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SUMMARY

SUMMARY

Osteoarthritis is the most common musculoskeletal disorder leading to disalaitiigularly

in the elderly, andis responsible for an enormous seeiconomic burden worldwide. Due to

its avascular and aneural nature and the quiescent state of its resideattorilay cartilage

has a poocapacity forselfrepair. Current treatmenter OA are unsatisfactory and to date
neitherdisease modifying drugs nor curative treatments have been developed. Mesenchymal
stemcells are easy to harvesipsseshigh cell renewal and regeneration capabilities due to
secretion of factorsgood differentiationpotential, as well atow immunogenic properties,
making them an attractive tool for the treatmafrdegenerating conditionk order b improve

the tissuespecific regenerative potentiaf MSCs so called O6primingo
extensively investigated in tlrecentyears.In the cartilage field, ihas beerfound that the
expression of the transmembrane receptaegrin U0 can be modulated imuman
mesenchymal stem cells (MSCsind its expression directly correlates with improved

chondrogenic differentiation patgal in vitro.

In the present studgumanbone marrowderivedmesenchymal stem cellisxpanded irmedia
containing humarplatelet lysate and sorted fomtegrin U10 (U 1"®"), were testedor the
treatment of postraumatic osteoarthritis (RDA) in amouse modelUnsorted cells from the

same donor were used as control.

First, this study showshatthe sorted cells retain thieilineage differentiation potential typical
for adultmesenchymastem cellfMSCs) Secondthe studydemonstrasthatplatelet lysate
treatment results in chondrogenic commitmeI&Cs and furthermore a better chondrogenic
differentiation of sortedl 1"®" MSCsin pellet culture experiments compared to unsorted cells.
Third, commercial hydrogels/ere testecindthe Artis® fibrin gel wasidentifiedas suitable
hydrogel in this studywhich enabésin vitro remodelingand supportsell survival.ln addition

anin vivoprdiminary study showthatMSCspersistedn the gel at least one day aftejection

into the mouse knee joint, suggesting that ARissan appropriag¢ carrier for therapeutia

vivo delivery of MSCsFourth 't he ab i I"f MSCs todmelibratethe dhdedand
progression of OAn a PTOA mouse model induced by surgical destabilization of the medial
meniscus (DMM)was testedFor this purpose,nsorted and) 1"8" MSCswere 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 performeeightweeks after postperationThe hstopathological scoringnalysigeveas

that articular cartilage erosids significantlyat t enuated i n the"™group

IX



SUMMARY

MSCscompared to mice injected with unsorted MSCs or thefidl vehicle In support of th
protective role otJ 1"@" MSCsin PT-OA, the circulating levels dhe neoepitopeCTX-1I as
amarker ofcollagentype Il degradationvere determinedandit turned out thasignificantly
reduced CTXII levels in the blood of miceeceivingU 1"8' MSCswere foundcompared to

mice injected with unsorted MS(Snally, it was not possibleo detect human cells in the joint
cavity of MSC injected miceightweeks posbperationusing humam CMT1Aspecific PCR
ongenomic DNA templates isolated from mouse Kigsie sectiond his would rather suggest

a paracrine mo d8%MSCs imtltetearlp phase gost injine yetltkie@ual

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

excluded.

In conclusionthis study shows thdll 1"8" MSCs representromising therapeutiool thatis

safe inapre-clinical mouse model and has protective potential again€dRT



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Osteoarthrose ist die haufigste muskuloskelettale Erkrankdiegzu Beeintrachtigungen
insbesondere bei alteren Personen fihrt und die eine enormekormmischen Belastung
weltweit darstellt. Auf Grund der mangelnden Vaskutgra und Innervierung sowie der
ruhenden  Gewebszellenverfig  Gelenkknorpel nur dber ein  geringfligiges
Selbsterneuerungspotential. Die derzeitigen Therapiemdglichkeiten sind unbefriedigend und
bis heute gibt es wedeMedikamente noch Behandlungsmdglichkeiten, die den
Krankheitsverlauf verandern oder heilen kbnnen. Mesenchymale Stammzellen sind leicht zu
gewinnen und verfiigen Uber eine hohe Zellerneuerungsfahigkeit ebenso wie ein ausgepragtes
Differenzierungspotential wodurch sie ein attraktives Instrument fur die Behandlung
degenerativer Prozesse darstellen. Um das gewebespezifische Regenerationspotential von
mesenchymaleStammzellen zu verbessern, wurden in den letzten Jahren vermehrt sogenannte
A Pr i maStrategi@runtersucht. Im Bereich der Knorpelforschutellte sich heaus dass die
Expression des Transmembranrezepiategrin ULO beeinflusst werden kann und sldessen
Expressiondirekt mit einem verbesserten chondrogenen Differenzierungspotentidtro

korreliert.

In der vorliegenden Studieurden humane Knochenmarksstammzellen fur die Behandlung
einer postraumatischen Arthrose in einem Mawdell verwendet. Hierfir wden die
Stammzellen voraln einem mitThrombozytenlysatingereicherten Medium kultiviettnd
anschlieRendach IntegriiJLO0 sortiertDie unsortierten Zellen desselben Spendensian als

Kontrolle verwendet.

Als erstezeigt diese Studjelass die sortierten Zellen weiterhin ihr Differenzierungspotential
in die drei typischen Zelllinien adulter mesenchymaler Stammzellen helieehZweitens
wird gezeigt dass die Anreicherung mit Thrombozytenlysat in einer chondrogenen Festlegung
der Stammzellemesultiere. Zudem viesen die nach IntegribllO sortierten Stammzellen ein
wesentlich hdheres chondrogenes Differenzierungspotential in-Relletiltur Experimenten
auf als unsortierte Zellen. Dritteresfolgte dieTestungder kommerzielle Hydrogele von
denen insbesondere das Artiss® Fibringelitro Umbauprozesse sowie das Uberleben der
Zellen unterstita Dartber hinaus konnte e@rvorlaufige in vivo Studie zeigen, dass
mesenchymale Stammzellen ifibringel mindestens einen Tag nach der Injektiom i
mausliche Kniegelenk nachweisbavaren sodass das Artiss® Fibringel als ein geeignetes
Transportmedium flr therapeutische vivo Verabreichungen von Stammzellen erachtet

werden kann. Viertensvurde die Fahigkeit demach Integrin ULO sortierten Stammzellen

Xl
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getestetdas Auftreten und das Fortschreiten von Arthrose zu verlangsamen beziehungsweise
abzumildern. Hierfur wrde ein posttraumatisciseOsteoarthrosdlodel genutzt, welche
durch eine chirurgische Destabilisierung des medialen Meniskus in M&sepnarthrose
induziert. Die unsortierten und di@chintegrinUL0 sortierten Zellen urdenmit demArtiss®
Fibringel vermengt und unmittelbar nach der Destabilisien@wgsration in die
Kniegelenkshdhle injiziert. Die histologischen Analysen der Kniegelenk&waluierung des
Gelenkknorpelabbaus wurdemacht Wochen nach der Operation durchgefihrt. Die
histopathologische Auswertung zeigliass die Gelenkknorpelerosion in den Kniegelenken der
Mause dienachintegrinUL0 sortierte Stammzellen erhalten halségnifikant geringer war im
Vergleich zu den Mauseulie unsortierte Stammzellen erhalten haben, beziehungsweise die
nur das zellfreie Fibringel erhalten haben. Um die These der protektiven Rolle von Ibl€grin
sortierten Zellen in posttraumatischer Artbeo zu untermauernwurde zusatzlich das
zirkulierende Neeepitop CTXII als Marker fir den Abbau von Kollagen Typhéstimmt

Hier zeigen sichdeutlich erniedrigte CTXI Konzentrationen im Blut der Mause, diach
IntegrinULO sortierte Zellen erhielten im Vergleich zu den Mausenmkertierte Stammzellen
injiziert bekommen haben. Letztlich gelangngsht humane ZellemchtWochen postoperativ

in den Mauseknien nachzuweisen. Hierfur wurde e@BIT1Aspezifische PCR an
genomischerDNA-Proben durchgefuhrt, die aus Gewebeschnitten der Mauseknie isoliert
worden warenDies deutetdahereher auf eine parakrine Wirkung deach IntegrinU 1 0O
sortierten Stammzelleimn der frihen posttraumatischerPhase hin, wobei eine direkte
Beteiligung der injizierterstammzelleran der Regeneration dessghadigten Knorpels nicht

ausgeschlossen werden kann.

Zusammenfassendeigt diese Studie, dassach Integrin ULO sortierte Stammellen ein
vielversprechendes therapeutisches Instrument darstellen, welche in einem préaklinischen
Mausmodadlsicheranzuwendesind und ein protektives Potential beziglich posttraumatischer
Arthrose aufweisen.

