indicating its 

essential contribution to skeletogenesis70,71,72. SOX-9 is expressed in the early stage of 

chondrogenesis during the mesenchymal condensation. The lack of SOX-9 in mouse models 

results in skeletal defects, for example campomelic dysplasia type I (CMPDI)73,74. Despite the 

important role of SOX-9 in chondrogenesis, Liu et al. reported that SOX-9 is a non-master 

pioneer factor, which is not pivotal for activation of marker genes at the onset of chondrogenesis 

and therefore demands further investigations on transcription activating factors75. Maturation 

of hypertrophic chondrocytes is associated with decrease of SOX-9 and the upregulation of 

other transcription factors like runt-related transcription factor 2 (RUNX-2)76. As 

aforementioned, cartilaginous remodeling during bone development is regulated by MMPs and 

collagen type X, which is modulated through Indian hedgehog (Ihh) induced expression of 

RUNX-2 in hypertrophic chondrocytes and perichondral osteoprogenitor cells77,78. Thus, 

RUNX-2 is essentially influencing both maturation of chondrocytes and osteoblast 

differentiation, and is regarded as a  master osteogenic transcription factor79. 

1.2.5 PATHOPHYSIOLOGY  OF THE ARTICULAR CARTILAGE  DURING 

OSTEOARTHRITIS  

Homeostasis of cartilage is described by a well-organized structure into previously described 

zones with healthy chondrocytes. Although chondrocytes themselves provide poor self-

renewability, they replace ECM in a low-turnover state to maintain an equilibrated 

environment. This can be negatively influenced by different biomechanical changes due to 

trauma or congenital, as already mentioned, (secondary OA) or idiopathic (primary OA). As 

consequence, the production of proteolytic enzymes by activated chondrocytes induces a 

catabolic metabolism which is schematically represented in Figure 4. The inflammatory 

response is characterized by elevation of cytokines such as interleukin (IL ) 1 and 6, tumor 

necrosis factor Ŭ (TNF-Ŭ), c-reactive protein (CRP) and prostaglandin 2 (PGE2). However, 

cartilage as an avascular and non-innervated tissue is unable to be the source of pain and 

inflammation. Most likely in early stages of OA these inflammatory factors originate from the 

surrounding tissues, such as joint capsule, synovia, subchondral bone, muscles or ligaments. 
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Only a small amount of catabolic proteins expressed from senescent chondrocytes can induce 

inflammation themselves1. Cartilage tissue breakdown is mediated by matrix degrading 

enzymes such as MMPs (1,3,13) and ADAMTS 4 and 5 (a disintegrin and metalloproteinase 

with thrombospondin motifs), which are degrading collagen type II and aggrecan, respectively3. 

Therefore, collagen and proteoglycans networks are compromised, introducing a chronic 

destruction of AC. Loss of fibrillation of proteoglycans due to increased degradation and 

decreased synthesis, leads to higher water content in cartilage with swelling and over time with 

loss of viscosity and resiliency80. This degeneration process firstly starts in the superficial zone 

where chondrocyte density diminished due to apoptosis and the remaining chondrocytes 

become hypertrophic. In addition, superficial fibrillations followed by deep cracks and fissures 

including also deeper zones, hinder frictionless movements of the joints. Finally, subchondral 

bone is partly not covered by AC anymore and becomes part of the articulating surface in 

joints81.  

 

Figure 4: Schematic image of pathophysiology of osteoarthritis. Inflammatory cytokines 

(TNF-Ŭ, IL-1/4, TGF-ɓ, IFN-ɔ) activate MMPs and ADAMTS, resulting in cartilage erosion 

with fissural lesions and synovium thickness. Subchondral bone is affected by osteophyte 

formation, sclerosis and pore formation. Chondrocytes are hypertrophic and apoptotic, 

osteoclasts are activated (Glyn-Jones et al., 20153).IV 

 
IV Reprinted by permission from Elsevier, The Lancet; ĂOsteoarthritis ñ, S Glyn-Jones,A J R Palmer,R Agricola,A 

J Price,T L Vincent,H Weinans,A J Carr, ©2015 
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1.3 CURRENT TREATMENT S 

The available treatments for OA focus on pain release and symptomatic therapies to improve 

quality of life and joint function. The most recommended societies worldwide drawing up 

guidelines for OA treatments are the Osteoarthritis Research Society International (OARSI), 

the American College of Rheumatology (ACR) and the American Academy of Orthopedic 

Surgeons (AAOS). In the German guideline for osteoarthritis of the knee published in 2018, 

the recommendations of the AAOS and OARSI were considered12. In early stages of OA 

lifestyle changes and conservative treatments are the main strategy. Light to moderate exercises, 

such as aqua-therapy, are recommended to maintain muscular tone without putting too much 

pressure on the affected joints. Alternatives such as heat therapy, orthoses or acupuncture are 

beneficial, but their efficiency is not yet proven82. Apart from building up muscles to increase 

joint stability another desirable effect of physical activity is the weight loss, which in turn 

reduces overload and as well as inflammation of the joint. Moreover, exercises reduce 

additional risk factors for OA, for example diabetes and cardiovascular diseases83. When non-

pharmacological treatments are unsatisfactory, a combination with analgesics like paracetamol, 

non-steroidal anti-inflammatory drugs (NSAIDs) and later on opioid analgesics, are the most 

common recommended therapies, because of their double action on pain and inflammation84. 

However, multiple side-effects of these analgesics, particularly NSAID, especially affecting the 

kidney, the cardiovascular system and the gastro-intestinal-tract, have restricted their 

application85.  

Additional treatment of OA is the intra-articular (IA) injection of medications, which is 

providing a more localized and less systemic effect. In these cases, however, attention should 

be paid to the fact that every articular injection bears the risk of a possible joint infection. The 

major drugs used for IA treatment are corticosteroids and hyaluronic acid. Corticosteroids 

suppress inflammation, reduce pain and improve mobility86. As a natural glycosaminoglycan, 

hyaluronic acid is present in normal as well as in osteoarthritic joint fluid. However, the HA 

content in OA joint is decreased. Its lubricating, shock absorbing and possibly anti-

inflammatory properties are accountable for the promising attempts in IA treatments87,88. If the 

prescribed conservative treatments fail, surgical approaches must be considered. 

1.3.1 SURGICAL APPROACH ES  

1.3.1.1 Arthroscopic lavage/debridement 

Concerning surgical interventions, the first attempt to be considered is arthroscopic lavage. This 

method covers the removal of loose damaged tissue, pro-inflammatory cytokines as well as 
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catabolic proteins from the joint cavity via rinsing with saline solution to improve symptoms 

and mobility. Arthroscopic debridement is described by shaving cartilaginous or meniscal tears 

as well as synovectomy or meniscectomy. The outcome of these techniques such as reduced 

pain, may last for several months, but they do not stimulate cartilage regeneration. In addition, 

the evidence regarding efficiency is controversially discussed10,89,90. An important benefit of 

arthroscopic inspection of the knee is the diagnostic information provided and the possible 

combination with further techniques such as microfracture surgery and autologous chondrocyte 

implantation (ACI).   

1.3.1.2 Bone marrow stimulation and osteochondral grafting 

Bone marrow stimulation is possible for small cartilage defects not greater than 2 x 2 cm² and 

in patients without high mobility demands91. Different techniques such as microfracturing with 

an awl or drilling are available to penetrate the subchondral bone and therefore induce new 

vascularization, offering bone marrow stromal cells as well as growth factors to enter the 

cartilage defect site and initiate repair processes as demonstrated in Figure 5. Follow-up studies 

demonstrated that the newly build tissue filling the defect area is fibrocartilage-like, with a 

lower load capacity compared to native hyaline cartilage. Best outcomes were observed in 

young patients with smaller defects, because of the higher regenerative potential in younger 

ages92. The technique is approved to be safe, and due to its low costs and simple handling it is 

recommended as a first-line treatment93,92. 
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Figure 5: Schematic illustration of the microfracture technique. First, margins of cartilage 

defects are smoothened (A), followed by removing of calcified cartilage (B). With the help of 

an awl, subchondral holes are homogenously placed above the cartilage defect (C). A 

mesenchymal clot is filling the defect (D) (Mithoefer et al., 200992).V 

Osteochondral autologous/allogenic transfer system (OATS) or ñmosaicplastyò is an 

autologous or allogenic transplantation of a cartilage-subchondral bone barrel in defects up to 

2 cm². Patients with failed first-line treatments are also candidates for OATS-based therapy. 

One or more plugs are taken from non-weight bearing areas like the medial or lateral trochlea 

and are transferred into the chondral defect. The comorbidity of the donor site is a relevant 

drawback of this technique94. As cartilage has difficulties in healing into chondral defects, the 

bone-to-bone contact has greater and faster healing-in potential. Clinical results are promising 

and proven to be better than the microfracture technique95. 

1.3.1.3 Autologous chondrocyte implantation (ACI) 

Autologous chondrocyte implantation (ACI) is a procedure, which was developed in 1994 by 

Brittberg et al.96. The ACI technique requires two operations: In the first arthroscopic surgery 

healthy cartilage from a low weight-bearing area is dissected to isolate and expand 

chondrocytes in vitro. After three to four weeks the expanded chondrocytes are transferred into 

 
V Reprinted by permission from SAGE Publications, American Journal of Sports Medicine; ĂClinical efficacy of 

the microfracture technique for articular cartilage repair in the knee: an evidence-based systematic analysisñ, Kai 

Mithoefer, Timothy McAdams, Riley J. Williams, Peter C. Kreuz, et al., ©2009 



1 INTRODUCTION 

15 

the smoothened chondral defect and fixed under a periostal flap97. In Figure 6 the required steps 

are demonstrated. Newer generations of the ACI technique take advantage of biomaterial like 

collagen membranes, fibrins or hyaluronic acids. Chondrocytes are seeded onto these materials, 

which enables a less traumatic second surgery for reimplantation98. The third generation, also 

known as matrix-associated autologous chondrocyte implantation (MACI), involves three-

dimensional scaffolds covered with chondrocytes that are implemented into the defect area99. 

The new-built cartilage is inferior hyaline up to fibrocartilage without the properties of articular 

cartilage. This is, besides the donor-site morbidity caused by cartilage extraction, one of the 

disadvantages of ACI100,94. In addition, chondrocytes may dedifferentiate during expansion in 

cell culture, losing their potential to generate cartilage in vivo.  

To recapitulate, lesions smaller than 2 cm² are supposed to be treated by bone marrow 

stimulating techniques101. If defects are bigger and patients are young and active, ACI should 

be preferred as it has the best clinical outcome in these defects. Defects involving subchondral 

bone profit from OATS102,103. In advanced stages of osteoarthritic cartilage when degeneration 

spreads out and defects exceed treatable dimensions for the previous described methods, joint 

replacement must be considered.  

 

Figure 6: Schematic illustration of tissue engineering techniques for AC. The main weight 

bearing area of the lateral tibia presents a focal chondral lesion (a). First, margins of cartilage 

defects are smoothed and calcified cartilage is removed (b). With the help of an awl, 

microfractures are performed (c). ACI is performed via chondrocyte injection below a periostal 

flap, covering the cartilage defect (d). New tissue engineering attempts to use cell-seeded 

scaffolds (MACI) that are secured into cartilage defect via fibrin glue (d) (Makris et al., 

2014104).VI 

 
VI Reprinted by permission from Springer Nature, Nature Reviews Rheumatology; ĂRepair and tissue engineering 

techniques for articular cartilageñ, Eleftherios A. Makris et al, ©2014 
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1.3.1.4 Joint replacement 

The final remaining choice in advanced stages of OA to reduce joint pain and improve 

movement and life-quality is total joint replacement105. There exist different kinds of prothesis 

to replace either total joint or just parts of it, for example solely the medial condyle in the knee. 

The outcome of patients with unicompartmental knee arthroplasty (UKA) compared to total 

knee arthroplasty (TKA) is better regarding mobility and blood loss. In addition, movements in 

knees with unilateral prothesis are more natural106. Metal, polyethylene or ceramic are the most 

common materials used for these prothesis. Implantations of foreign material are at high risk of 

infection peri- or postoperative, but another adverse effect is described by periprothetic 

osteolysis with implant loosening, reducing the life expectancy of joint prothesis to less than 

15 years107. For this reason, arthroplasty should be only considered in patients older than 60 

years to avoid complicated revision surgeries90.  

1.3.1.5 Developing emerging treatments 

The novel treatments against OA are predominantly focusing on counteracting the 

inflammatory component which characterizes OA and are mostly based on blocking antibodies. 

A major target are TNF-Ŭ receptor antagonists such as Adalimumab  (Humira; Abbott 

Laboratories, IL, USA) or Infliximab (Remicade, Böhringer Ingelheim, Deutschland), both 

monoclonal antibodies (mAB) that are already applied for the treatment of rheumatoid arthritis 

(RA)108. Anyway, in contrast to the successful treatment of RA with Adalimumab, the outcomes 

for OA are predominantly unconvincing. Yet, new promises are offered by the newly developed 

monoclonal antibodies against IL-1Ŭ and IL-1ɓ109,110. Other preclinical studies using mABs  

against ADAMTS-5 aiming to stop articular surface degradation, have shown beneficial effects 

such as reduced osteophyte formation and cartilage damage but still present  many adverse 

effects111. Also, the expression of VEGF may constitute a possible target in OA treatment. 

Monoclonal AB against VEGF, such as Bevacizumab, could reduce pain and OA progression 

in animal models112. Another strategy is addressing pain as the main complaint in patients with 

OA. Tanezumab, a mAB against nerve growth factor (NGF) was found to be efficient in 

modulating pain, but still no positive effects on disease progression have been reported113. 

Together with the blocking antibody strategies, also the field of novel cell-based therapies using 

mainly stem progenitor cells or more recently induced pluripotent stem cells (iPSCs) is in 

continuous development. The properties of adult mesenchymal stem cells and their potential in 

tissue repair are the pivotal issues of this thesis and therefore will be described in detail in the 

next chapters. 
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1.4 HUMAN MESENCHYMAL STEM CELLS  

1.4.1 THE POTENTIAL OF MSCS  

The drawbacks of the available OA treatments like invasive and multiple surgeries, restricted 

number of chondrocytes and their unavoidable in vitro de-differentiation, push the necessity for 

alternative strategies focusing on regenerative therapies. In this respect, the use of mesenchymal 

stem cells (MSCs) represents one of the most promising approaches. MSCs are multipotent 

cells, meaning they have differentiation potential to cells related to their original germ layer 

such as chondrocytes, adipocytes, osteocytes, myocytes, fibroblasts and other cells of 

connective tissue (Figure 7)114. They were first described by Friedenstein et al. as non-

hematopoietic, colony-forming cells with spindle-like shapes115,116. MSCs retain commitment 

to their original lineage when expanded ex vivo and exhibit high self-renewal ability. Due to 

the lack of clear and exclusive identification markers, the International Society for Cell and 

Gene Therapy (ISCT) introduced three criteria to precise the definition of stem cells and to 

allow a distinction between the different populations of MSC progenitor cells. These criteria 

include plastic adherence, in vitro differentiation potential towards osteogenic, chondrogenic 

and adipogenic lineages and finally the expression of the surface protein CD73 as well as the 

ECM proteins CD90 and CD105 and absence of the hematopoietic antigen CD34 and CD45 as 

well as markers for B-cells, macrophages and monocytes (for example: CD11b, CD14, CD19 

and CD31)117. Altogether, MSCs ease of harvest, in vitro high-self renewal, multipotency, and 

additionally, their immunomodulatory, paracrine effects as well as their ability to home to target 

tissues, provide their clinical relevance in cartilage regeneration and repair. An additional 

advantage of MSC-based treatment approaches is low immunogenicity, allowing allogenic 

MSC transplantation, which simplifies their employment and reduces possible side-effects.     
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Figure 7: Multilineage differentiation potential of MSCs. Presented are the lineages MSCs 

are able to differentiate into (DiMarino, A. M., et al., 2013118). VII   

1.4.2 ORIGINS OF MSCS 

Adult MSCs may be of different origins. They can be isolated from bone marrow where they 

mainly reside, but also from adipose tissue, skeletal muscle, synovial membrane, periosteum, 

liver, lung and from peripheral or cord blood. Because of the easy availability, the high 

chondrogenic potential and the already available comprehensive research, bone-marrow-(BM)-

derived and adipose-derived-MSCs (ASCs) are the preferred cell origins for cartilage repair119. 

As BM-MSCs and ASCs are from different origins and display different populations, there exist 

significant differences regarding their properties as well as donor-dependent characteristics. 

Bone-marrow derived MSCs have been the main source to harvest multipotent MSCs. To date, 

MSCs from bone-marrow have shown the best potential in term of differentiation ability. 

Nevertheless, when challenged towards chondrogenesis, BM-MSCs tend to form calcified or 

fibrous tissues. This in concomitance with the comorbidity associated with the isolation 

procedures and the limited amount of cells present in the tissue have shift the interest of 

researchers and clinicians towards ASCs120,121. 

 
VII  Licensed under CC BY- 3.0; [https://creativecommons.org/licenses/by/3.0/deed.de]: ñTHE MESENGENIC 

PROCESSò by DiMarino, A. M., Caplan, A. I. & Bonfield, T. L.  
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ASCs are much easier to harvest during minimal invasive liposuction or lipoaspirates of 

subcutaneous tissue from easily accessible parts of the body. The frequency of cells occurring 

in fat is 300-fold  higher compared to bone marrow122,123. Their capacity to differentiate into 

multiple lineages, together with a genetical and morphological long-term stability in culture, 

highlight ASCs as good alternative to BM-MSCs for clinical applications124,125. 

1.4.3 POTENTIAL MODE OF ACTIONS OF  MSCS IN REGENERATIVE 

MEDICINE  

In the past decades it was thought that MSCs could migrate and engraft into the defect area, 

differentiate into the injured cell lineage and regenerate the damaged tissue126. According to 

this belief, many studies undertook a straight experimental set-up, where MSCs were directly 

applied to the defect site and afterwards regeneration was analyzed. However, several studies 

demonstrated that MSCs do not engraft in significant number towards the defect area and for 

that reason do not explain the reported tissue replacement127. These findings initiated a 

considerable debate about the fate and mechanism of action of MSCs. The novel and nowadays 

most accepted theory is that MSCs do not actively participate in the regeneration but act in a 

paracrine manner by releasing chemokines and growth factors which modulate immune 

response, and enhance cell proliferation, migration and differentiation of native tissue cells. The 

paracrine activity appears in secretion of bioactive molecules such as VEGF, transforming 

growth factor beta (TGF-ɓ) and fibroblast growth factors (FGFs), which all support and 

modulate regenerative processes128. Furthermore, MSCs interact with immune cells, where they 

suppress proliferation and cytokine production of inflammatory T-cells, as well as inhibiting B-

cell activity and antibody secretion129. First evidences of immunomodulatory actions of MSCs 

were observed, when MSCs were added to mixed lymphocyte reaction assays (MLR), a mix of 

mononuclear cells from mismatched peripheral blood. It was observed that T-cell expansion 

was reduced in presence of MSCs126,130. Further, the expression of inflammatory factors (TNF-

Ŭ, IL-1ɓ, IL-6) by activated macrophages can be reduced in presence of MSCs. A possible 

explanation for these observations is the expression of TNF-Ŭ -stimulated gene protein (TSG)-

6 and PGE2. TSG6 is supposed to suppress NF-kB (nuclear factor 'kappa-light-chain-enhancer' 

of activated B-cells) activity in macrophages and other cells, whereas PGE2 induces the release 

of IL-10, an anti-inflammatory protein131,132. Further studies observed that the secretome of 

MSCs contains factors, which in part still remain undefined, but support cell survival, stimulate 

angiogenesis and decrease number of apoptotic cells133. In summary, MSCs provide high anti-

inflammatory potential and ensure good conditions for tissue repair, although according to 

current knowledge the majority of the signaling pathways remain unclear.  
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1.4.4 MSCS DELIVERY  OPTIONS 

MSCs are considered as a promising therapy for cartilage regeneration due to their direct 

chondrogenic differentiation ability, secretion of paracrine factors and immunomodulatory 

effects. However, MSCs are sensible regarding their environment and thus require suitable 

delivery carriers and methods to avoid apoptosis/necrosis, differentiation into unwanted 

lineages or de-differentiation of committed cell types134,135. Besides static scaffolds, research 

for OA focuses especially on hydrogels that allow homogenous cell distribution and minimal-

invasive intra-articular injection. Hydrogels can be characterized by their synthetic or natural 

origin and their chemical and physical composition of the protein network. Additionally, a good 

biocompatibility and low immunogenicity is of outmost importance136. Furthermore, the shape 

adaptability of hydrogels, enables them to be used in different injection devices (e.g., prefilled 

syringes) and to fill any target space. In this study, a fibrin hydrogel was chosen as cell carrier. 

Fibrin hydrogel is a degradable, nontoxic biopolymer-based hydrogel consisting of two main 

components: fibrinopeptides and thrombin. By simulating an important step of blood 

coagulation cascade, thrombin, a protease mainly isolated from bovine plasma, cleaves 

fibrinopeptide A and B from fibrinogen and thus fibrin is formed137. Fibrin is a clinically 

approved hydrogel, with proven high biocompatibility138, low immunogenicity, regulated 

degradation as well as good properties for cell adherences and migration138,139. Fibrin is also 

remodeled in vivo by degradation via several proteases such as plasmin. The degradation 

process can be observed in vitro by shrinking of the fibrin hydrogel140,141. Variations in the 

formulation result in different mechanical properties such as alterations in fibrin fiber diameter 

or pore sizes142. For example, to improve stability higher concentrations of thrombin can be 

used. In this way fibrin gels provide higher resistance to fibrinolysis, while fiber diameters 

decrease137.  
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Figure 8: Schematic illustration of fibrin hydrogel as 3D scaffold. Isolated cells are mixed 

with fibrinogen solution. With addition of thrombin solution, gelation starts and a three-

dimensional scaffold is formed (Li Y. et al, 2015 138).VIII  

In the cartilage research field, another commonly used scaffold is hyaluronic acid (HA). HA is 

a naturally occurring component in synovial joint fluid. Hyaluronic acid-based scaffolds are 

provided as meshes, sponges or more frequently as hydrogels143. Due to chemical or physical 

cross-linking methods, HA hydrogels provide higher resistance against mechanical stress 

compared to fibrin hydrogels144. Furthermore, HA is able to obtain and even promote 

differentiation capabilities of MSCs towards chondrogenic lineage, which make them attractive 

especially for cell delivery devices in OA treatment 143. Nevertheless, due to a short half-life 

time application of HA is limited, although chemical modifications can prolong this half-life 

time of HA145. Another disadvantage of HA is the non-adhesive surface, which enables MSCs 

to move, but at the same time make them lose their proliferation capability at higher 

concentrations146. For that reason, HA-based-scaffolds as well as alginate-based scaffolds can 

be modified by additional arginine-glycine-aspartate (RGD) sequences to improve cellular 

adhesion. They provide good properties for cell-delivery constructs themselves as well as in 

mixtures with other substrates such as fibrin or chondroitin sulfate. 

Synthetic hydrogels such as polyethylene-glycol (PEG), do have many advantages such as 

individual tailoring of mesh size, gelation and degradation properties to create an ideal delivery 

device for cells or drugs. For example, the degradation properties can be adjusted in a way, 

which allows specific rates for the cell release out of the hydrogel147. However, as a synthetic 

scaffold, PEG hydrogels are confronted with several problems such as limited biocompatibility, 

immobilization and low viability of cells. Natural hydrogels instead made of ECM components 

provide a more natural environment for cells148.  

 
VIII  Licensed under CC BY- 3.0 [https://creativecommons.org/licenses/by/3.0/]: ñSchematic illustration of 

fabrications of two- and three-dimensional cell culture scaffoldò by Li, Y., Meng, H., Liu, Y. & Lee, B. P 

https://creativecommons.org/licenses/by-sa/2.0/
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Collagen-based scaffolds are another approach for cell delivery. The main components used for 

these hydrogels are mainly collagen type I , but also collagen type II149.  For clinical usage it is 

mainly isolated from animals (for example: rat tendons), as it is a natural and abundant protein 

in ECM of mammalians. Collagen already provides a natural adherence, which is necessary for 

cell transplantation. Gelation of collagen is achieved either by increasing temperature or pH, 

which results in fibrillogenesis150. The 3D-environment of collagen hydrogels promotes higher 

matrix production of chondrocytes compared to control groups as Rutgers et al. could show151. 