Xl



1 INTRODUCTION

1 INTRODUCTION

1.1 OSTEOARTHRITIS T CLINICAL RELEVANCE

Osteoarthritis (OA) is one of the most common degenerative tjotlisease affecting
approximately 250 million people in the wotfd OA is described bprogressivalegeneration
of thearticular cartilag (AC)with damagethat may extenduntil the underliing subchondral
bone as well agheinflammation of the surrounding soft tisssiech adigaments and synovia.
Every joint in the human bodyg susceptible to OAnevertheleskip andknee the mainveight
bearingjoints, are themost affectecanatomicalsites. In early stages of Ofappearance of
symptoms is rareout withits progression patients suffer from pain, joint swelling and impaired
physical function until a possible complete loss of mobiftihe join€. In this respectphysical
disability and chronic pain are the main reasons whyr&#esents ae@normous economic
burden onthe healthcare systems worldwide. The prolonged and expewsinservative
treatmentsrequired for OAare mostly unsatisfactoryand patientsoften end up needing
arthroplastic surgeryClinical operations represent the most obvious direct costanpottant
to keep in consideraticarethe associatedocioeconomicabirawbackdike reducedquality of
life, inefficient productivity, decrease of working daysis well asthe increased use of
healthcargesource®, which altogetheconstitutea significanindirect cost oDA. In the year
2013 the prevalence of OA in Germany w2%3% for womenand 181% formerf. According
to Salmon et aj thetotal annual average costs per patinthip and knee OAvorldwidewere

ar ound (2013)With rising tendencyue to increased life expectancy

1.1.1 DIAGNOSIS OF OA

For the diagnosis of OAclinical as well as radiological criteriamust be consideredThe
American College of Rheumatology (ACRIassification include<linical criteriasuch as
people older than 50 yeaas well ascrepitusor stiffness formore tharB0 minute$. For the
assessmermf radiologicalfindings,the dassificationimplementedy Kellgren and Lawrence

is widely usedand acceptedThese criteriaare oriented towardstructural changes, such as
joint space narrowingpccurrence obsteophytes, subchondral sclerosis and gyltshose
criteriaareapplied togethethe sensitivityof theKellgren and Lawrencsystemto detect OA
increasesNeverthelessearly stages of Ofare more difficult todetect therefore,additional
examinationsuch asnagnetic resonance imagiigRI) scars or diagnostic arthroscopgre
often needed However,arthroscopy is an invasive procedure, which is not used for primary

diagnosticOn the other han@rthroscopyffersthe possibilityto remove demolished cartilage
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or meniscusas well as the examination tife cartilage such afe onsistencevith the help of
specific instrumentddowever Moseley et alcould not find evidence for a better outcome of
patients receiving arthroscopgr diagnosiscompared to noinvasive diagnostic methotfs
Another desirable method to identify patemvith OA isthe usage ofliagnostic biomarkers.
Inflammatory markers in the blood such as @reactiveprotein (CRP) orriterleukin6 (IL -

6) have been found to bacreasd in OA-patients, buthese markersemainnot completely
specificfor OA, becausedhey arerelatedalsoto other pathologs Promisingmore specific
biomarkercandidatesare structural protein byproducts generatebly degradation processes
during OA For examplecleavage products (C2C) or neoepitopes (&,>XC2M) of degraded
collagentype Il as well as cartilage oligomerimatrix protein (COMP) can be detected
elevated levelsn the blood or urineof OA patient$t. However, according to the current
guideline of the DGOU (Deutsche Gesellschaft fuh@ptidie und Unfallchirurgie), no valid
biomarkers for the diagnosis of OA angrrentlyavailablé?, and he lack of reproducibilitand

validationof theseemphasizsethe need for further investigatiords

1.1.2 ETIOLOGY OF OA

During the development of OA, the cartilage and its surrounding joint sissaeexposed to
multifactorial and complex interactions of metaboliteghich are not yet completely
understoodIn this regard, aleeper understanding of tipathophysiological pathways and
causes of OA may help to identify potential therapeutic targets. Agiagma abnormal
biomechanicsgenetic predispositionsmetabolic syndromsincluding obesity and diabetes as
well as comorbiditiesuch as cardiovascular disegsessiblycontribute to the development of
OA. The consensusain risk factors for OA are mechanical distress, genetics anckkged

degeneration.

Mechanical distresis typically caused bybnormal anatomyhronicoverweightconditionor
combination of bothAnomalousanatomycomprisescongenital or acqued malformations,
like misalignment of thdimb axis or malformation of the tibial or pateHgemoral joint
surface$®. The other mosimportantmechanicallydriven causeof OA is direct injury.Misuse
and instability of joints cause ahift towardsrardy loaded regions followed by cartilage
breakdown ashown byAndriacchi et al'*'®. Additionally, the presence of inflammatory
proteins combined with mechanicateload results in increased upregulation of catabolic
pathwaydeading to a strongarartilage degradatidf'’. Furthermoredegradatiorfragments

of collagentype Il and fibronectin in the synovial fluid stimuéathondrocytesnto a vicious
cycleto produce matrbdegrading proteinasésading to accelerated matrix degradatfdh
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However, ageelated OA remains one of the most comrfarms of OA. Theaccumulation of
several risk factorduring agingprocessesogether with reduced regenerative capachiees
high risk for the development of OAlthough OA is not a necessarcondition of aging the
rarity of OA in young people (age below 30 yeans)plies the impact ofageon articular
cartilagedegeneratioandOA?, In the United Statethe median agef patients suffering from
knee OA is 55 yeafs Moreover,0OA is a chronic disease, whatecadesire necessary fdne
developmenbof the conditionDuring aging the intensificatiorof inflammabry processeand
the accumulation offat tissueincreasethe levels of circulatinginflammatorycytokines(e.g.
Interleukin6)??. Additionally, leptin, adiponectirand resistin, members of the adipokine
family expressed in fat tissue, play important sale inflammatory processes durirthe
development of O, This preinflammatory state together witheexcessive loading provoke
cell senescence in tissues like cartilage thedrelatedoint structuresExposure of senescent
chondrocytes tohronic stress or mechanical stimulation results in DNA damage and telomere
shortening. Further, the secretory phenotype of these cells is chatogwagds higher
expression levs of matrixmetalloproteinase@MPs), such ashe collagerdegradingVIMP-
13. The lost ability to maintain homeostasis in senescent chondroggtes along with a
decreased production dfie extracellular matrix(ECM). Additionally, a reducedanabolic
response andlecreasedproliferation rateis observed despite stimulation with growth
factorg42°, Altogethertheseare typicalfeatures othe aging process. A similar scenariacan
be observedn obese peopleOverweightimplies abnormal joint overloagrnd accelerated
release of inflammatory mediatas well as adipokineés the increase of fat tissue is not only
an independent disease, but also andegendent sideffect a clear separation of these two
etiologiesis difficult?®.

Besidegheenvironmental risk factorgeneticsanalsohave a high impact on the development
of OA, although just &ew OA-associatedenes have been identified to dat& genomewide
association study funded liie Arthritis Research UK Osteoarthritis Genetics (arcOGEN)
Consortium could identifyeleven loci associated with O&. For example GDF5
(Growth/differentiation factor )5 a signaling moleculbelonging to th& GFbeta superfamily
displays a significant and reproducibtiownregulationin knee OA patientdut not in hip OA
patientscompared to contraroups®>3°. Another gene identified to be associated with OA is
the MCF2L gene which encodesthe guanine nucleotide exchange factor D@Steir™.
Furthermorechromosomé&g22was identified asn OA susceptibility locusin the European
population the chromosomal region of 7922 together with GBF5 gene reached high
significance ina genomewide analysi¥. Not only cartilage,but also the surrounding joint

3
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tissuesas the synovium and meniscicould be affectedy catabolic changé$ Taking into
accounthepolygenic architecture and multiple variants, the approaches to identify the genetic
components of OAequirelarger netaanalytical effortd”. Furtherinteresting aspestarethe
genderassociated differences in O 6 Co n n e.rfouratgenaet specific differences
concerning the cartilage thicknesisifinerin women), estrogen receptor genes (with higher risk

in homozygous individuals) as well as the joint anatoallyreflecting higher risk of OA

development in womén

1.2 CARTILAGE
1.2.1 COMPOSITION AND ORGANIZATION

In the human bodyhere exist three different types ofartilagethat are dffering in their
structure andextracellular matrix composition: hyaline, elastic and fibrocartiladgyaline
cartilage the most abundant cartilage typenstitutes the transient cartilaginous template of
the developing endochondral bones and the permaéntlar cartilage (AC), which is
covering the surfasef thearticulating bone¥ and therefozis thetype ofcartilagethis study

is focusing onThehyaline cartilagdeeCM consistsa network of collagefibrils composed of
type ll, IX and Xl collagensproteoglycans (P§ carrying glycosaminoglyca (GAG) side
chains hyaluonic acid (HA) andvarious glycoproteinproduced bythe highly specialized
cells, the chondrocytgs The high negativeharge density adbAGsattracts water and counter
ions into the tissue generating an internal swelling pressure, vemahles towithstand
compressioriorces®. Due to the high tensile strength of collagen fibrils, cartilage is endowed
to resist tensile force€ompared to other tissuesartilage is hypocellulaand lacksvessels
lymphatics ancherves Therefore nutrients are providedy the synovialfluid via diffusion
through the matri¥. The appearance of chondrocytes in lacunae, also known as chondrons,
characterize another important property of cartilage. Here, the chondracgtsesrrounded
with different matrix compartmentdivided into interterritorial, territorial and pericellular

sectionsC.