Further, collagen-based scaffolds can be degraded by collagenases, which retains place for 

newly build tissue. On the other hand, the good biodegradability provokes limited stiffness for 

long time-periods as well as low mechanical stability. These properties can be improved 

chemically or physically, but the methods are limited and influence biodegradation processes. 

Altogether, collagen is a suitable hydrogel for cell delivery, but it is more useful for cell 

behavior studies where it is mainly utilized152.  

Alginate is a polysaccharide isolated from brown algae, which is (1,4)-linked to ɓ-d-

mannuronic (M) acid and Ŭ-l-guluronic (G) acid monomers. The interaction of cations such as 

calcium, barium or strontium with the G-monomers is responsible for the formation of 

crosslinking and leads to gelation153. With high polymer concentrations, mechanical stability 

increases and degradation processes are slowed down154. To provide a suitable cell delivery 

environment, alginate hydrogels must be modified to provide cell adhesion, which is not 

supported by native alginate itself. Therefore, further adhesion molecules such as laminin, 

fibronectin or collagen are linked to alginate155. Proteins containing high concentrations of 

RGD sequences are used as adhesion ligands as well. Numerous integrin receptors present on 

cell surfaces are binding to these ligands156. The 3D-structure of alginate hydrogels provides 

MSCs to obtain a rounded morphology, which promotes chondrogenesis157. However, native 

alginate is a non-degradable molecule, which can only be dissolved by release of divalent cross-

linking. If alginate previously underwent oxidation, very slowly degradation is possible. 

However, when degradation appears too slowly it hinders new tissue formation. Further, 

debates about the biocompatibility of alginate including possible foreign body reactions, evoke 

doubts about proper usage of alginate as cell delivery device158.   

1.5 INTEGRINS  

Integrins are transmembrane proteins which connect the cytoskeleton of a cell to the ECM. 

Acting as chemo- and mechano-transducers, they are responsible for the activation of several 
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outside-in and inside-out signaling pathways, involved in cell proliferation, migration, shape 

and orientation as well as survival and differentiation159. 

1.5.1 STRUCTURE OF INTEGRINS 

Integrins are heterodimeric transmembrane receptors composed by an Ŭ and a ɓ glycoprotein 

subunit that are non-covalently associated and have a large extracellular domain, whereas the 

intracellular or cytoplasmatic domain is short160. The human diversity of integrin subunits 

consists of 8 ɓ and 18 Ŭ subunits that can form together 24 different heterodimeric integrin 

receptors. Integrins can be further divided into subgroups according to their ligand specificity 

such as collagen, laminin, RGD and leucocyte-specific receptors (Figure 9). 

 

Figure 9: The integrin family in vertebrates. According to the binding specificity, integrins 

can be classified into four groups: collagen receptors, RGD receptors, laminin receptors and 

leukocyte receptors (Barczyk et al., 2000161).IX 

To be functional, activation of integrins is required, which is initiated by inside-out-signaling 

leading to conformational changes. For most integrins the cytoplasmatic ɓ tail gets activated by 

phosphorylation via talin or kindlin, leading to separation of the Ŭ and ɓ parts and further to 

integrin activation. In addition, the extracellular tail of the integrin pass through a 

conformational change, which increases the affinity to its ligands162,163. The signal transduction 

 
IX Reprinted by permission from John Wiley and Sons, Peridontology 2000; ĂRole of integrins in the periodontal 

ligament: organizers and facilitatorsñ, Donald Gullberg, Anne Isine Bolstad, Malgorzata Barczyk, © 2013 
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from extracellular ligands into the cell is so called outside-in signaling. The binding of an 

extracellular ligand results in several conformational changes such as separation of the 

transmembrane domain, which induces interactions with intracellular enzymes transferring the 

molecular information from the outside to the inside162. 

 

Figure 10: Schematic illustration of integrin structure. Integrins are heterodimers consisting 

of an Ŭ- and a ɓ-subunit. The extracellular head-region of the Ŭ-subunit contains the ŬI(ŬA)-

domain, seven-bladed ɓ-propeller domain for calcium binding and the ŬI domain with a 

binding-site for metal ions. The thigh domain connects the calf-1 and calf-2 domain as parts of 

the leg region. ɓ-subunit similarly consists of a ɓI(ɓA)-domain, which provides a ligand pocket 

together with the ɓ-propeller domain of the Ŭ-subunit. The leg region is formed by four EGF-1 

repeats that are connected to the PSI (plexin-semaphorin-integrin) and hybrid domain of the 

head region (Goswami, S, 2013 164).X 

The group of collagen-binding integrins consists of the subunits Ŭ1, Ŭ2, Ŭ10 and Ŭ11, all 

coupling with the ɓ1-subunit 165. Integrin Ŭ1ɓ1 was described to be expressed in trophoblasts 

after implantation, indicating a pivotal role during embryogenesis166. However, mice deficient 

in integrin Ŭ1, could develop normally and are fertile167. Together with integrin Ŭ2ɓ1 it is 

involved in the FAK (focal adhesion kinase) and p38 MAPK (mitogen-activated protein kinase) 

 
X Licensed under [https://creativecommons.org/licenses/by/4.0/] ñRepresentation of prototype ŬI-domain 

containing integrin heterodimerò: by Goswami, S.  
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pathway for the induction of MMP-13, which is activated for example during ostelysis168. 

Moreover, both collagen receptors are involved in chondrogenic differentiation of MSCs, as a 

strong activation of these receptors was observed by Goessler et al169. 

Integrin Ŭ11ɓ1 is a commonly investigated collagen receptor, which was first described in fetal 

muscles by Gullberg et al.170. Nowadays, it is found in fibroblasts, bones and muscles. Loss of 

integrin Ŭ11ɓ1 results in disorganized periodontal ligaments and dwarfism, indicating its  

pivotal role in fibroblasts for cell migration and collagen organization171. Moreover, Popov et 

al. found out that silencing of Ŭ2 and Ŭ11, two collagen type I receptors, leads to increased 

apoptosis, reduced cell adhesion and motility of MSCs as well as challenging bone development 

in mutant mice215.  

The subunit integrin Ŭ10 was first described by Camper et al. as a collagen type II  binding 

integrin expressed by chondrocytes172. It is expressed in growth plate and AC and therefore 

playing an important role in chondrogenesis as Bengtsson et al. already described in 2005, and 

eventually in AC homeostasis. In their study, mice lacking integrin Ŭ10 displayed mild 

chondrodysplasia with changes in cartilage structure and defects of chondrocyte shape, 

revealing the importance of integrins for cell-matrix interactions during endochondral 

ossification173. Furthermore, Varas et al. could show that integrin Ŭ10 is expressed in bone 

marrow MSCs and its expression is upregulated during chondrogenesis, suggesting integrin Ŭ10 

as a potential biomarker for chondrogenic potential of MSCs174. Recently, it was found that 

equine MSCs selected for high integrin Ŭ10 expression have the potential to hinder the onset of 

OA in an equine impact model175. This first preclinical trial demonstrated the safety and 

efficacy of intra-articular injection of allogenic integrin Ŭ10-selected adipose derived MSCs in 

a large animal. To date, no integrin Ŭ10 mutation has been identified in humans. However, in 

2013 an autosomal recessive chondrodysplasia caused by a nonsense mutation in ITGA10, 

affecting the Norwegian Elkhound and Karelian Bear Dog breeds was reported176. Integrin Ŭ10 

protein loss leads to disproportionate dwarfism, with anatomical features resembling the human 

spondylo-methaphyseal dysplasia. This canine phenotype further supports the important role of 

integrin Ŭ10 in cartilage and bone formation. More recently, integrin Ŭ10 was also found to be 

expressed in human glioblastomas, and glioblastoma cells selected for high integrin Ŭ10 

expression show increased proliferation and sphere formation177. Moreover, function-blocking 

antibodies against integrin Ŭ10, significantly suppressed tumor growth178
, spotlighting integrin 

Ŭ10 for its potential as a therapeutic target in treating glioblastomas.  
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1.5.2 MODELS OF INDUCED OSTEOARTHRITIS  

Osteoarthritis is mainly a degenerative disease, which is why it is appearing mostly in elderly 

people. In order to mimic the natural etiology of OA, spontaneous OA models that are very 

close to the primary OA in humans, appear most suitable. However, a long period of time is 

needed for developing OA, which goes along with higher maintaining costs. Also, larger 

numbers of animals are required to conduct the study, while higher variations of outcome are 

to be expected. In summary, all these disadvantages, make the spontaneous OA-models to some 

extent unattractive179,180. Another possibility is to induce OA. Often performed are the so-called 

injection models using mono-iodoacetate, collagenases, papain, carrageenan or others181.  

These models are primarily used for studying pain related effects of OA caused by 

inflammation, toxicity or cartilage damage182,183. The appearance of high numbers of dead 

chondrocytes and accelerated cartilage destruction are not comparable to the pathomechanism 

responsible for OA development in human. For these reasons, injection methods provide 

restricted validity for researches on the pathomechanism of human OA180. On the other hand, 

the surgically induced OA-models mimic predominantly post-traumatic development of OA in 

humans. Partial/total meniscectomy, destabilizations of the medial meniscus (DMM), resection 

of the anterior cruciate ligaments and osteotomy are besides numerous other methods 

commonly used models to induce OA, all with the goal to destabilize the knee184,185. The knee 

is the most frequently joint investigated. All surgical models offer high reproducibility. In 

particular, the DMM-model, causes mild-instability with slower progression of OA which is 

mimicking in a more resembling way human OA186,187. The applicability of the DMM model 

to mice also offers the possibility to implement knock out animals to study the precise role of a 

protein of interest during OA. For these reasons, the DMM model is currently the most 

commonly used surgical method to induce OA in mice and also the method of choice for this 

study. 
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Figure 11: DMM -Model: right knee of a mouse, frontal view. The destabilization of the 

medial meniscus is achieved by cutting the MMTL. F= Femur, T= Tibia, MM= medial 

meniscus, MMTL= medial meniscotibial ligament, LMTL= lateral meniscotibial ligament, 

ACL= anterior cruciate ligament (Glasson et al., 2007188).XI 

1.5.3 OA ANIMAL MODELS  

Osteoarthritis can be observed in different types of animals. Large animals such as sheep, goats 

or horses provide anatomic similarities to the human joint components especially regarding 

cartilage thickness. Therefore, they are crucial to obtain more clinically relevant data prior to 

therapeutic interventions185. On the other hand, small animals, like rodents for examples have 

been mainly used as models for osteoarthritis, because of inexpensive and standardized housing. 

Regarding the joint size and cartilage thickness, rats provide thicker AC compared to mice as 

Gregory et al. could show in their study189. However, cartilage loading in rats is different to 

humans and therefore rat models are not always comparable to humans190. In rabbit, the 

destabilization of the medial meniscus, leads to a successful induction of OA191. However, 

Pederson et al. introduced the fact that structural differences with higher density of 

chondrocytes as well as notably thinner cartilage are observed comparing human and rabbit AC 

as well as Glasson et al. did in mice AC192,193. Due to the considerable experience gained in our 

laboratory, modest costs and extensive knowledge in literature regarding mouse models, the 

mouse was the preferred animal for the present work. 

 
XI Reprinted by permission from Elsevier, Osteoarthritis and Cartilage; ĂThe surgical destabilization of the medial 

meniscus (DMM) model of osteoarthritis in the 129/SvEv mouseñ, S.S. Glasson,T.J. Blanchet,E.A. Morris, © 2007 
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1.6 AIMS OF THE THESIS  

As there is currently no disease-modifying osteoarthritis drug or treatment that can halt the 

progression of the disease or regenerate damaged joint cartilage, adult mesenchymal stem cell 

(MSC)-based therapies represent promising, minimally invasive treatment options for 

alleviating osteoarthritis and repairing cartilage lesions. In vitro differentiation of MSCs into 

different lineages can be modulated by a variety of factors including growth factors, cell-matrix 

interactions and mechanical stimulation. Recently, a subpopulation of monolayer-expanded 

bone marrow-derived MSCs expressing Ŭ10 integrin was identified with high chondrogenic 

potential in pellet culture, suggesting that Ŭ10ɓ1 may be a unique biomarker for quality 

assurance of MSCs used for cartilage repair. The main objective of this thesis is to determine 

the therapeutic effect of human BM-MSCs sorted for Ŭ10ɓ1 integrin (hereafter referred to as 

Ŭ10high MSCs) expression in a post-traumatic osteoarthritis (PT-OA) in vivo mouse model. 

Specifically, the following objectives have been identified:  

 

Á To demonstrate the improved chondrogenic potential of platelet lysate-treated, Ŭ10ɓ1 

integrin-sorted human MSCs (Ŭ10high MSC) in pellet culture. 

Á To identify a suitable hydrogel carrier for in vivo delivery of MSCs. 

Á To compare the effect of transplanted human Ŭ10high MSCs and unsorted human MSCs 

on the progression of OA in the destabilization of the medial meniscus (DMM) PT-OA 

mouse model. 

Á To identify the transplanted human MSCs in the joint eight weeks after surgery. 
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2 MATERIAL AND METHODS  

2.1 IN VITRO ANALYSIS  

2.1.1 PRIMARY CELLS  

The primary cells used for this study were human mesenchymal stem cells (MSCs) isolated 

from bone marrow (BM). The cells were isolated, characterized and kindly provided by Xintela 

AB (Lund, Sweden; CEO: Evy Lundgren-Âkerlund). Human BM-MSCs were firstly 

characterized by presence of the typical mesenchymal stem cell surface markers: CD105, 

CD73, CD90 and the absence of the hematopoietic markers: CD14, CD34, CD45117 by flow 

cytometry (BD AccuriTM C6, BD Bioscience, USA). Cells were cultured in DMEM/Hamôs 

F12 1:1 medium (Dulbeccoôs Modified Eagle Medium; GibcoÊ Thermo Fischer Scientific, 

USA) supplemented with 5% platelet lysate (Stemulate®; Cook general biotechnology, USA) 

and 1% penicillin/streptomycin (GibcoÊ Thermo Fischer Scientific, USA). After expansion, a 

portion of cells were stained using a proprietary monoclonal integrin Ŭ10 antibody (Xintela AB) 

and live cells were subjected to fluorescence-activated cell sorting by FACSAria (BD 

Bioscience, USA) in order to select a subpopulation with elevated integrin Ŭ10 expression, 

namely Ŭ10high MSCs. Discrimination of live/dead cells was assessed by 7-AAD staining 

(BioLegend). Sorted cells were washed in culture medium and re-seeded for recovery and 

expansion for one more passage before being aliquoted and frozen. In parallel, a portion of non-

sorted cells, namely unsorted MSCs, to be used as control, were expanded. Cells at passage 

three (unsorted MSCs) and passage four (Ŭ10high MSCs), were shipped overnight in dry ice to 

the Laboratory of ExperiMed (Hospital for General, Trauma and Reconstructive Surgery ï 

Ludwig-Maximilians-University, Munich) and stored in liquid nitrogen until used in the various 

in vitro and in vivo experiments. Cells were thawed, seeded and cultured to be used for studies 

of the chondrogenic, adipogenic and osteogenic differentiation potentials at passage four and 

five, respectively. 

2.1.2 CULTURE CONDITIONS  

2.1.2.1 Cell culture conditions 

For general expansion and subsequent experiments, cells were handled under sterile conditions 

in a primary cell culture laminar flow hood (Heraeus Instruments, Germany). The basic culture 

medium contained DMEM/Hamôs F12 1:1 medium (Dulbeccoôs Modified Eagle Medium/ 

Nutrient Mixture F-12 Ham; Merck, Germany) supplemented with 5% platelet lysate 

(Stemulate®; Cook general biotechnology, USA) and 1% penicillin/streptomycin (Life 
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Technology, USA). Cells were grown in monolayers in a hypoxic (4% O ) humidified incubator 

(MCO-5M, Sanyo, Germany) under constant conditions at 37 ÁC and 5% CO . Media was 

changed every 3-4 days and cell confluency never exceeded 80-90%. 

2.1.2.2 Passaging and counting of cells 

MSCs grown in monolayer were detached from the plastic using AccutaseTM (Thermo Fischer 

Scientific, USA). AccutaseTM is a gentle, less toxic cell-detachment solution with proteolytic 

and collagenolytic enzyme activity. In brief, cells were covered with AccutaseTM for less than 

5 min at 37 °C and 5% CO2 until cells detached. To neutralize AccutaseTM the double amount 

of fresh culture media was added. For counting, 10 µl of re-suspended cells was injected into 

Neubauer chamber (Brand, Germany). To determine the total number of cells per milliliter, 

cells were counted in all four quadrants (A, B, C and D) divided by 4 and multiplied by 10 : 

cells/ml = [(A+B+C+D)/4] x 10 . 

For re-plating, a defined number of cells was centrifuged at 300 g for 5 min (Universal 16 R 

centrifuge, Hettich Zentrifugen, Germany) and re-suspended in fresh culture media and poured 

into suitable flasks. 

2.1.2.3 Cryopreservation and thawing of cells 

For cryopreservation a pre-cooled freezing media containing 70% of culture media, 20% FBS 

(Sigma Aldrich, Germany) and 10% dimethyl sulfoxide (DMSO, Merck, Germany), was used. 

Cell aliquots in cryovials (Thermo Fischer Scientific, USA) were firstly placed at -80 °C in 

freezing containers with isopropanol and subsequently stored in liquid nitrogen. 

For thawing, cryovials were briefly placed in a water bath at 37 °C until suspension melted and 

immediately mixed with 5 volumes of fresh culture media and afterwards centrifuged for 5 min 

at 300 g (Universal 16 R centrifuge, Hettich Zentrifugen, Germany). Aspiration of supernatant 

was followed by resuspending cells with fresh and pre-warmed culture media. For culturing, 

cells were transferred in T-175 or T-225 cell culture flasks (Thermo Fischer Scientific, USA) 

and after 24 hours culture media was changed in order to remove non-attached cells. 

2.1.2.4 Cell culture dishes 

Dishes and flasks used in this study for in vitro cell culture were T-75, T-175, T-125 cell culture 

flasks, 6-well and 96-well-plates and 3,5 cm culture petri dishes, all purchased from Thermo 

Fischer Scientific (USA), Greiner bio-one, (Germany), Sarstedt AG & Co. (Germany) and 

Corning Inc. (USA). 
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2.1.3 TRILINEAGE DIFFERENTIATIONS  

2.1.3.1 Osteogenic differentiation  

For osteogenic differentiation MSCs were plated into 6-well-plates and expanded to 70-80% 

confluency. DMEM-high glucose media (Thermo Fischer Scientific, USA) supplemented with 

10% FBS, 10 mM ß-Glycerolphosphat, 50 µM L-ascorbic-acid 2-phosphate, 100 nM 

dexamethasone (all Sigma-Aldrich, Germany) and 1% penicillin/streptomycin (Merck, 

Germany) was used to induce differentiation. Control groups received basic culture media. 

Media was changed twice per week. After 21 days osteogenic differentiation was ended and 

matrix mineralization was detected via Alizarin Red staining. In brief, cells were washed with 

PBS (phosphate-buffered saline) and fixed with 4% Paraformaldehyde/PBS solution (PFA; 

Merck, Germany) for 15 min at room temperature (RT). Fixative was washed with distilled 

water (dH2O) and cells plus eventual deposited matrix were stained with 40 mM Alizarin Red 

Stain solution (Osteogenesis Assay Kit, Millipore, USA) for 20 min at RT. In order to remove 

unbound staining, dishes were washed with dH2O three times. Pictures were taken (10x 

magnification) on AxioVert 40CFL microscope with AxioCam 105 color camera (Zeiss, 

Germany). To quantify osteogenic differentiation, the Osteogenesis Assay Kit (Millipore, USA) 

was used. Alizarin-stained plates were incubated with 10% acetic acid (Sigma-Aldrich, USA) 

for 30 min at RT, scraped from bottom, transferred into tubes (Eppendorf, Germany) and heated 

at 85 °C for 10 min (Thermomixer comfort, Eppendorf Germany). After centrifugation for 15 

min at 14000 g (Centrifuge 5415 D, Eppendorf, Germany), pH of supernatant was neutralized 

with 10% ammonium hydroxide (Sigma Aldrich, USA). To measure the optical density at 405 

nm a Multiskan FC microtiter-plate reader (Thermo Fischer Scientific, USA) was used. Finally, 

to calculate the absolute Alizarin Red content, all sample values were compared to a standard 

curve of serial Alizarin Red solutions. 

2.1.3.2 Adipogenic differentiat ion 

For adipogenic differentiation cells were plated into 6-well plates. When cell density reached 

approximately 90-100% confluence, DMEM-high glucose media (Thermo Fischer Scientific, 

USA) supplemented with 10% FBS, 1 µM dexamethasone, 0,1 mg/ml insulin, 0,2 mM 

indomethacin, 1 mM 3-isobutyl-1-methylxanthine and (all Sigma-Aldrich, USA) 1% 

penicillin/streptomycin (Merck, Germany) was added to induce differentiation for five days. 

For the following two days, cells were maintained in a DMEM-high glucose conservation media 

composed of 10% FBS, 0,1 mg/ml Insulin and 1% penicillin/streptomycin. Induction and 

conservation media were consecutively changed for three weeks. Controls were kept in basic 
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culture media. To quantify adipogenic differentiation lipid vacuole formation was visualized 

by Bodipy-staining. After 21 days, cells were washed with PBS, fixed for 25 min at RT with 

4% PFA (Merck, Germany) and then incubated with Bodipy staining (1:2500, diluted in dH2O 

Thermo Fischer Scientific, USA) for 15 min. After washing unbound solution, pictures were 

taken with AxioObserver Z1 using AxioCam MRm color camera (Zeiss, Germany) (10x 

magnification). Lipid vacuoles were analyzed and quantified with ImageJ 

(https://imagej.nih.gov/ij/; USA) and Microsoft Office Excel (Microsoft, USA). A threshold for 

dark background was adjusted to detect the bright-green colored areas representing lipid 

vacuoles. 

2.1.3.3 Chondrogenic differentiation  

Chondrogenesis was induced using pellet culture. The chondrogenic basic medium consisted 

of DMEM High Glucose (Thermo Fischer Scientific, USA), dexamethasone (10 µM), L-

ascorbic-acid 2 Phosphate (0,195 mM), sodium pyruvate (1 mM), 1% ITS+3 (insulin, 

transferrin and selenite) (all Sigma-Aldrich, USA) and penicillin /streptomycin (100 IU/ml, 

Merck, Germany). Aliquots of 2 x 105 cells were transferred in 96 V-bottom non-treated 

polypropylene plates (Corning Inc., USA) in respective medium. Negative controls obtained 

chondrogenic basic media, the correspondent differentiation media was supplemented with 

TGF-ß1 (20 ng/ml) and BMP-2 (100 ng/ml) (both R&D Systems, USA). The whole plate was 

centrifuged at 300 g for 5 min (CT 4 22 Centrifuge, Thermo Fischer Scientific, USA) to induce 

pellet formation. Pellets were cultured in a humidified hypoxic incubator (2% O , 5% CO; 

MCO-5M, Sanyo, Japan) at 37 °C for 28 days. Media changes were performed three times a 

week. After 28 days, pellets were washed once with PBS (Merck, Germany), then fixed with 

4% paraformaldehyde for two hours at RT. Next, pellets were rinsed 3x5 min with PBS and 

incubated in 30% sucrose (Merck, Germany) for 3 hours at RT. Next, pellets were placed in 

disposable cassettes and enclosed in cryomedia (Tissue-Tek O.C.T compound, Sakura, USA). 

Gradual sample freezing was achieved by placing the cassettes on a copper plate placed on dry 

ice. Samples were stored, wrapped in parafilm (Thermo Fischer Scientific, USA), at -20 °C 

until use. The cryotome Microm HM500O (Thermo Fisher Scientific, USA) was used for 

cutting cryosections of 7 µm thickness. Slices were collected onto SuperFrost Plus glass slides 

(Thermo Fischer Scientific, USA) and stored at -20 °C. 