Collagers

Collagens are the major component of cartilagmountingor about twethirds of the dry mass
of the AC*L. The arrangement of collagens intopkei helical structures providea three
dimensional networkwhich is respasible for its tensile strength as well its mechanical
stability. The predominant collagen in cartilageatiagentype Il, a homotrimer of thre&ll
(1) -chaing? Besidecollagentypell, AC containsadditionalcollagens such a®llagentypel,

[, VI, IX, X, X1, XIl. and XV. The typical collagen fibrils are heterotymiontaining collagen
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Il and thequantitatively minor types IX and XI collagens degenerative cartilagiecollagen

1/IX/X fibrils are degradedy collagenaséd

Proteoglycan

Proteoglycansconsist ofa core protein andne or morecovalentlylinked side chains of
glycosaminoglycans (GAGSs), such as chondroitin sulfate or keratan sélfgfeecan is the
most important and predominant proteoglycan in AC, comprising about B&#édry weight
Multiple aggrecan monomers are attached to a hyaluronan polysaccharidevieh&ik
protein, therebygreating a supramolecular structaerepesentedn Figurel. The negatively
charged GAGs are responsible for the osmotic attraction of water into the ECM, prakiling
ability to resistcompressive loads. The water content in total wet weight is abouf*&0%
addition to aggrecamtherproteoglycansuch asversicanwith a similar molecular structure
to aggrecanand small leucineich proteoglycan§SLRPSs) such as decorin and biglycan, are
present in lower amount in the AC cartilage, where thiyl various biological functions, e.g
regulation of collagefibril diameter andarrangement. In tisseengineeringhepararsulfate is

a hghly investigatedsAG due toits high affinity for TGFb1 and-2, two growth factors tich
play animportant role in repair processespecially in liver tissifé

Glycoprotein

Additional non-collagenousmoleculesin the ECM of ACare theglycoproteins including
cartilage oligomeric ntaix protein (COMP), matrilis, fibronectin and others. Glycoproteins
are proteingosttranslationally modifiedvith oligosaccharidside chains (glycansyhe main
functionof glycoproteins is to stabilize the ECM and to support the interaction of chondrocytes
with the surrounding matrfx An important glycoprotein of the cartilaginous ECM is
fibronectin, consisting of two almost identically monomers linked by disulfide b@tigisre

1). Although itis anon-cartilagespecificprotein it plays a critical role in cartilage development
inducingcell cordensatiorandchondrogengis. Moreover cartilage homeostasis is modulated
by fibronectin and its upregulation in osteoarthritic joints was observeédditional
glycoproteindound in cartilage arthe matrilins. This family havefour membergmatrilin 1,

2, 3 and4), wherebymatrilin 1 and 3have beenmplicatedin thefine regulation of collagen
fibril growth*®,
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Aggrecan

ﬁ COMP

Biglycan

Decorin

Type IX collagen /K Cf‘:%-\\r)
Fibromodulin

Type Il collagen

Figure 1. Schematic representation of the extracellular matrix components in articular
cartilage. Besides chondrocytes, AC is composed of three typies ofproteins: collagens
(e.g. collagen type 1), proteoglycans €.g. aggrecan) andylycoproteins including nen
collagenous proteingsCOMP, fibronectinandlink proteinfor example Chen et al2006)".

1.2.2 STRUCTURE OF THE ARTICULAR CARTILAGE

The unique properties dhe intact AC bgetherwith the synovial fluid are providingpint
lubrication for frictionless movement in joints as well as even transmission ofYoad
Structurally AC is distributed into four zones based on the differences of E@Nposition

and cellshapedensityand organizatioms it is representdad Figure?2.

The superficial zones forming the thinnest layer (220% of AC thickness) opposite to the
joint cavity. The chondrocytes in this layer are flat and orientated dataltbe surface.
Compared to the other zones, the density of collagen is highlerthe amount of aggrecan
lower, which causes high resistance towards sheer siréiss articulating bon&s*’. During
OA developmenthe usudy parallel oriented fibrils getore disorganized and decrease in
number which isfollowed by appearance of fibrillations in this zéhe

'Reprinted by permission from Springer Nature, Nature
adult stem cells in cartilage r®g0@theration and tissue
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In the transitional zon€40-60%) chondrocytes are spherical and fibrils raredomlyaligned
to the articular surfaéé*’. As, OA progresseghe PG content decreasesre significantlyin
the deeper zonempared tdhe superficial zormé.

The radial zon€30%) is the zone with the highest content of PGrastargest collagen fibers.
The round and dense cliocytesrepresenthigh synthetic activity. Theyare vertically

orientedascolumns tevards the surface, likewises the fibers dd4”.

The calcified zonés laid up on the subchondral bone. As the name suggests, the ECM is
mineralized and contans the hypertrophic chondrocyte markeollagen type X. It is a
transitioral zone between the soft cartilage and the stiff Btrte®. The uppermost part of this

zone theso-called tidemark, divides the AC from the calcified layer. During @& calcified

zone is thickening, which is advancing the tidemark towards the radial zone and therefore
contributes to a thinning of A

Articular
surface
| Superficial zone
___ (10%-20%)
| Transitional zone
(40%-60%)
Chondrocyte
| Radial zone
(30%)
Tidemark —— Calcified cartilage
Subchondral bone

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

into fourdifferent functional zones, layeratbove thesubchondral bone. The collagen network
is parallel organizewith the surfacen the superficiglrandomly in theransitionalzone,and
perpendiculainn the transitional zonelhe border between the radial and calcified zone is
marked with the tidemarkThe chondrocytesire flat in superficial zong roundish in the
transitional zone and organized into columns in the radial @@nérésik et al, 2017°)."

"Reprinted by permission fr ormfineS Aricular artilageM:aStudies dn, Sprin
Mechanobiology, Tissue Engineering and Biomateridtd 21 Ondrésik et gl©2017
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1.2.3 CARTILAGE DEVELOPMENT - ENDOCHONDRAL OSSIFICATION

Endochondral ossification (EO)tise essentighrocessluring embryonic developmeat most
bonesin vertebrates It is characterized bysequential morphogenetic steps initiated by
condensation and differentiation akeletogenicmesenchymal stem cells (MSC) into
chondraytes followed byformation ofthe cartilaginous anlageim which the chondrocytes
proliferate and produce the cartilaginous ECRKbllowing steps consist ofhondrocyte
hypertrophy, vascular invasion angplacenent of the cartilagby bony skeletott. In long
bones,chondrocytest the metaphysiarrange into thgrowth platewhich isresponsible for
longitudinal elongatioywhile at the end of the epiphyses they faoh@ permanent AC covering
the articulating surfaces tdfebones’.

Endochondral ossification in tlggowth plate isnessential morphogenetic mechanismmost

of the mammalianbones,except the craniofacial skelet@nd part of theclavicle where
intramembranous ossification (I0) occuthntil the end ofpuberty the cartilaginous growth
plate in humans is mostly respdbie for the linear bone growtthan beome silentandit may
completely resolv®. The individual steps of endochondral ossification are demonstirated
Figure3. Beginning n thenormalgrowth plate chondrocytes are wetirganizednto distinct
horizontal zonesThe resting zoner also called reserve zgm@®ntains round, smaktemcell

like chondrocytes thativide rardy andaremaintaired as replenishmerfor chondrocytegor

the underlying zone¥. When resting zone chondrocytes enter to the cell cycle, the daughter
cells formthe proliferative zonewvhere flat chondrocytes are forming columns in the direction
of bone growthProliferative ©iondrocytes arrange intbe columnsby dividing parallel with

the long axis resulting in perpendicularly aligned daughter aefigsh rearrang towardsthe
long axisof the columfP. Later, proliferative zone chondrocytes exit from cell cycle and
increase in volumwhile entering the préaypertrophic zorfd%2. After furtherenlargingin size,

the ECM in the hypertrophic zone is mineralized, théypertrophic chondrocytes stop
expressingollagentypell andbegin to expresgascular endothelial growth factor (VEGi6)
induce blood vessel invasioim addition they produceollagen type X, the typical marker for
hypertrophic chondrocytesand MMPs in the terminal layerdo degrade the cartilaginous
templaté!. Subsequentlychondralastsand osteoblast precursors are recruidmhg the
invading vesselto degrade the cartilage matrix amdild trabecular bonegspectively, athe
primary ossificationcentef3. At the epiphysealends of the bone similar scenario occurs
where mesenchymaells condensate to form the cartilagdag®. 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

8
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interzone containdenselypacked, proliferating cells forming the future articular cartilage and
otherjoint tissues. Important is the distinction of articular cartilage and growth plate cartilage
as two different origins for chondrocyé.

a b c d e f

Proliferation Condensation Hypertrophy, bone collar Growth axes and bone Maturation of Adult bone
and vascularization marrow compartment ossification centres
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Figure 3: Endochondral ossification In the first stepsfdcO, mesenchymal stem cells start to
proliferate (a) and condensate (b) before differentiating to chondrocytes to build a cartilaginous
template(anlagen) Cells become hypertrophic andscularization starts (cThe @lcified,
hypertrophiccartilageis degraded by osteoclasts and replaced by trabecular bone produced by
osteoblastsParallel with the formation of thbone cavity, the perichondrium around the
hypertrophic zone is ossified by 10 and becomeptréosteum forming theortical bone of the

shaft (d). At the center of epiphyses, called secondary ossification center, a similar process
removesmost of the cartilage, leaving back only the permanent articular caréitage ends

of the bone.(e). In humanafter the end of pubertyremnantf the growth plate remains and

the epiphysis and the diaphysis f§gSalazar et a] 2016°)."