2.1.3.4 Safranin-O-staining on pellets 

Proteoglycans are together with collagen type II  the major components of the ECM in cartilage. 

Safranin-O is a basic stain, which binds with strong affinity to the acidic proteoglycans. The 
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content of proteoglycans is proportional to the intensity of the staining. Pellet sections were 

rehydrated twice with PBS and then incubated with 0.1% Safranin-O- staining solution (Sigma 

Aldrich, USA) for 5 min. To dispose redundant staining solution, slides were turned on 

Watman-paper (Roth, Germany). Finally, slides were mounted with Roti-Histokitt® (Roth, 

Germany). Pictures (5x magnification) were taken with AxioVert 40 CFL using AxioCam 105 

color camera (Zeiss, Germany). 

2.1.3.5 Immunohistochemistry 

Immunolocalization of aggrecan and collagen type II  as chondrogenic markers was performed 

as follow. Slides were let stand 30 min at RT, rehydrated and then endogenous peroxidase were 

quenched for 20 min in 30% H2O2 in absolute methanol. Afterwards sections were washed in 

PBS and then incubated with 0.2% hyaluronidase in PBS (pH=5; Sigma-Aldrich, USA) for 30 

min at 37 °C. For aggrecan staining, specimens were blocked in 1% BSA/PBS (bovine serum 

albumin; pH=7,4; Roth, Germany) for one hour at RT, followed by incubation with the 

polyclonal primary antibody (AB1031, Chemicon/Milipore, USA) diluted 1:200 in the blocking 

solution at 4 °C overnight. For collagen type II  staining, sections were blocked in 25% 

M.O.M.Ê Mouse IgG Blocking Reagent (Vector Laboratories, USA) in PBS for one hour and 

afterwards incubated for 5 min in 12.5% M.O.M.Ê Diluent in PBS. The mouse monoclonal 

primary antibody for collagen type II (II - II6B3-s, DSHB, USA) was diluted 1:10 in protein 

concentrate, applied on sections and incubated at 4 °C overnight.  

Next day, sections were washed in PBS and for the aggrecan-staining, the biotinylated goat 

anti-rabbit antibody of the Vectastain® Rabbit ABC Kit (Vector Laboratories, USA) was 

diluted in blocking solution and incubated for one hour. The biotinylated anti-mouse antibody 

for collagen type II staining was diluted in PBS and incubated for 10 min. Detection of the 

secondary antibody was achieved with the Avidin-Biotin Complex (ABC) reagent Kit, prepared 

30 min before application and applied for 30 min. DAB Staining was prepared by diluting 

0,027g DAB (3,3ô-Diaminobenzidine; Sigma-Aldrich, USA) in dH2O and TRIS-HCl 

(Tris(hydroxymethyl)aminomethane hydrochloride; pH=7,6; Sigma-Aldrich, USA) and adding 

just before use a solution of 20% H2O2 (Roth, Germany). DAB reaction lasted 7 min in dark 

and was stopped with dH2O. Nucleic counterstaining was performed with Mayerôs Hªmalaun 

(Roth, Germany) and thereafter rinsed in tap water. Finally, sections were dehydrated in 90%, 

100%, EtOH, 2x Xylol (3 min each) and mounted with Roti-Histokit® (Roth, Germany). For 

negative controls, primary antibody incubation was skipped. Pictures (10x) were taken 

Axioobserver Z1 using AxioCam MRm colour camera (Zeiss, Germany). 
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2.1.4 MESSENGER RNA ANALYSIS 

2.1.4.1 Total RNA Isolation  

From cells 

For the analysis of RNA expression of differentiation markers during adipogenic and osteogenic 

differentiation the RNeasy® Mini KIT (Qiagen, Netherlands) was used. RNA was isolated by 

washing the cells with PBS, adding RLT-Buffer mixed with 1% ß-Mercaptoethanol (Merck, 

Germany) to lyse cells. Cells were detached using a cell scraper (Sarstedt, Germany). RNA was 

transferred into QIAshred Spin Columns and centrifuged for 2 min at 10000 rpm to homogenize 

the lysate (Biofuge pico, Heraeus, Germany). To purify the isolated RNA, 70% ethanol in 1:1 

ratio was added to the lysate and afterwards transferred into RNeasy® Mini spin column and 

centrifuged for 15 sec at 10000 rpm. RW1-Buffer was added to column and again centrifuged 

for 15 sec/10000 rpm. On-column DNase digestion was performed with 10 µl DNAse (Qiagen, 

Netherlands) solved in 70 µl RDD-Buffer for 15 min. Another washing with RW1-Buffer and 

subsequent centrifugation followed. Next RPE-Buffer was added and centrifuged for 2 

min/10000 rpm. This step was repeated once and the columns were transferred in new collection 

tubes to be dried by a further centrifugation for 1 min/10000 rpm. To elute total RNA, RNase 

free water was added to columns and centrifuged. Finally, to evaluate concentration and purity 

of the RNA, measurements with a spectrophotometer (NanoDrop, Thermo Fischer Scientific, 

USA) at A260 and A280 were performed.  

From pellets 

To isolate RNA from pellets of chondrogenic differentiation, pellets were washed with PBS 

and put in QIAzol Lysis Reagent (Qiagen, Netherlands) and stored at -80 °C. In order to 

disaggregate the ECM-rich pellet structure, samples passed through three freezing and thawing 

cycles. Pellets were homogenized in ceramic bead tubes (Qiagen, Netherlands) with a 

homogenisator (Precellys 24, Bertin Technologies SAS, France) using maximum speed for 30 

sec. Protein/RNA separation was performed by adding chloroform (Merck, Germany), then 

tubes were inverted and then centrifuged at 12000 g for 15 min at 4 °C. The upper aqueous 

layer was harvested and supplied with 70% EtOH in a 1:1 ratio. Samples were then transferred 

in a RNeasy® Mini spin column and the protocol was followed as described above.  

2.1.4.2 cDNA-synthesis  

CDNA was synthesized by the Transcriptor First Strand cDNA Synthesis Kit (Roche, 

Switzerland) according to the manufactures protocol. RNA samples corresponding to 1 µg were 
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filled up to 11 Õl with H O, afterwards 2 Õl hexamer-random primers (50 ng/µl) were added 

and samples were incubated for 10 min at 65 °C. Each sample was enriched with a mixture 

containing a PCR-Buffer, deoxynucleotides (10 mM), 40 U RNase Inhibitor and 15 U of 

reverse-transcriptase. The prepared mixtures were incubated in a thermocycler (PEQLAB 

Biotechnologie GmbH, Germany) for 1 hour at 50 °C following the cDNA synthesis program 

(Table 1).  

RNA denaturation mixture  

RNA 1 µg 

65 °C 

for 5ô 

DEPC-treated H O to 11 µl 

Random hexamer 

primers 

2 µl 

 

cDNA synthesis mix 

5x-Buffer 4 µl 

RNAse inhibitor 0,5 µl 

Desoxynucleotide 2 µl 

Reverse Transciptase 0,5 µl 
 

  

Synthesis 

RNA denaturation mix 

+ 

cDNA synthesis mix 

25 °C for 10ô 

50 °C for 60ô 

85 °C for 5ô 

4 °C forever 
 

Table 1: Reaction mixes and program for cDNA synthesis 

2.1.4.3 Light cycler (LC)-PCR 

Quantitative Reverse Transcriptase-PCR (qRT-PCR) was performed using the Taq Man Probes 

for integrin Ŭ10 (ITGA10) and Ŭ11 (ITGA11), collagen type II  (COL2A1), PPAR-ɔ, RUNX-2 

and hypoxanthine-guanine phosphoribosyl-transferase (HPRT) (all from Integrated DNA 

Technologies, Inc, USA). cDNA samples, dH O, Prime Time Gene Expression Master Mix 

were pipetted in triplicates in a 96-well plate (Table 2). To collect samples on the bottom of 

each well a short centrifugation (30 sec) was performed. PCR reaction was carried out in a 

LightCycler® 96 instrument provided with LightCycler® 96 software (Roche, Germany). The 

relative gene expression was normalized in relation to the housekeeping gene HPRT by the 

comparative ȹȹCt (crossing point) method. The n-fold change of gene expression levels 

relative to HPRT was performed by comparative 2-ȹȹCt method. Minimum of two independent 

repetitions were performed. 
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Taq Man Probes Reaction Recipe 

Prime Time Gene Expression Master Mix 10 µl 

cDNA (diluted 1:5 in dH2O)  5 µl 

Primer Mix 1 µl 

dH2O 0,5 µl 

Table 2: Taq Man probes LightCycler® reaction setup 

Oligonucleotides used for LightCycler®PCR  

HPRT 

 

P:5ô-/56-FAM/CTTGCTGGT/ZEN/GAAAAGGACCTCTCGAA/3IABkFQ/-3' 

f:5ôAACAAAGTCTGGCCTGTATCC-3ô 

r:5ôCCCCAAAATGGTTAAGGTTGC-3ô 

Integrin Ŭ10 

 

P:5ô-/56-FAM/CATTGTGAA/ZEN/CCAGCCTCAGCAGC/3IABkFQ/-3ô 

f:5ôTGTCACAGACTTGAACTTGGC-3ô 

r:5ôCGATGTCAGGTGGTAAGGTG-3ô 

Integrin Ŭ11 

 

P:5ô-/56-FAM/TGCCCCACA/ZEN/GAGGAATCACAGC/3IABkFQ/-3ô 

f:5ôCAGGTTGCAGATGATGGAGAC-3ô 

r:5ôACAGCACAGAGTACAGGAGTA-3ô 

PPAR-ɔ 

 

P:5ô-/56-FAM/TGCCCCACA/ZEN/GAGGAATCACAGC/3IABkFQ/-3ô 

f:5ôCAGGTTGCAGATGATGGAGAC-3ô 

r:5ôACAGCACAGAGTACAGGAGTA-3ô 

RUNX-2 P:5ô/56-FAM/TTAACTGAGA/ZEN/GAGGAAGGCCAGAGGC/3IABkFQ/-3ô 

f:5ôAGGGATGAAATGCTTGGGAA-3ô 

r:5ôGATGATGACACTGCCACCTC-3ô 

Table 3: Probes and primer pairs used for LightCycler® PCR with Taq Man Probes. P= 

Probe, f= forward, r= reverse. 

2.1.5 PRELIMINARY TESTING OF CELL BEHAVIOUR IN FIBRIN SEALANT  

In vitro cell survival in fibrin sealants 

To determine survival rate of cells in fibrin hydrogels, live/dead assay was performed. 

Therefore, cells were double-stained with fluorescein-diacetate (FDA) and propidium iodide 

(PI), (both from Sigma-Aldrich, USA). FDA is esterized in the cytoplasm of live cells and 

fluorescent green, whereas PI intercalates in the DNA of dead cells and appears red. The FDA 

stock solution was prepared by dissolving 10 mg of FDA in 2 ml pure acetone. The working 

solution, consisted of a 1:500 dilution in PBS of the stock solution (Merck, Germany). For the 

FDA/PI solution, a 1:1 ratio of FDA stock solution together with the purchased PI solution 

(1mg/ml in water) was mixed. Cell staining was performed by adding 500 µl of FDA/PI solution 
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to 1 ml of cell suspension in well culture dishes for 2 min followed by washing with PBS. 

Live/dead analysis was performed subsequently by fluorescence microscopy with microscope 

AxioObserver Z1 mounted with Axiocam MRm (5x, Zeiss, Germany). Assay was performed 

every second day for one week. 

Remodeling of fibrin hydrogels 

Fibrin gels are well established and widely used bioadhesives in surgeries. They trigger minimal 

inflammation, are non-toxic and provide excellent biocompatibility. Three different 

commercially available products were tested, which differ in their formulation: Artiss® and 

Tisseel® from Baxter (USA) and Beriplast P® from CSL Behring (USA).  

 Artiss® Tisseel® Beriplast P® 

Fibrinogen 67-106 mg/ml 90 mg/ml 67-106 mg/ml 

Thrombin (human) 2,5-6,5 units/ml 500 IU 400-625 units/ml 

Table 4: Fibrinogen and thrombin formulation of Artiss®, Tisseel® and Beriplast P®. 

The different sealants were tested and compared regarding cell survival, chondrogenic 

differentiation and remodeling. The companyôs recommendation for the thrombin: fibrinogen 

ratio was 1:1. For the in vitro remodeling of fibrin sealants 25 µl of fibrinogen were dropped 

into a 96 well (non-culture treated, Corning Inc, USA). Following, another 25 µl of thrombin 

containing 500.000 human Ŭ10high MSCs were added to the fibrinogen. Hydrogels were 

incubated at 37 °C for five min and subsequently transferred with the aid of a spoon into 24 

well dishes, which were coated with agarose (Biozym, Germany) to avoid cell attachment to 

the plastic dish. Medium was changed every second day. Remodeling was observed every 

second day for one week with stereoscope (Stemi 2000 CS, Zeiss, Germany). 

2.2 IN VIVO  ANALYSIS  

2.2.1.1 Housing and breeding 

For the in vivo experiments twelve weeks old female C57BL/6j mice of the (Charles River, 

Germany) were used. Animals were kept at the central animal facility of the LMU downtown 

hospital under the FELASA-guideline. The trial was approved by the government of Upper 

Bavaria (animal application: 55.2-1-54-2532-150-13). Animals were kept in individually 

ventilated cages (IVC Sealsafe, Tecniplast, USA) under SPF l conditions. The autoclavable 

cages contained HEPA-filters for air supply and were of a size of 365x207x140 mm (LxWxH). 

A maximum of five animals were put together in one cage. Every twelve hours light was 

switched on/off to simulate a day/night cycle. Temperature was set at 20-22 °C and humidity 
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at 45-55%. Each cage is equipped with a small house rendering as shelter as well as material 

for bedding, gnawing and nesting, which was changed once in a week. Water and food were at 

free disposal. After shipment, two weeks of acclimatization to accustom to the new environment 

was óobservedô. 

2.2.1.2 Experimental setup 

Animals (n=41) were randomly distributed into the following groups described in Table 5. Each 

animal was operated on its right knee. The sham group obtained a small incision of the skin 

without opening the knee capsule and was used as control group. After eight weeks of 

observation, mice were sacrificed by cervical dislocation.  

Group Treatment Animals + Reserve 

A Artiss® + Integrin Ŭ10high MSC 11+1 

B Artiss® + unsorted MSC 11+1 

C Artiss® without cells (empty) 11+1 

D Sham 5 

Total number of animals 41 (38+ 3 Reserve) 

Table 5: Experimental groups  

2.2.1.3 In vivo osteoarthritis induction 

To induce OA in mice knee joints the well-known destabilization of the medial meniscus 

(DMM)- model described by Glasson et al was performed188. In this procedure the medial 

meniscus (MM) is destabilized by dissection of the medial meniscotibial ligament (MMTL). 

This ligament connects the meniscus and the medial joint surface of the tibia. By dissection of 

the MMTL the medial meniscus is no more anchored and moves further lateral. The medial 

meniscus usually provides a larger region to transfer loads from femur to tibia. Further, the 

softening effect of the menisci disappears, which results in a shifted biomechanical axis. 

Especially the posterior femur as well as central parts of the tibia are affected. The consequent 

joint instability, set the stage for the development of human-like posttraumatic OA.  

2.2.1.4 Operation protocol 

Pre-operative protocol 

Preoperative, mice were weighted and their state of health was evaluated. Next, animals were 

narcotized via intraperitoneal application of a mixture of Fentanyl (0,05 mg/kg KG, Fentanyl-

Janssen, Janssen-Cilag, Germany), Midazolam (5 mg/kg KG, Dormicum, ratiopharm) and 
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Medetomidin (0,5 mg/kg KG, Antisedan, Orion, Finland). Following the right leg of the animals 

was shaved and disinfected with Cutasept F (Paul Hartmann AG, Germany). For the whole time 

of operation mice were laying on a heating plate at 37 °C to keep animal body temperature 

constant. To avoid eyes desiccation, Bepanthen® balm (Bayer Vital, Germany) was applied. 

As prophylaxis, clindamycin antibiotic (45 mg/KG, Clindaseptim® Vetiquol, Austria) was 

given before the right leg was covered with sterile sheets. 

Destabilization of the medial meniscus 

A second disinfection of the operation area was performed before the incision of the skin medial 

to the ligamentum patellae. The knee capsule was opened with a microsurgical scissor (Mikro-

Iris, Aesculap, Germany). Adrenalin (1:1000; InfectoPharm, Germany) was applied in-situ if 

needed, to reduce bleeding and enable clear sight of the joint. The fat tissue located on top of 

the medial meniscus was carefully dissected with the help of a fine tweezer (Aesculap, 

Germany) without affecting the meniscus. The patella was dislocated laterally for a clear sight 

of the operation area. After displaying and identifying the intercondylar region and the medial 

meniscotibial ligament (MMTL), this was cut through with a micro scalpel, leading to the aimed 

destabilization of the medial meniscus. Subsequently, and depending on the different groups, 

the intra-articular injection took place. Therefore, fibrinogen and thrombin were mixed in a 1:1 

ratio and injected with a 1-2 µl pipette. Group A-C received 3µl of fibrin glue (Artiss®, USA) 

into the right knee. In group A and B, the thrombin component was previously supplemented 

with 50000 cells of Ŭ10high MSCs and unsorted MSCs, respectively. To close the knee capsule, 

a continuous and absorbable suture (7-0, Vicryl, Ethicon, Germany) was used. The patella was 

relocated and followed by the skin suture, which was performed with individual sutures (5-0, 

Prolene, Ethicon, Germany). 

 

Figure 12: Controls of operated right knees. Success of operation was examined one-week 

post-operation. Wound healed with no superficial or profound infections. Scale bar: 1 mm. 
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Because of the expected post-operative pain, Buprenophin (0,1 mg/kg KG, Buprenophin 

animal, Bayer Vital, Germany) was applied intraperitoneally. To neutralize narcosis, 0,2 ml 

salin solution mixed with Naloxon (1,2 mg/kg KG, Narcanti®, Bristol-Meyer, Germany), 

Flumazenil (0,5 mg/kg KG, Anexate®, Roche, Germany) and Atipamezol (2,5 mg/kg KG, 

Antisedan®, Zoetis, USA) was injected intraperitoneal. Afterwards animals were transferred in 

a cage warmed via infrared light and observed until awakening and then transferred in the IR 

cages.  

Post-operative follow-up 

Animals were checked daily for changes in movement or behavior. Analgesia was performed 

until the third postoperative day with intraperitoneal injections of Buprenophin (0,1 mg/kg KG, 

Buprenophin animal, Bayer Vital, Germany). A score-sheet was filled daily for the first three 

days and then every third day (see 7.5 Appendix ï Scoring sheet).  

Animal sacrifice  

Eight weeks postoperative, animals were sacrificed via cervical dislocation. Previously, blood 

serum was harvested. 

2.2.1.5 Testing short-term faith of cells in vivo 

In order to test cell survival embedded in fibrin gel in vivo, a pre-operative test with two mice 

was performed. For this purpose, before application, cells were labeled with CFDA-SE 

(carboxyfluorescein diacetate-succinimidyl ester) (Sigma Aldrich), a dye, which is esterized by 

live cells generating green fluorescence. Briefly, cells were incubated with 15 µM CFDA-SE 

for 15 min at RT, and afterwards embedded in the fibrin gel as previously described. Post 

operation, inspection of live cells after one day and one week was performed. A control leg, 

which received no cell application, was used as negative control. Fluorescence pictures were 

taken with Axio Observer Z1 mounted with Axiocam MRm, Zeiss, Germany.  

2.2.1.6 Histology 

Fixation and decalcification 

Knee joints of euthanized mice were deskinned, dissected and briefly rinsed in PBS. Samples 

were fixed overnight at 4 °C in pre-cooled 4% paraformaldehyde (PFA, Merck, Germany) or 

Saint Marie (SM, 95% EtOH, 1% acetic acid, 4% H2O) fixative solutions under constant 

shaking. Next day, PFA samples were washed in PBS (3x15min), whereas SM-fixed samples 

underwent a descending ethanol row to rehydrate: for each step 2 hours at 4 °C in 90%, 80% 
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and 70% ethanol/dHϜO and afterwards overnight in 50% ethanol/PBS at 4 °C. Finally, SM-

fixed samples were washed with PBS 3x15 min.  

To smoothen bones, samples were incubated for approximately four weeks in decalcification 

solution composed of 10% EDTA/PBS (Roth, Germany) pH of 8,0. Solution was renewed two 

times per week. 

Paraffin embedding  

Decalcified samples were washed in PBS 3x15 min and afterwards passed through an ascending 

row of ethanol (50%, 70%, 80%, 90%, 2x100%), 2x Xylol and 2x paraffin (Roth, Germany), 

each step lasting 2 hours. To embed samples in fresh paraffin the next day, the embedding 

station HistoCore, Arcadia C (Leica, Germany) was used. 

Sectioning 

For sectioning a microtome Hyrax M55 (Zeiss, Germany) was used. Sagittal slices of 6 µm 

were cut and collected on SuperFrost PlusTM glass slides (Thermo Fischer Scientific, USA). 

Before storing at room temperature, slides were incubated at 37 °C overnight. 

2.2.1.7 Safranin-O/Fast-green staining 

Safranin-O/Fast-green staining was performed to analyze Proteoglycan loss in cartilage. After 

deparaffinization samples were rehydrated through a stepwise row of 2x Xylol, 2x100%, 90%, 

80%, 70%, 50% EtOH and dH O, each step lasting 4 min to rehydrate samples. A 0,5% Mayerôs 

Haemalaun staining solution (Roth, Germany) was used for 2 min and followed by washing 

with tap water at least three times. After dipping in 1% acetic alcohol (Merck, Germany), slides 

were incubated in a 0,02% Fast-green solution (Sigma-Aldrich, USA) for 1 min. Next, slides 

were immersed in 1% acetic acid for 30 sec and then a 1% Safranin-O solution (Sigma-Aldrich, 

USA) was applied for 30 min. For dehydration slides passed through 4x 95% ethanol, followed 

by 2x 100% ethanol and 2x Xylol, each step for 3 min. Finally, slides were mounted with Roti® 

Histokitt (Roth, Germany).  

2.2.1.8 Toluidine-blue staining  

As an acidophilic staining, Toluidine-blue stains negatively charged molecules such as 

extracellular proteoglycans, which afterwards display metachromatic and purple color. 

Therefore, it allows an evaluation of proteoglycans loss in the AC of the osteoarthritic knee 

joints. For Toluidine-blue staining slides were deparaffinized and dehydrated as described 

above in Safranin-O/Fast-green staining. Next, a 0,1% Toluidine-blue solution (Sigma-Aldrich, 
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USA) was applied for 7,5 min. To dispose redundant staining solution, slides were turned on 

Whatman-paper (Roth, Germany). Next 2% potassium ferrocyanide K4[Fe(CN) ] (Sigma-

Aldrich, USA) as counter-staining was used to incubate slides for 3 min and afterwards slides 

were cleaned with Whatman-paper. Lastly, slides were mounted with Roti® Histokitt (Roth, 

Germany). 

2.2.1.9 Immunohistochemistry on knee sections 

Immunohistochemistry was performed for aggrecan and collagen type II . The protocol was 

followed as described in 2.1.3.5. 

2.2.1.10 Pathological scoring of articular cartilage 

For the evaluation of joint pathology, cartilage degradation and proteoglycan loss were 

considered. Pictures of toluidine blue and Safranin-O/Fast-green sagittal sections were serially 

stained and blindly scored from three independent observers. A modified scoring system 

according to Little et al. was used to score structural damages as described in Table 6194. 

Cartilage surface of tibia and femur were separately surveyed and a cumulative score of tibia 

and femur was calculated. In this way, score values for structural damage can be between 0 and 

14. For proteoglycan loss, a modified scoring system from Nicolae et al. based on toluidine 

blue staining was implemented as described in Table 648.  