1.2.4 CARTILAGE DEVELOPMENT - TRANSCRIPTIONAL REGULATION

Chondogenesis describes the process of cartilage developmdmth is modulated by
multiple signaling andranscriptionfactors. One of the most importananscriptionfactorsis
SOX9. SOX9 firstly was described bioster et al who found mutations in the SRiox 9
(sexdetermining regionf y; SOX9) regiorf. This region i member of theIMG-box (igh-
mobility group class DNAbinging protein which is responsible forseveral skeletal
malformations For that reasonmany researchestartedto identify the role of SOX9 as
transcription factorfor chondrogenesié Foster et al, for example, could show that
heteraygous mutation 05OX9 results in campomelic dysplasiaiaae disorder characterized

by variousskeletal malformatiost®. Analysis ofchimericSOX9” micehave demonstratetat

"Reprinted by permission from Springer Nature, Natur
devel opment, disease ando20léepairfi, Valerie S. Salazar
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SOX9 deficientprogenitor cellglo not differentiate into chondrocytes implicatithg pivotal
role of this transcription factdn chondrogenest& Additionaly, differentiation ofSOX9”
embryonic stenfES)cellsin vitro have failed to produceartilaginous nodulesonfirming the
essential role 080X%9 in cartilage formatio?. During chondrogenic differentiatiQrSOX9
induces the expressioof otherSOXfamily membersSOX-5 andSOX-6, and cooperates with
them in the control of chondrocyte phenotype aride expression of genes encoding for
cartilage specific ECM moleculefor examplecollagentype Il and aggrecagnindicating its
essentialcontribution to skeletogenesi8’>"2, SOX9 is expressed in the early stage of
chondrogenesis during the mesenchymal condensation. The &3> in mousemodels
results in skeletal defects, for example campomelic dysplasid (@PDI)">% Despitethe
important roleof SOX9 in chondrogenesid,iu et al reported thatSOX9 is a noamaster
pioneer factorwhich is not pivotal for activation of ankergenesat the onset athondrogenesis
andthereforedemand further investigations on transcription activating factorslaturation

of hypertrophic chondrocytes @ssociated with decrease $0DX9 andthe upregulation of
other transcription factors likeruntrelated transcription factor 2RUNX2)’®. As
aforementionedcartilaginous remmdelingduring bone developmentrisgulatecoy MMPs and
collagentype X, which is modulatedthrough Indianhedgehog(lhh) induced expressionf
RUNX2 in hypertrophic chondrocytes angerichondral osteoprogenitor celi$’®. Thus
RUNX2 is essentially influenang both maturation of chondrocytesand osteoblast

differentiation, ands regarded as anasterosteogenic transcription factér

1.2.5 PATHOPHYSIOLOGY OF THE ARTICULAR CARTILAGE DURING
OSTEOARTHRITIS

Homeostasis of cartilage is described by awadlanized structure into previdysdescribed
zones with healthy chondrocyteslthough chondrocytes themselves provide poor-self
renewability, they replace ECM in a lewrnover state to maintain an equilibrated
environment. Thizan be negatively influenced by different biomechanical changes due to
trauma or congenitabs already mentione@secondary OMor idiopathic (primaryOA). As
consequence, thproduction of proteolytic enzymes by activated chongbex indues a
catabolic metabolisnwhich is schematically representéd Figure 4. The inflammatory
response is characterized by elevation of cytokines suamteateukin (L) 1 and 6, tumor
necrosis factot (TNF-U), c-reactive protein GRP) and prostaglandi2 (PGE2) However,
cartilage as an avascular and +ionervated tissue is unable to be the source of pain and
inflammation. Most likely in early stages of OA these inflammatory factors atigirom the

surrounding tissues, such as joint capsule, synovia, subchondral bone, muscles or ligaments
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Only a small amounof catabolic proteins expressBdm senescent chondrocytes can induce
inflammation themselvés Cartilage tissue breakdown ismediatedby matrix degrading
enzymes such as MMPs (1,3,13) and ADAMTS 4 and 5 (a disintegrin and metalloproteinase
with thrombospondin motifsjyhich aredegradingcollagentypell and aggrecamespectively.
Therefore, collagen and proteoglycamstworks are compromised introducing a chronic
destruction of AC. Los®f fibrillation of proteoglycans due to increasddgradation and
decreased synthesleads tchigherwater content in cartilage with swelling and over time with
loss of viscosity and resilien® This degeneration procefisstly starts i the superficial zone
where chondrocyte densityliminished due to apoptosieand theremaining chondrocytes
become hypertrophidn addition,superficialfibrillations followed bydeep cracks and fissures
including also deeper zondsnder frictionless movements of the joinsnally, subchondral

bone is partly not covered by AC anymore and becomes part of the articulating surface in
joints?h,
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Figure 4. Schematic image of pathophysiology of osteoarthritisinflammatory cytokines
(TNF-U, IL-1/4, TGFb, IFN-0) activate MMPs and ADAMTS, resulting in cartilage erosion
with fissural lesions and synovium thickness. Subchondral bone is affected by osteophyte
formation, sclerosisand pore formation. Chondrocytes are hypertrophic and apoptotic,
osteoclasts are activate@lyn-Jones et a) 2015)."V

VReprinted by permission from EI| slenesjAdR PalmErtReAgricddarAc et ; A
J Price,T L Vincent,H Weinans,A J Cag2015

11



1 INTRODUCTION

1.3 CURRENT TREATMENT S

The availabletreatmentdor OA focus on pain release and symptomatic therapies to improve
quality of life andjoint function. The most recommended societi@sridwide drawing up
guidelinesfor OA treatmentsare the Osteoarthritis Research Socletgrnational(OARSI),

the American College of Rheumatolo¢fxCR) and the American Academy of Orthopedic
Surgeons (AAOS). In th&ermanguideline for osteoarthritis of the knee published in 2018,
the recommendations of the AAOS and OARSI were consitferiedearly stages of OA
lifestyle changeand conservative treatmemi®the mairstrategyLight to moderate exercises
such asaquatherapy are recommendetth maintain muscular tone withoputting too much
pressure on the affected joinfdternatives such as heat therapythosesor acupuncture are
beneficial, butheir efficiency is notyet proven®?. Apart from building up muscle® increase
joint stability anotherdesirable effect of physical activiig the weight loss which in turn
redues overload and as well asinflammation of the joint Moreover, exerciseseduce
additional risk factors for OA, for example diabetes and cardiovascular df§esigeen non
pharmaological treatments amgnsatisfactorya combination with analgesics like paracetamol,
nonsteroidal antinflammatory drugs (NSAIDs) and later on opi@dalgesicsarethe most
common recommended theie® because of their double action on pain afthmmaiton®.
However multiple side-effectsof these analgcs, particulaty NSAID, especiallyaffectingthe
kidney, the cardiovascular system anthe gastreintestinattract, have restrictedheir
applicatio®.

Additional treatment of OA ighe intra-articular (lIA) injection of medicatia) which is
providinga morelocalizedand less systemic effedh these casesiowever,attention should

be paid ¢ the fact hat every articular injection bears the risk of a possible joint infection. The
major drugs ugifor IA treatment are corticosteroids and hyahic acid. Corticosteroids
suppress inflammatiomedu@ pain andmprove mobility®®. As a natural glycosaminoglycan,
hyaluronic acidis present in normal as well as in osteoarthritic joint fltldwever the HA
content in OA jointis decrease Its lubricating, shock absorbing and possilant+
inflammatory propertieare accountabléor the promising attempts in IA treatmefit®, If the

prescribed conservative treatmefail, surgical approachesustbe considered
1.3.1 SURGICAL APPROACHES

1.3.1.1 Arthroscopic lavage/debridement

Concerning surgicahterventionsthe firstattempto be considerei arthroscopic lavagé his

method ceersthe remowal of loosedamagedissue pro-inflammatory cytokinesas well as
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catabolic proteingrom the joint cavity via rinsing with saline solutiém improve symptoms

and mobility. Arthroscopic debridement is described by shaving cartilaginous or meniscal tears
as well as synovectomy or meniscectomy. The outocoimikese techniquesuch asedued
pain,maylastfor several monthdutthey donot stimulatecartilageregenerationin addition

the evidence regarding efficiency is controversially discu&&&. An important benefit of
arthroscopr inspectionof the knee is the diagnostic informatiprovidedand the possible
combination with further techniques such as microfracsurgeryand autologous chondrocyte
implantation (ACI).