Structural damage (according to Little et al.194) 

0 normal cartilage 

1 roughened surface, small fibrillations 

2 fibrillation to superficial layer / loss of superficial lamina 

3 horizontal cracks/clefts to calcified cartilage 

4 mild loss of non-calcified (n.c.) cartilage (<10% surface area) 

5 moderate loss of n.c. cartilage (10% - 50% surface area) 

6 mild loss of n.c. cartilage (>50% surface area) 

7 erosion of cartilage to subchondral bone 

Proteoglycan loss based on Toluidine Blue staining (according to Nicolae et al.48) 

0 normal staining 

1 reduced staining 

2 focal patchy loss of staining 

3 no staining 

Table 6: Histopathological scoring system for structural damage and proteoglycan loss. 
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2.2.2 DETECTION OF GRAFTED CELLS ON KNEE SECTIONS 

2.2.2.1 DNA extraction  

To extract DNA from paraffin-embedded tissue sections the TaKaRa DexpatTM Easy Kit 

(TAKARA BIO INC., Japan) was used. The kit enables the isolation of PCR-ready genomic 

DNA (gDNA) from mammalian formalin-fixed/paraffin-embedded tissues. Briefly, the pre-

heated (100 °C, 1 min, Thermomixer comfort, Eppendorf, Germany) TaKaRa DexpatTM Easy 

solution was pipetted directly on tissue section and then scraped away with a scalpel (Carbon 

steel safety scalpel #15, B. Braun, Germany). All  the solution/tissue mix was pipetted and 

transferred into microtubes and incubated at 100 °C for 10 min, while tubes were gently inverted 

three times. To divide the paraffin layer from DNA, tubes were centrifuged (13000 rpm, 10 

min, 4 °C, Centrifuge 5415 D, Eppendorf, Germany) and cooled down on ice afterwards. The 

aqueous layer, in between the paraffin and the gel-like layer containing the gDNA and was 

collected with a pipette and stored at 4 °C until used.  

2.2.2.2 DNA purification by ethanol precipitation  

The gDNA was purified by ethanol precipitation as described in the manufactureôs manual of 

TaKaRa DexpatTM Easy Kit. Genomic DNA was mixed in a 1/10 volume ratio with 3M sodium 

acetate (Sigma-Aldrich, USA). Further 2,5-fold of volume of ethanol was added. Solution was 

mixed by inversion and then rest at -20 °C for 60 min. Next, samples were centrifuged (12000 

g; 15 min; 4 °C) and supernatant removed. Another centrifugation (12000 g; 15 min; 4 °C) was 

performed after adding 70% EtOH. After supernatant was discarded and samples air-dried, 

gDNA was solved in TE buffer (Qiagen, Netherlands). The collected DNA was stored at 4 °C 

until used.  

2.2.3 PCR ON GENOMIC DNA  

The semi quantitative RT-PCR was performed for the housekeeping gene glycerolaldehyde-3-

phosphate dehydrogenase (GAPDH) as input control and for the human Charcot-Marie-tooth-

Disease gene (hCMT1A), as human-only expressed gene195. Therefore, a master mix containing 

PCR buffer, H2O, 0.2 mM dNTPs, 1.5 mM MgCl2, 0.25 pmol gene-specific primers and 1 U 

Taq DNA polymerase (Roche, Switzerland) and the extracted DNA was transferred in 

PEQSTAR 2X (PEQLAB Biotechnologie GmbH, Germany). 
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PCR reaction mix PCR program 

10 x buffer with MgCl2 2 µl 95 °C for 10  ́

 

  95 °C for                30´  ́

  Annealing T°C for 30´  ́       X cycles 

  72 °C for                1´ 

 

72 °C for 10  ́

4 °C forever 

dNTPs 0,4 µl 

Primer forward 0,1 µl 

Primer reverse 0,1 µl 

Taq polymerase 0,25 µl 

H2O 16,15 µl 

Extracted DNA 1,0 µl 

Table 7: PCR reaction mix and program. For each gene, annealing temperature and cycle 

number are different (see Table 8). 

The amplified PCR products were pipetted on 2% agarose gels (Biozym, Germany) to be 

visualized afterwards by ethidium bromide (Merck, Germany) staining. PCR product size was 

referred to a 100bp molecular weight standard (New England Biolabs, USA). The gel imaging 

system (Vilber Lourmat, Germany) was used to take pictures of PCR product bands. 

Target 

gene 

Primer Annealing 

temp. 

Cycle 

nr.  

Product 

size 

Reference  

 

Housekeeping gene 

GAPDH F 5ô-caactacatggtttacatgttc-3ô 

R5ô-gccagtggactccacgac-3ô 

50 °C 30 181 bp (Böcker et al.)196  

 

Human genes 

hCMT1A F 5ô-gaaattcatttaaaagcattttaac-3ô 

R 5ôgctaatagtcatgtttaaaatcatttt-3ô 

51,5 °C 

 

41 345 bp (Cheng et al.)195  

SRY F 5ôagtttcgcattctgggattctct-3ô 

R 5ôgcgacccatgaacgcatt-3ô 

60 °C 25 100 bp (Cheng et al.)195  

Table 8: Nucleotide sequences and related information of the PCR primers 

2.2.4 ENZYME -LINKED IMMUNOSORBENT ASSAY  (ELISA )  

During the development of OA proteolytic enzymes such as MMPs or ADAMTS degrade the 

cartilage tissue generating neo-epitopes of ECM molecules. The c-telopeptides of collagen type 

II (CTX-II) is the most characterized degradation epitope originating during the course of OA. 

To quantify the amount of CTX-II  in mice serum, the CTX-II  ELISA-Kit from MyBioSource, 
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(#MBS706197, Canada) was utilized. A microplate is pre-coated with antibody specific against 

CTX-II. The bond antibodies bind any CTX-II that is present in the added samples. When the 

biotin-conjugated detection AB is pipetted in wells, it binds to CTX-II as well. Finally, avidin 

conjugated horseradish peroxidase (HRP) is added and together with the substrate solution 

catalyze a color reaction. The amount of CTX-II present in the sample is proportional to the 

developing color. After stopping color reaction, intensity is measured. According to 

manufacturerôs manual samples and standards were assayed in duplicates. As recommended, 

samples were diluted with sample diluent of the prescribed Kit in a ratio of 1:100. First, 100 µl 

of diluted samples and standards were pipetted into provided wells, whereas negative controls 

were loaded with 100 µl of PBS. Next, samples were covered and placed in an incubator 

(Memmert, Germany) for 2 hours at 37 °C. Afterwards, the remaining liquid was removed 

without washing and 100 µl of biotin-antibody was added to each well. The microplate was 

covered and samples were incubated for 1 hour at 37 °C. Next, samples were washed three 

times with the provided washing buffer to remove all liquid. HRP-avidin complex was added 

to each well and incubated for 1 hours at 37 °C. As described above, washing was repeated for 

five times and TMB substrate was added for 30 min in the dark. After the reaction was stopped 

with stop solution, the optical density was measured with the Multiskan FC microtiter-plate 

reader (Thermo Fischer Scientific, USA) at 450 nm. Concentrations were calculated against a 

standard curve built with known concentrations of CTX-II given in the kit. 

2.2.5 COMPUTER PROGRAMS 

To evaluate quantitative data and create graphs, Microsoft Office Excel 2016 (Microsoft, USA) 

and GraphPad Prism 8 software (GraphPad Software, USA) were used. Photomicrographs were 

processed with AxioVision LE software (Carl Zeiss, Germany) and adapted in figures with 

Adobe Photoshop CS6 and Illustrator CS6 (Adobe System, USA). With ImageJ 1.52g 

(https://imagej.nih.gov/ij/, USA) morphometric analyses were handled. Reference management 

was performed with Mendeley 1.19.2 (Mendeley Ltd, USA).  

2.2.5.1 STATISTICS 

Statistical significance was tested by using the unpaired Studentôs t-test and the p-value of 0.05 

was defined to be statistically significant. Quantitative data was presented with GraphPad Prism 

8 software (GraphPad Software, USA). Three to two independent experiments in triplicates 

were performed. Mean values and standard deviations are shown.  
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3 RESULTS 

3.1 IN VITRO ANALYSIS  

3.1.1 MORPHOLOGICAL CHARACTERIZATION OF CULTURED  MSCS 

The morphology of human BM-MSCs in monolayer culture was observed by phase-contrast 

microscopy. Integrin Ŭ10high MSCs (passage four) and unsorted MSCs (passage three) showed 

the typical spindle-like shapes and no obvious differences in shape or size were observed 

between them (Figure 13). 

 

Figure 13: Phase-contrast microscopy of monolayer cells cultivated on plastic dish. Cells 

showed typical fibroblastic morphology without differences between the two groups. Scale bar 

100 µm. 

3.1.2 TRILINEAGE DIFFERENTIATION OF  MSCS 

To assess the multipotency of the Ŭ10 selected MSCs, a trilineage differentiation towards the 

osteogenic, adipogenic and chondrogenic lineages was performed.  

3.1.2.1 Osteogenic differentiation 

Cells were stimulated for 21 days and analyzed for mineral deposition with Alizarin Red (AR) 

staining (Figure 14-A). In stimulated groups, mineral deposits in the ECM were detected 

indicating a successful osteogenic induction, whereas in control groups no spontaneous mineral 

deposition was found (Figure 14-B). The quantitative analysis of the mineral deposition did not 

revealed differences between the unsorted and Ŭ10high MSCs group. Despite these results, 

mRNA analysis of the cultured cells at the end of the differentiation period revealed an 

approximately 3-fold higher expression of the osteogenic transcription factor RUNX-2 in the 

unsorted group compared to Ŭ10high MSCs group (Figure 14-C).  
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Figure 14: Mineral deposition and quantification by Alizarin Red staining and RUNX-2 

mRNA expression of Ŭ10high and unsorted MSCs after 21 days of osteogenic 

differentiation . (A) Representative AR staining indicating mineral deposition in red. Control 

wells grown with normal growth medium (small boxes) do not display AR staining. (B) 

Quantification of Alizarin Red concentration from one representative experiment. Media with 

standard deviation of the three replicates are shown. (C) RUNX-2 mRNA expression analysis. 

Fold changes to the non-stimulated groups were calculated relative to the expression of the 

house keeping gene HPRT. A representative result from two independent experiments is shown. 

Scale bar 100 µm.  

3.1.2.2 Adipogenic differentiation 

To demonstrate the potential for adipogenic differentiation of Ŭ10high and unselected MSCs, the 

lipid vacuole formation in response to adipogenic stimulation was analyzed. Lipid vacuoles 

were seen in the stimulated groups, but not in negative controls, indicating the success of 

adipogenic stimulation (Figure 15). When comparing the area covered by lipid vacuoles, no 

difference between the two cell groups could be seen. However, at day 21, the mRNA 

expression level of the adipogenic transcription factor PPAR-ɔ (PPARG), relative to the non-

stimulated groups, was slightly higher (1-fold) in the unsorted MSCs compared to the Ŭ10high 

group.  
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Figure 15: Bodipy staining of lipid vacuoles, quantification of differentiation and PPAR-ɔ 

(PPARG) expression analysis of Ŭ10high and unsorted MSCs after 21 days of adipogenic 

differentiation . (A) Bodipy (light green) stained lipid vacuoles were detected in stimulated 

MSCs but not in unstimulated controls (small boxes). (B) Quantitative analysis of the area (µm²) 

covered by lipid vacuoles. (C) PPARG mRNA expression analysis by qRT-PCR. Shown is one 

representative out of two independent experiments with mean and standard deviation of three 

replicates. Scale bar 100 µm. 

3.1.2.3 Chondrogenic differentiation of MSCs 

Of particular importance for this study was to confirm that the elevated expression of integrin 

Ŭ10 in MSCs leads to higher chondrogenic potential. MSCs were chondrogenic differentiated 

in 3-dimensional pellets for 28 days. Quantification of the pellet size, which reflects the 

deposition of extracellular matrix, revealed no significant differences between sorted and 

unsorted MSCs (Figure 16).  

 

Figure 16: Analysis of pellet size during chondrogenic differentiation. Average pellet area 

(µm²) of each group was measured weekly. A representative result out of two independent 

experiments is shown. 
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Deposition of PGs, reflecting the synthesis of a typical chondrogenic matrix, was assessed by 

Safranin-O staining on pellet sections. As shown in Figure 17, the homogenous and intense 

staining observed in the Ŭ10high MSCs pellet was not reproducible in its unsorted pellet 

counterpart. Importantly, Ŭ10high pellets exhibited stronger and more even Safranin-O staining 

than the unsorted pellets (Figure 17). 

Furthermore, an immunolocalization of aggrecan and collagen type II, the two major structural 

components of mature cartilage tissue was performed. As expected, aggrecan staining followed 

the Safranin O pattern. The chondrogenic marker collagen type II also showed a more uniform 

and strong staining in the Ŭ10high MSCs compared to the pale and peripheral restricted staining 

in the unsorted group. Furthermore, a weak signal of the hypertrophic marker collagen type X 

in the pellets of the unsorted group was observed, whereas no positive staining was detected in 

the Ŭ10high cells pellets, indicating that these pellets did not undergo hypertrophic 

differentiation. 

 

Figure 17: Histological and immunohistochemical analysis of chondrogenic 

differentiation pellets after 28 days of stimulation. Representative micrographs illustrate 7 

µm pellet sections of Ŭ10high MSCs compared to unsorted MSCs stained for Safranin-O, 

aggrecan, collagen type II  and collagen type X. Box inserts, show same stainingôs for the 

correspondent non-stimulated pellets. Scale bars: 100µm. 

The histological and immunohistochemical findings were further supported by the expression 

levels of integrin Ŭ10 and Ŭ11 mRNAs. Analysis via quantitative PCR of the transcripts at day 

28 revealed high expression of the chondrocyte-related integrin Ŭ10 and low expression of the 

fibroblastic-related integrin Ŭ11, in the pellets formed by the Ŭ10high MSCs. The unsorted 
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counterpart showed the opposite expression tendency, revealing their unmatured chondrogenic 

phenotype.  

Altogether, these results indicate the higher chondrogenic potential of the integrin Ŭ10 

expressing MSCs.  

 

Figure 18: Expression levels of integrin Ŭ10 and Ŭ11 mRNAs in chondrogenic pellets of 

Ŭ10high and unsorted MSCs compared to non-stimulated MSCs. The Ŭ10high group displayed 

a high expression level of integrin Ŭ10 together with a downregulation of integrin Ŭ11. Shown 

is one representative out of two independent experiments. 

3.2 IN VIVO ANALYSIS  

3.2.1 PRE-OPERATIVE TESTING  

3.2.1.1 Remodeling of fibrin hydrogels 

In this study, a clinically approved bi-component fibrin hydrogel was used as a vehicle for the 

delivery of MSCs into the knee cavity of mice. Three different formulations from two 

manufacturers were tested, namely: Artiss® and Tisseel® from Baxter and Beriplast P® from 

CSL Behring. The ease of handling, cell survival, remodeling as well as chondrogenic 

differentiation in hydrogel were investigated. 

The three tested hydrogels have different formulations but work according to the same 

principle: soluble fibrinogen is converted into polymerized fibrin by the addition of thrombin. 

Tisseel® and Beriplast P®, two fast gelling hydrogels, were difficult to handle. Polymerization 

started immediately when the fibrin and thrombin solutions came into contact, which posed a 

challenge to homogenous cells distribution. In contrast, the Artiss® hydrogel is a slow-gelling 

hydrogel in which resuspension could be accurately performed due to a slow and gradual 

polymerization.  
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Next, hydrogel remodeling was examined by visualizing the shape and volume shrinking after 

eight days incubation with human BM-MSCs. Artiss® showed a faster remodeling rate than 

Tisseel® and Beriplast P® hydrogels (Figure 19 and quantification in Figure 20).  

 

Figure 19: Remodeling capacity of the three tested fibrin hydrogels over one week. The 

gross appearance of the three hydrogels demonstrated shrinkage in volume and area. Empty 

hydrogels (without cells) served as negative controls. Scale bar 1mm. 

 

Figure 20: Shrinking area during remodeling of fibrin hydrogels over eight days. Shown 

is the percentage of loss area from day 0 to day 8. 

3.2.1.2 In  vitro cell survival in fibrin hydrogels 

Cell survival in the three different fibrin hydrogels was analyzed with the aid of a live/dead 

assay for one week (Figure 21). Dead cells stained with propidium iodide (PI) can be seen as 

red stained areas, whereas alive cells stained with fluoroacetate (FDA) appear in green color. 

From day one to day five, the area of cells stained with red, in example dead cells, increased, 
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but there was no remarkable difference between the three groups. On day eight, more dead cells 

can be observed in the Tisseel® hydrogel compared to Artiss® and Beriplast P®.  

 

Figure 21: Live/Dead assay of human BM-MSCs in fibrin sealants. In all three fibrin 

sealants, no obvious difference of alive (green) and dead (red) cells were detected. Scale bar 

200µm. 

3.2.2 OPERATION AND POST-OPERATIVE FOLLOW -UP 

For the in vivo study, destabilization of the medial meniscus (DMM) model was applied to 

induce osteoarthritis in 39 C57bl6/j mice. No infections or animal death were observed post 

operatively. The animals recovered well from operation and were unrestricted in their mobility. 

On the day of dissection, the legs of mice were inspected macroscopically and showed well-

healed scars in all groups. After skin removal, almost no differences were observed between 

the operated and non-operated knees, reflecting the good performance of the surgical procedure 

(Figure 22). 
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Figure 22: Gross appearance of the legs of mice on the day of dissection. Representative 

examples of the four groups. The operated right knee showed good wound healing and almost 

no differences in the joint capsule appearance compared to the non-operated left knee. 

3.2.3 DETECTION OF GRAFTED CELLS IN  THE DISSECTED KNEES 

In vivo survival analyses of MSCs in Artiss® hydrogel were performed one day and one week 

post operation. For the detection of grafted cells, MSCs were fluorescently labeled with CFDA-

SE. On the first post-operative day, the knee capsule of one mouse was opened to detect grafted 

cells. CFDA-SE staining showed that the injected cells were retained inside the knee capsule 

and were resistant to the mechanical stress induced by the needle injection (Figure 23). One 

week after surgery, cells were still detectable but in a lower number compared to day one post-

operation. However, it remains to be clarified whether cells migrate out of the knee capsule or 

simply die. Due to the cell application technique, a small number of cells were detected at the 

top of the closed capsule. In the non-operated legs, transplanted cells were not detected.  

 

 

Figure 23: Detection of transplanted cells with Artiss® hydrogel in the mouse knee with 

CFDA-SE staining one day and one-week post operation. The labelled cells are visible in 

bright green color at both time-points in the operated, closed capsule, but not in the control.   
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3.2.4 HISTOPATHOLOGICAL ANALYSIS  

3.2.4.1 Structural damage 

In order to evaluate the extent of cartilage degeneration upon destabilization of the medial 

meniscus, a modified scoring system from Little et al. was implemented194. The cumulative 

maximal score for tibial and femoral articular cartilage is shown in the graph in Figure 25. 

Safranin-O (Figure 24) and Toluidine-Blue (Figure 26) staining were performed to detect 

cartilage damage and proteoglycan loss.  

Eight weeks after surgery, Safranin-O staining revealed structural damages of the cartilage in 

all operated groups (Figure 24 and Figure 25). The empty group with solely hydrogel carrier 

showed an intermediate erosion score with a value of 6,55 ± 1,51. Mice which received unsorted 

MSCs exhibited the highest erosion score (7 ± 2,1). However, the mean value of this group was 

similar and non-significantly different from the empty group. On the other hand, the Ŭ10high 

MSCs had the best outcome in term of preventing erosion upon DMM with mean erosion score 

of 4,66 ± 2,0, reaching statistical significance versus the empty (*p=0,0380) and unsorted 

(*p=0,0211) groups (Figure 25). In all operated groups, the femoral condyles revealed higher 

scores (average around four) than the tibiae which averaged around three (not shown). General 

signs of ectopic calcification were detected in small extent among all groups. As expected, sham 

group did not show any detectable structural change in either the AC or the subchondral bone. 
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Figure 24: Histological analysis of cartilage damage. Safranin-O/Fast-Green staining of the 

femoral condyle and tibial plateau was performed on 7 µm sections of the mice knees dissected 

eight weeks after operation. Representative micrographs of each group as example of the 

highest, mean and lowest scores are shown. 
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Figure 25: Scoring for structural damage of the AC. A modified scoring system with 

cumulative scores for the AC of femoral condyle and tibial plateau was implemented to analyze 

cartilage erosion eight weeks after operation194. The mean and standard deviation are shown. 

Statistical analysis with parametric unpaired t-test revealed significant differences between the 

Ŭ10high MSCs group vs the empty (*p=0,0380) and vs unsorted (*p=0,0211). 

3.2.4.2 Proteoglycan loss 

General histological examination with Toluidine Blue staining did not reveal any massive loss 

or significant differences in the proteoglycan content of the AC among the groups (Figure 27). 

With a mean value of 1,17 ± 0,41, the empty group revealed the highest scores compared to the 

unsorted (0,71 ± 0,75) and Ŭ10high (1 ± 0,58) groups. Of notice, the unsorted MSCs group have 

the most animal with score 0. However, no significant difference was observed in between any 

of the experimental groups. Similar to the cartilage degeneration, PG loss affected more the 

femur condyles than the tibial plateaus. 
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Figure 26: Histological analysis of proteoglycan loss. Representative micrographs of mean 

and highest score examples from the knees of mice stained with Toluidine Blue eight weeks 

after surgery.  
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Figure 27: Quantification of the proteoglycan loss. A modified scoring system was utilized 

to analyze the proteoglycan loss eight weeks after operation194. Mean and standard deviation 

are shown. 



3 RESULTS 

58 

3.2.4.3 Aggrecan expression  

Immunohistochemical analysis for aggrecan expression was performed to qualitatively monitor 

expression changes of the main proteoglycan in AC (Figure 28). Here, similar to the evaluation 

of PG loss no tremendous differences in aggrecan deposition in between the operated groups 

were detectable. Chondrocytes appear regularly arranged in the three typical articular cartilage 

zone (superficial, middle and deep). The sham group, displayed the strongest aggrecan staining. 

Samples with higher scores for proteoglycan loss also showed reduced aggrecan staining. 

Qualitatively, the Ŭ10high MSCs group showed the least aggrecan loss compared to the other 

operated groups.  

  

Figure 28: Immunohistochemical analysis of aggrecan expression. Representative 

micrographs of aggrecan immunostaining on mouse knee joints, eight weeks post operation.  

3.2.4.4 Collagen type II expression 

Immunohistochemical analysis for collagen type II was performed to analyze possible 

differences in the expression and distribution of the main structural component of cartilage 

tissue (Figure 29). The qualitative examination of immunostaining revealed a slight decrease 

of collagen type II in the empty group, suggesting that the addition of cells, either unsorted or 

Ŭ10high cells, might help to preserve the collagenous network of articular cartilage in the post 

traumatic OA model. In addition, Ŭ10high and unsorted groups showed more intense staining in 

the deep zone compared to the other zones, suggesting that eight weeks after trauma, the deep 

zone of AC is less affected than the superficial layer, and that overall, the addition of MSCs 

hindered the loss of collagen type II  at least in the deeper areas of the AC.  
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Figure 29: Immunohistochemical analysis of collagen type II  expression.  Representative 

photomicrographs of collagen type II  immunostaining in knees at eight weeks postoperatively. 

3.2.4.5 Detection of collagen type II degradation in blood serum 

Before sacrificing the animals, serum samples were collected and tested for CTX-II, a neo-

epitope of collagen type II  cleavage that is released in the blood stream and indirectly reflects 

collagen type II degradation. A clear tendency of reduced CTX-II levels was observed in the 

Ŭ10high MSCs group compared to all others (Figure 30). A significant difference was recorded 

between the unsorted and Ŭ10high MSCs.  

 

Figure 30: CTX-II serum levels eight weeks post operation. Scatter plot of serum CTX-II 

values, indicates reduced levels of collagen type II degradation neo-epitope in the Ŭ10high MSCs 

group. Mean and standard deviation are shown. Statistical significance calculated by parametric 

unpaired t-test where *p=0,0282. 

 






































































