1.3.1.2 Bone marrow stimulation and osteochondral grafting

Bone marrow stimulation is possible fmall cartilage defects not greater than 2 x 2 cm? and
in patientswithout high mobility demand$ Different techniquesuch asnicrofractuing with

an awl or drillingare availabldo penetrate the subchondral bared therefore induceew
vascularization offering bone marrow stromal cells as well as growth factorgnterthe
cartilage defecsiteand initiate repaiprocesses as demonstraieéigure5. Follow-up studies
demonstrated thahé newly build tissue filling the defecareais fibrocartilag-like, with a
lower load capaciticompared tanative hyaline cartilage Bestoutcome were observed in
young patients with smaller defectsecause of the higher regenerative potential in younger
age$? The technique is approved to be safed due tats low costs and simple handlingis

recommended as a firbhe treatmerit2,

13



1 INTRODUCTION

A B

Calcified Hyaline cartilage -
cartilage

subchondra:lsl
bone

‘QA 1) Fins 'n %@D p’@ l o o
a Ve i gf é’ﬁ’ mh
SORRETLES LI @ gb %Q éﬁnﬁ Qgrf

iat vi“v
*’@‘ b BV S

.' %‘ ?\?gﬁm bridge iﬁp gd‘é:

Figure 5: Schematic illustration of the microfracture technique First, margins of cartilage
defects are smootheah (A), followed by removing o€alcified cartilaggB). With the help of

an aw| subchondral holes arBomogenously place@dbove thecartilage defect (C). A
mesenchymal clot is filling the defect (IWithoefer et al, 2009?).V

Osteochondral autologoadlogenict r ansf er system (OATS) or
autologous or allogenic transplantation of a cartisiglechondral bone barrel in defects up to

2 cm? Patientswith failed first-line treatmentsare also candidates for OATased therapy

One or more plugs are taken fraranweightbearing areas like the medial or lateral trochlea
andaretransferred ito the chondral defeciThe comorbidity of the donor site is a relevant
drawback of thigechniqué®. As cartilage has difficulties in healing into chondral defects, the
boneto-bone contact has greater and faster heatimgptential. Clinical results are promising

andproven to be better than thacrofractue techniqué®,

1.3.1.3 Autologous chondrocyte implantation (ACI)

Autologouschondrocyteimplantation (ACI) is a procedurerhich was developed in 1994 by
Brittberg et al®®. The ACI technique requires two operatipimsthe firstarthroscopicsurgery
healthy cartilage from a low weigbearing area isdissected to isolate anexpand
chondrocyte vitro. After three to four weeks the eapdedchondrocytesre transferred into

VRepr inted by permission from SAGE Pu b/ Clinicalefficacy ofs, Amer
the microfracture technique for articular cartilage repair in the knee: an evidleaee d sy st emati ¢ ana
Mithoefer, Timothy McAdams, Riley J. Williams, Peter C. Kreuz, et al.,@®20
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thesmoothenedhondral defecandfixed under a periostal fldf In Figure6 therequired steps

are demonstratedNewer generations of the ACI techniga&e advantage dfiomaterial like
collagen membrarsefibrins or hyaluronic acidsChondrocytes are seededothese materials
which enables a less traumatic second surfyergeimplantatioff. The third generatigralso
known as matrixassociated autologous chondrocyte implantation (MA@Nolves three
dimensional scaffolds covered with chondrocytes that are implemented into the deféct area
The newbuilt cartilage is inferior hyaline up to fibrocartilage without the properties of articular
cartilage This is besideghe donossite morbidity caused by cartilage extractione of the
disadvantages of A4, In addition chondrocytes may dedifferentiadering expansion in

cell culture losingtheir potential to generatartilagein vivo.

To recapitulateesions smaller than 2m?2 are supposed to be treated by bone marrow
stimulating techniqué$.. If defects ardiggerand patients are young and active, ACI should

be preferred as it has the best clinical outcome in these defects. Defects involving subchondral
bone profit fromOATS!%219 |n advanced stages o$teoarthriticcartilage whermlegeneration
spread out and defects exceed treatathimensiondor the previous described methadsint

replacemenmustbe considered

|
Femur |

Articular .

cartilage ™.
Lateral Medial
collateral collateral i B A }
ligament ligament L LA T VTR RN VT
< Posterior
Anterior —§ = cruciate
cruciate % ligament S
ligament & &oA

_ , 2 —— g = T
\meniscus / : ) 7 / 3
{ [ . | (11
\ g ~ L i

11 Autologous
A\, chondrocyte 'y

s
. g A 5 3 R T
EAE M TITR R WILRLIE L) llaan ity adak'avt

Fibula - Tibia

Figure 6: Schematic illustration of tissue engineering techniques for ACThe 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,
microfracturesare performedc). ACl is performedia chondrocyte injection below a periostal

flap, covering the cartilage defect (d). New tissue engineering atteimpise cellseeded

scaffolds (MACI) that are secured into cartilage defaatfibrin glue (d) Makris et al,
201404 v

"Reprinted by permission from Springer Nature, Nature
techniques for articular ,©02004 i | ageif, El eftherios A. N
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1.3.1.4 Joint replacement

The final remainingchoice in advancedtages ofOA to reduce joint pain and improve
movement and lifgjuality is total joint replacemett®. There exist different kirgbf prothesis

to replace either total joint or just parts of it, for exangalkelythe 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 losaddition movements in
knees with unilatergirothesisare more natur#l®. Metal, polyethylene or ceramic are the most
common materials used ftireseprothesis. Implantatiaof foreign material are at high risk of
infection pert or postoperative, buanother adverse effect is described pgmriprothetic
osteolysis with implant looseningeducing the life expectancy of joint prothesis to less than
15 year&”. For this reason, arthroplasty should be only considered in patieleishan 60

years to avoid complicated revision surgefies

1.3.1.5 Developing emerging treatments

The novel treatments against OA are predominantly focusing on counteractingthe
inflammatorycomponent which character&z®A and are mostly based on blocking antibodies

A major target are TN receptor antagonists such as Adalimumab (Humira; Abbott
Laboratories, IL, USA) or Infliximab (Remicade, Béhringer Ingelheim, Deutschldouodh
monoclonal antibodies (MAB) that are already apdledhetreatment of rheumatoid arthritis
(RA)'% Anyway, in contrasto thesuccessful treatment of Ri#ith Adalimumabtheoutcomes

for OA are predominantlynconvincing Yet, new promises are offered by the newly developed
monoclonal antibodies against-ilU and IL-16'%%11° Other preclinical studies usingnABs
againstADAMTS-5 aiming to stop articular surface degradatibaye showrmeneficialeffects

such as reduced osteophyte formation and cartilage damagsill present many adverse
effects!®, 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 modefs? Anotherstrategy is addressirmin aghemain complaint in patients with
OA. Tanezumaba mAB against nerve growth factor (NGMas found to be efficient in
modulatingpain, but still no positive effeston disease progression have been reptfted
Together with thélocking antibody strategigalso the field of novel cebased therapies using
mainly stem progenitor cells or more recentiguced pluripotent stem cellfSCg is in
continuougdevelopmentThe propertiesof adult mesenchymal stem cells and their potential in
tissue repaiare the pivotal issues of this thesis and therefdlidoe described in detail in the

next chaptes.
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1.4 HUMAN MESENCHYMAL STEM CELLS
1.4.1 THE POTENTIAL OF MSCS

Thedrawbacksf the available OA treatmenlige invasive andnultiple surgeries, restricted
number ofthondrocytesindtheirunavoidablen vitro de-differentiation pushthe necessity for
alternativestrategiegocusing @ regenerative therapida.this respect, the usewiesenchymal
stem cellsqtMSCs) represents one of the most promisaqgproachesMSCs aremultipotent

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 tissuéFigure 7)!*% They were first describedby Friedenstein et alas non
hematopietic, colonyforming cells with spindidike shaps'*>!16, MSCs retaicommitment

to their original lineage when expandervivo and exhibit high selfenewal ability.Due to

the lack ofclear and exclusivaentification markers the international Society fo€ell and
GeneTherapy (ISCT) itroducedthree criteriato precise the definition of stem cedsd to
allow a distinctionbetweenthe different populations of MSC progenitor cellfiese criteria
include plasticadherencein vitro differentiation potential towardssteogenic, chondrogenic
and adipogenic lieages and finallythe expressionf the surface protei€D73as well as the
ECM proteingCD90and CD10%and absencef the hematopoietic antiggbD34 andCD45 as

well as markers for Bells, macrophages and monocytes (for example: CD11b, CD14, CD19
and CD31}Y. Altogether, MSCs ease of harvestyitro high-self renewal, multipotency, and
additionally,theirimmunomodulatory, paracrine effects as well as their abilityptoe to target
tissues provide their clinical relevancein cartilage regeneration and repakn additional
advantageof MSC-based treatment approachisdow immunogenicity allowing allogenic

MSC transplantationwhich simplifies the employmentand reduces possible sidfects.
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THE MESENGENIC PROCESS
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Figure 7. Multilineage differentiation potential of MSCs. Presented are the éages MSCs
are able to differentiat@to (DiMarino, A. M., et al, 201318 V!

1.4.2 ORIGINS OF MSCS

Adult MSCs may bef 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 andfrom peripheralor cord blood. Because of the easy availability, thigh
chondrogenic potential and thkeady available comprehensive reseabcmemarrow(BM)-

derived and adiposgerivedMSCs(ASCs)are the preferred cell origsfior cartilage repatt®.

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

significant differences regarding their properties as well as ddg@endent characteristics

Bonemarrow derived MS€have been the main source to harvest multipotent MS0glate,

MSCs from bonemarrow have shown the best potential in term of differentiation ability.
Neverthelesswhen challenged towards chondrogenesis-RBICs tend to form calcified or
fibrous tisues. This in concomitance witthe 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 A€t

VI Licensed under CCBY3 . 0; [ https://creativecommons. or
PROCESSO by DiMarino, A. M., Caplan, A. . &
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1 INTRODUCTION

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 marrgé##t?3. Their capacity to differentiate into
multiple lineags, together with a genetical and morphologilcaig-term stability in culture
highlight ASCs as good alternative 8M-MSCsfor clinical applicatios'?412°,

1.4.3 POTENTIAL MODE OF ACTIONS OF MSCS IN REGENERATIVE
MEDICINE

In the past decades it was thought that M8Qd migrate and engraft into the defect area,
differentiate into the injured cell lineage and regenerate the damaged?fisaaeording to
this belief many studies undertooksdraightexperimental setip, where MSCs were directly
applied to the defect sind afterwards regenei@t was analyzedHowever several studies
demonstratethat MSCs do not engraft in significant numb@wvardsthe defect areandfor
that reasondo not explain the reportedtissue replacemelit. These findings initiated a
considerable debate about fhe and mechanism of action of MSThe novel and nowadays
most accepted theory is that MSCs do not actively participate in the regembrdtact in a
paracrine manner by releasing chemokines and growth factors wiodulae immune
response, and enhance cell proliferatiorgration and differentiation ofativetissuecells The
paracrine activity appears in secretion of bioactive molecules such as VEGF, transforming
growth factor beta (TG#B) and fibroblast growth factors (FGFs), which all support and
modulate regenerative processég-urthemore,MSCsinteract with immune cellsyherethey
suppress proliferation and cytoki production of inflammatory-tells, as well as inhiling B-

cell activity and antibody secretitil First evidences of immunomodulatory actions of MSCs
were observed, when MSCs were added to mixed lymphocyte reaction assaysdMRR)f
mononuclear cells from mismatched peripheral bldbdias observed thak-cell expansion
was reduced ipresence oMSCs251%0 Further, heexpression of inflammatorfactors(TNF-

U IL-16, IL-6) by activated macrophagesn be reduceth presence of MSCs. A possible
explanation for these observatidashe expression of TNBE-stimulated gene protein (TSG)

6 and PGE2. TSG6 is supposed to suppreskBfhuclear factor 'kappbght-chainenhancer’

of activated Bcells)activity in macrophages and other celiereas PGE2 induces the release
of IL-10, an antinflammatory proteiff*'%2 Further studies observed that the secretome of
MSCs contains factors, whidh partstill remain undefined, but support cell survival, stimulate
angiogenesis and decrease number of apoptoti¢Eelissummary MSCs provide high anti
inflammatory potentialand ensuregood conditions for tissue repaglthoughaccordingto
currentknowledgethe majority of the signaling pathways remain unclear.
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1.4.4 MSCSDELIVERY OPTIONS

MSCs areconsideredas a promising therapy for cartilage regeneration due to direict
chondrogenic differentiatiombility, secretion of paracrine factors amdmunomodulatory
effects. However, MSCs arensibleregarding their environment aridus requiresuitable
delivery carriers and method® avoid apoptosisecrosis, differentiation into unwanted
lineages or delifferentiation of committed cell typ&¥13®, Besides static scaffoldsgsearch

for OA focusesespecially orhydrogels that allovimnomogenous cell distribution ameinimal
invasive intraarticularinjection. Hydrogelscan be characterized Iiyeir synthetic or natural
origin and the chemical and physical composition of the protein netwadditionally, a good
biocompatibility andow immunogenicity isof outmost importancé®. Furthermoretheshape
adaptability ofhydrogels enables them to be used in different injection deviees,prefilled
syringe$ and tofill any target spacdn this study,afibrin hydrogelwas chosems cell carrier
Fibrin hydrogel is a degradable, nontoxic biopolysbhased hydrogetonsisting 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 forédFibrin is a clinically
approvedhydragel, with proven high biocompatibility/® low immunogenicity, regulated
degradation as well as good properties for cell adherences and migfatfofibrin is also
remodeledin vivo by degradatiorvia several proteases such as plasmin. The degradation
process can be observadvitro by shrinking of the fibrin hydrog¥®4L. Variationsin the
formulationresult in different mechanical properties such as alterations in fibrin fiber diameter
or pore size$? For exampleto improve stabilityhigher concentrations of thrombin can be
used. In this way fibrin gels provide higher resistance to fibrinolysis, while fiber diameters

decreasE’.

20



1 INTRODUCTION

Adding thrombin
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Gelation
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Fibrinogen
solution

Figure 8: Schematic illustration of fibrin hydrogel as 3D scaffold Isolated cells are mixed
with fibrinogen solution. With addition of thrombin solution, gelation starts arbdree
dimensionakcaffold is formedLi Y. et a| 2015138) Vil

In the cartilageesearcHield, anothercommonly used scaffold is hyaluronic a¢itiA). HA is

a naturdly occurringcompmentin synovialjoint fluid. Hyaluronic acidbased scaffoldare
provided as meshes, sponges or more frequently as hydfdgelse to chemical or physical
crosslinking methods, HA hydrogels provide higihresistance against mechanical stress
compared to fibrin hydrogef¥. Furthemore HA is able to obtain and even promote
differentiation caphilities of MSCs towards chondrogenicdage which make them attractive
especiallyfor cell delivery devices in OA treatmeHf. Nevertheless, due to a short Ht
time application of HA is limited, although chemical modificati@as prolong this hallife
time of HA, Another disadvantage of HA is tmen-adhesive surfagevhich enable$1SCs

to move, butat the same timenake themlose their proliferation caphility at higher
concentration$®. For that reason, HAasedscaffolds as well as alginabmsed scaffolds can
be modified by additionahrginineglycine-aspartatqd RGD) sequences to improve cellular
adhesionThey provide good properties for celélivery constructs themselves as well as in

mixtures with other substrates such as fibrin or chondroitin sulfate.

Synthetic hydrogels such as polyethylgtgcol (PEG), do have many advantages such as
individual tailoring of mesh size, gelation and degradation properties to create an ideal delivery
devicefor cells or drugsFor example, the degradation properties can be adjustedvay,

which allows specific rates for theltreleaseout of thehydroget*’. However, as a synthetic
scaffold, PEG hydrogels are confronteith several problems such as limited biocompatibility,
immobilization and low viability of celldNatural hydrogelsnsteadmadeof ECM components

provide a more natural environmédat cells*8,

VI Licensed underCC BY- 3.0[ https://creativecommons.org/licenses/
fabrications of tweand threed i mensi onal cel | culture scaffoldo by Li,

21


https://creativecommons.org/licenses/by-sa/2.0/
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Collagenbased scaffolds are another approach for cell deliféry main components used for
thesehydrogelsaremainly collagertypel , but also collagetypell4®. For clinical usage it is
mainly isolated from animal$dqr examplerat tendos), as itis a natural and abundant protein

in ECM of mammaliangCollagen already provides a natural adherence, which is necessary for
cell transplantationGelation of collagen is achieved either by increasing temperature or pH,
which results in fibrillogenest&®. The 3BD-environmenbf collagen hydrogels promotes higher
matrix production of chondrocytes compared to control groupiitgers et alcould showPt.
Further collagenbasedscaffolds can belegraded by collagenases, which retains place for
newly build tissue. @ the other handhe good biodegradabilifgrovdkes limitedstiffnessfor

long timeperiods as well as low mechanical stability. These properties camgreved
chemically or physically, buhe methods arkmited and influence biodegradation processes.
Altogether, collagen isa suitable hydrogel for cell delivery, but it is more useful for cell

behavior studiesrhere it is mainly utilizet??.

Alginate is a polysaccharidesolated from brown algaewhich is (1,4)}linked to b-d-
mannuronigM) a ¢ i d -l-gututbnid{G) acidmonomers. The interaction of cations such as
calcium, barium or strontium with the-@onomers is responsible for the formatioh
crosslinkingandleads togelatiort®®. With high polymer concentrations, mechanical stability
increasesand degradatioprocesses arslowed dowr®. To provide a suitable cell delivery
environment alginate hydrogelsnust be modified to provide cell adhesion, which is not
supported by native alginate itself. Therefdiurther adhesion molecules such as laminin,
fibronectin or collagen are linked to algindf& Proteins containing high concentrations of
RGD sequenceareused as adhesion ligands well. Numerousntegrin receptorpresent on
cell surfaces arbinding to these ligand®. The 3Dstrucure of alginate hydrogels provisle
MSCs to obtain a rounded morphology, which promecteondrogenests’. However,native
alginateis a nondegradable molecule, which canly be dissolved by release of divalent cross
linking. If alginate previousy underwentoxidation very slowly degradation is possible
However, when degradatiorappearstoo slowly it hinders new tissue formatiofrurther,
debatesbout thebiocompatibility of alginate including possible foreign body reactiexnske

doubts about proper usage of alginate as cell deldevice®S,

1.5 INTEGRINS

Integrins ardransmembrane proteinghich connect the cytoskeletasf a cellto the ECM

Acting as chemoand mechandransducers, thegre responsible for the activation of several
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outsidein and insideout signaling pathwasy involved in cell proliferation, migration, shape

and orientation as well asirvivaland differentiatiofr®.

1.5.1 STRUCTURE OF INTEGRINS

Integrirs are heterodimeritransmembraneeceptorscomposed by atanda b glycoprotein
subunit that are neoovalently associated and have a large extracellular domain, whereas the
intracellular or cytoplasmatic domain is sH#ftt The human diversity ointegrin subunits
consistsof 8 b and 18U subunis that can form together 24 different heterodiiméntegrin
receptors. Integrins can be further divided into subgroups according to their digeaitiaty

such as collagen, laminin, RGD and leucossptecific receptorgFigure9).

Lam'-.nin recepy,

rs

aGD receptorg

Figure 9: The integrin family in vertebrates. According to the bindingpecificity, integrins
can be classified into four groups: collagen receptors, R&&Bptors, laminin receptoesd
leukocyte receptasr(Barczyk et al 20035%).%

To be functionalactivation ofintegrins is required, which is initiated by insidet-signaling
leading to conformational changes. For mogtgrins the cytoplasmatictail getsactivated by
phosphorylatiorvia talin or kindlin, leading to separation of thkandb partsand further to
integrin activation. In addition, the extracellular tail of th®&egrin pass through a
conformational change&vhich increases the affinity to its ligastéF13 The signal transduction

XReprinted by permission from John Wiley and Sons, Pe
|l i gament: organizers and facilitatorsf, @018al d Gul |l be
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from extracellular ligands into the cell is so called outsidsignaling. The binding of an
extracellular ligand results in several conformational changes such as isepafathe
transmembrane domaiwhichinducesinteractions withintracellular enzymesansferring the

molecularinformationfrom the outsidéo the insidé®2

al{aA)domain {

Seven bladed j-
propeller domain

Ligand binding
pocket

P : Hybrid domain
. Thigh domain = —0—o——
Head region

Calf-2 —m™ ———>»

&——— P&l domain

‘_[_ Four EGF-1 repeats
/ [i-tail domain
—

Lipid bi-layer

Cytoplasmic domain
i Trans-membrane domain

Py g g Sy S S S —— | o s s s . o s

a-subunit [B-subunit

Figure 10: Schematic illustration ofintegrin structure. Integrins are heterodimers consisting
of anU and ab-subunit.The extracellular heackgion of theJ-subunitcontains thed | ( -U A)
domain sevenb | a d-propelldr domainfor calcium binding and théJ | d owitla @ n
binding-site for metal ions. Thinigh domain connects the cdlfand cad2 domain as parts of
the leg regionb-subunitsimilardy consists of & | ( -dofnpin which provides a ligand pocket
together with thé-propeller domain ofhe U-subunit The leg region is formed by four EGF
repeats that are connected to the @&ixin-semaphoririntegrin and hybrid domain of the
head regior{Goswami, $S2013164) X

The group of collagebinding integrins consists othe subunitsU1, U2, (Jaldo and
coupling withthe b1-subunit*®®. Integrin U b1 was described to be expressed in trophablast

after implantationindicating a pivotal role during embryogené&isHowever, mice deficient

in integrin U 1 could develop normally andre fertild®”. Together withintegrin U 8 1it is

involved in the FAK(focal adhesion kinasend p38 MAPK(mitogenactivated protein kinase)

XLicensed under [ htt ps:/
e r

/I ¢
containing integrin heterodi mero: by Goswami, S.
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pathway for the induction of MMR3, which is activated for example during osteffSis
Moreover, both collagen receptors are involved in chondrogenic differentadtMSCs asa
strong activatiorof thesereceptorsvas observed bgoessler eal'®®,

| nt e gr i acolrahlpidvestigatecbllagen receptoryhich was firsdescribed in fetal
muscles by Gullberg et al}’®. Nowadaysit is found in fibroblasts, boreandmusclesLoss of

int e gr i mesulislin disbrganized periodontal ligaments and dwarfism, indicégng
pivotal role in fibroblasts for cell migraticendcollagen organizatidri®. Moreover,Popov et

a. found out t halil, svo dolageayipel geceptdrs, leb@to iacreased
apoptosis, reduced cell adhesion and motility of MSCs as well as challenging bone development

in mutant micé'™.

The subunitintegrin ULO was first described bZamper et alas acollagentype Il binding
integrin expressed by chondrocyt@slt is expressed imrowth plate and AC and therefore
playing an important role in chondrogenesifasagtsson et ablready éscribed in 2005and
eventually in AC homeostasisin their study, rice lacking integrin UL0 displayed mild
chondrodysplasiavith changes in cartilage structure addfects of chondrocyte shape,
revealing the importance of integrins for ceMflatrix interactions during endochondral
ossificatior”® FurthermoreVaras et al.could show that integritfL0 is expressed in bone
marrow MSCs and its expressismupregulated during chondrogenesisggeshg integrinULO
asa potential biomarker for chondrogenic potential of MSERecently, it was found that
equine MSCs selected for higttegrinULO expressiohave the potential to hinder the onset of
OA in an equine impact modél. This first preclinical trial demonstrated the safety and
efficacy of intraarticular injection of allogenimtegrin ULO-selectecadipose derived MS&In

a large animalTo date no integrinULO mutatiorhas been identifieth humars. However,in
2013 anautosomalrecessive chondrodysplasia caused by a nonsense mutalibGA1Q
affecting the Norwegian Elkhound and Karelian Bear Dog breeds was répbitedgrin UL0
protein losdeadsto disproportionate dwarfism, with anatomical features resembling the human
spondylemethaphyseal dysplasi@his canine phenotype furtheupportgsheimportantrole of
integrinUL0 in cartilage and bone formatioklore recentlyjntegrinULOwas also found to be
expressed in human glioblastomas, anidhiastoma cells selected for high integkihO
expression show increased proliferation and sphere form&tidoreover, functiorblocking
antibodies against integrliL0, significantly suppressed tumor groWtrspotlightng integrin

UL0for its potential as a therapeutic targetreatingglioblastomas
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1.5.2 MODELS OF INDUCED OSTEOARTHRITIS

Osteoarthritis is mainly a degenerative diseadgchis why itis appearingnostlyin 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 suitdldeever, a longeriod oftime is
neededfor developing OA, whichgoes alongwith higher maintaining coss. Also, larger
numbers ofinimask are required to conduct the study, whigher variation®f outcomeare

to be expectedn summaryall thesalisadvantagesnakethespontaneous OAnodelsto some
extent unattractivé®®, Another possibilityis to induce OA Often performed are the-salled
injection models using moneiodoacetate, collagenasgsapain, carrageenaror others®l,
These models are primarily used fetudying pain related effects of OAcaused by
inflammation, toxicity or cartilage dama§é'®3 The appearance of high numbers of dead
chondrocytes and accelerated cartilage destruction are not comparthlelpathomechanism
responsible forOA developmentin human For these reasons, injection methods provide
restrictedvalidity for researches otie pathomechanism of human &A On the other hand,
the surgicHy induced OAmodels mimic predominantly pestaumatic development of OA in
humans. Partial/total meniscectomy, destabilizations of the medial me(i¥diy) , resection

of the anterior cruciate ligaments and osteotomy are besides numerous other methods
commonly used models to induce Qail with thegoal todestabilizethe knee¢®*18%, The knee

is the most frequentlyjoint investigated All surgical models offer high reproducibilityn
particular,the DMM-model, causes midhstability with slower progressionfdA which is
mimicking in a more resembling way human ¥%8". The applicability of the DMM model

to mice also offesthe possibility tamplement knock out animals to study the precise role of a
protein of interest during OAFor these reasons, the DMM model is currently the most
commonly used surgical method to induce OA in naind also the method of choice tais

study.
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ACL
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LMTL e
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Figure 11: DMM -Model: right knee of a mouse, frontal view The destabiliation of the
medial meniscuss achieved by cuttinghe MMTL. F= Femur, T= Tibia, MM= medial
meniscus, MMTL= medial meniscotibial ligament, LMTL= lateral meniscotibial ligament
ACL= anterior cruciate ligameriGlassoret al, 200788 X!

1.5.3 OA ANIMAL MODELS

Osteoarthritis can be observed in different types of animals. Large animals such as sheep, goats
or horses providanatomic similarities to the human joint components especially regarding
cartilage thickness. Therefore, they are crucial to obtain more clinically relevant data prior to
therapeutic interventiod®. 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 stud§®. However, cartilage loading in rats is different to
humans and therefore rat models are not always comparable to Atfmbmsabbit, the
destabilization of the medial meniscus, leads to a successful induction 3t Glawever,
Pederson et alintroduced the fact thastructural differences with higher density of
chondrocytes as well as notably thinner cartilage are observed comparing human and rabbit AC
as well asslasson et aldid in mice AG%%1%3 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.

XXReprinted by permission fr
meni scus (DMM) model of ost
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1.6 AIMS OF THE THESIS

As there is currently no diseas®difying 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 tesatnoptions 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 factoraateX

interactions and mechanical stimulation. &#ty, a subpopulation of monolayexpanded

bone marrond er i ved MSCs expressing U10 integrin v
potenti al in pell et cul ture, suggesting tha
assurance of MSCs used for cartdagpair. The main objective of this thesis is to determine

the therapeutic effect dfuman BMMSCs sorted fotJ 1 0 ibtdgrin (hereafter referred to as

U 1"@" MSCs) expression in a postaumatic osteoarthritis (RDA) in vivo mouse model.

Specifically, he following objectives have been identified:

A To demonstrate the improved chondrogenic potential of plateletdysate at e d , u1io
integrin-sorted human MSC4J(1"8" MSC) in pellet culture.

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

A To compare the effect of transplantagmanU 1"8" MSCs and unsorteldumanMSCs
on the progression of OA in the destabilization of the medial meniscus (DMNDAT
mouse model.

A To identify the transplanted human MSCs in the jeightweeks 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 stusere human mesenchymal stem cells (MSCs) isolated
from bone marrow (BM)The cells werésolated, characterized akohdly provided by Xintela

AB (Lund, Sweden; CEO: Evy Lundgrékkerlund). Human BM-MSCs were firstly
characterized byresence othe typical mesenchymal stemell surface markersCD105,
CD73, CD90 andhe absencef the hematopoietic marker€D14, CD34, CD457 by flow
cytometry(BD AccuriTM C6, BD Bioscience, USAells were cultured id ME M/ Ha md s
F12 1:1 medium (Dul bec c®@ifcsE THeniFisdher 8ciefificg | e
USA) supplemented with 5%latelet lysate (Stemulate®; Cook general biotechnology, USA)
and 1% penicillin/streptomycirGibcoE Thermo Fischer Scientific, USAAfter expansiona
portion ofcells were stained using aproprietatp nocl onal i nt egelaAB) U10
and live cells weresubjected to fluorescenaetivated cell sorting by FACSAria 8D
Bioscience, USAin order to select a subpopulation with elevated integii® expression,
namely U 1"@" MSCs Discrimination of live/dead cells was assessed BAAD staining
(BioLegend). Sortedatells were washed in culture mediwand reseeded for recovery and
expansion for one more passage beli@iag aliquoteéndfrozen In parallel, a portion of nen
sorted cellsnamelyunsorted MSG, to be used as control, were expandedlls at passage
three(unsorted MSCs) and passdgar (UL0"9" MSCs) were shipped overnight in dry ite

the Laboratory of ExperiMedHospital for General, Trauma and Reconstructive Surgery
Ludwig-Maximilians-University, Munich) and stored in liquid nitrogen until used in the various
in vitro andin vivo experimentsCells were thawedseeded andulturedto beused for studies

of the chondrogenic, adipogenic and osteogenic differentiation potentials at passagel

five, respectively.
2.1.2 CULTURE CONDITIONS

2.1.2.1 Cell culture conditions

For general expansion and subsequent experinsiiis were handlednder sterile conditions

in aprimary cell culture laminar flow hoodHeraeus Instruments, Germanyhe basic culture
medium containedMEM/Ha m&X2 1:1 mediumDu |l b e c c o 6 £agl®Mediurh i e d
Nutrient Mixture F12 Ham Merck, Germany supplemented with 5% platelet lysate
(Stemulat®; Cook general biotechnology, U$Aand 1% penicillin/streptomycir(Life
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Technology, USA Cellswere grown in monolayers ingpoxic @% Ohunpidified incubator
(MCO-5M, Sanyo, Germany)inder constant conditions at #C and 5% CO
changed every-8 days and cell confluency never exceede®@.

2.1.2.2 Passaging and counting of cells

MSCs grown in monolayer were detached fribv@plastic usingAccutasé™ (Thermo Fischer
Scientific, USA. Accutasé" is a gentleless toxiccell-detachmensolutionwith proteolytic
and collagenolytic enzyme activitin brief, cells were covered with Accutd¥dor less than

5 min at 37°C and 5% C@until cells detached. To neutralizecutaséM the double amount
of fresh culture media was added. For countirul of re-suspended cellwas injected into
Neubauer chambgBrand, Germany To determine the total number of cells per milliliter,

cells were counted in al/ four quadrants

cells/ml =[(A+B+C+D)/4]x 1 O

For replating a defined number of cells was centrifuged at §d0r 5 min Universal 16 R
centrifuge, Hettich Zentrifugen, Germgrand resuspended in fresh culture medrad poured

into suitable flasks

2.1.2.3 Cryopreservation and thawing of cells

For cryopreservation a preooled freezing media containing 70% of culture media, 20% FBS

(SigmaAldrich, Germany and 10% dimethyl sulfoxidddMSO, Merck, Germany)yvasused
Cell aliquots in cryovials (Thermo Fischer Scientific, USA) were firstly place@@tC in
freezing containers with isopropanol and subsequetahgd in liquid nitrogen.

Forthawing cryovials werdoriefly placed in a water bath at 3C until suspension meltehd
immediately mixed with 5 volumes of fresh culture media and afterwards centrffuggchin
at 300g (Universal 16 R centrifuge, Hettich Zentrifugen, GermaAgpiration of supernatant
was followed by resuspending cells with fresh andvpsiemed culture media. For culturing,
cells were transferred in-I75 or 7225 cell culture flasksThhermo Fischer Scientific, USA

and after 2doursculture media was changed in order to removeattached cells.

2.1.2.4 Cell culture dishes

Dishes and fldss used in this study fam vitro cell culture werd@-75,T-175, T-125 cell culture
flasks, 6well and 96well-platesand 3,5cm culturepetri dishes, all purchased frohlnermo
Fischer Scientific ySA), Greiner bieone, (Germany SarstedtAG & Co. (Germany)and
Corning Inc (USA).
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2.1.3 TRILINEAGE DIFFERENTIATIONS
2.1.3.1 Osteogenidifferentiation

For osteogenic differentiation MSCs were plated irtoelli-platesand expanded to 780%
confluency DMEM-high glucose medi@'hermo Fischer Scientific, USAupplementedith
10% FBS, 10 mM (&Glycerolphosphat, 5QuM L-ascorbieacid 2phosphate, 1000nM
dexamethasonealf SigmaAldrich, Germany and 1% penicillin/streptomycin Merck,
Germany was used to induce differentiation. Control groups recebasic culture media.
Media was changed twice per wediter 21 days osteogenic differentiatisrasended and
matrix mineralizabn was detectedia Alizarin Red stainingln brief, cells were washed with
PBS (phosphatéuffered salinexand fixed with 4% Paraformaldehyde/PBS solutidPF4;
Merck, Germany for 15 min at room temperature (RBixative waswashed with distilled
water (dHO) andcells plus eventual deposited matrix wetained with 40 mM Alizarin Red
Stain solution Qsteogenesis Assay Kit, Millipore, USA)rfa0 min at RTIn order b remove
unbound stainingdisheswere washed with d¥D three times. Pictures were taketDxX
magnificatior) on AxioVert 40CFL microscope with AxioCaml05 color camera (Zeiss,
Germany)To quantify osteogenic differentiatiothe Osteogenesis Ass#it (Millipore, USA)
wasused Alizarin-stainedplateswere incubatedvith 10% acetic acid (Sigmaldrich, USA)
for 30 min at RT, scraped from bottotransferred into tubg&ppendorf, Germanygnd heated
at 85°C for 10 min(Thermomixer comfort, Eppendorf Germangfter centrifugation for 15
min at 1400Q (Centrifuge 5415 D, Eppendorf, Germamil of supernatant was neutralized
with 10% ammonium hydroxidéigma Aldrich, USA. To measure the optical density at 405
nm a Multiskan FC microtiteplate readerThermoFischerScientific, 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 differentiation

For adipogenic differentiation cells were plated intvell plates. When cell density reached
approximately 94100% confluenceDMEM-high glucose mediarbermo Fischer Scientific,
USA) supplemented witil0% FBS, 1 uM dexamethasone, 0,1 mgiméulin, 0,2 mM
indomethacin, 1mM 3-isobutytl-methylxanthine and (all SigmaAldrich, USA) 1%
penicillin/streptomycin Merck, Germanywas added to induce differentiation fiove days.
For the following two days, cells were maintained BIMEM-high glucoseonservation media
composed ofl0% FBS, 0,Img/ml Insulin and 1% penicillin/streptomycin. Induction and
conservation media wemnsecutivelychanged for three weekS8ontrols were kepin basic
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culture media. To quantifgdipogenic differentiation lipid vacuofermationwas visualized
by Bodipy-staining After 21 days cells were washed with PBfxed for 25 min at RT with
4% PFA Merck, Germanyandthen incubated with &ldipy staining(1:250Q diluted indH>O

Thermo Fischer Scientific, USAor 15 min. After washinginbound solutionpictures were
taken with AxioObserver Z1 using AxioCanMIRm color camera (Zeiss, Germanyl0x

magnificatior).  Lipid vacuoles were andyzed and quantified with Image
(https://imagej.nih.gov/ijlUSA) and Microsoft Office ExcelNlicrosoft, USA. A threshold for
dark background was adjusted to detect the bggéen colored areaspresenting lipid

vacuoles.

2.1.3.3 Chondrogenicdifferentiation

Chondrogenesis was induced using pellet culture. The chondrogenic basic medium consisted
of DMEM High Glucose(Thermo Fischer ScientificUSA), dexamethasonelQ uM), L-
ascorbieacid 2 Phosphat€0,195 mM), sodium pyruvate (1 mM), 1% ITS+3 (insulin,
transferrin andselenitg (all SigmaAldrich, USA) and penicillin /strepgtomycin (100 1U/ml,

Merck, Germany. Aliquots of 2 x 10 cells were transferred in 96-Mottom nortreated
polypropylene plate§Corning Inc, USA) in respective mediunmNegativecontrolsobtained
chondrogenic basic media, the correspondent differentiation media was supplemented with
TGFR1 (20ng/ml) and BMPR2 (100ng/ml) (bothR&D Systems, USA The whole platevas
centrifuged at 309 for 5min (CT 4 22 Centrifugelhermo Fischer Scientific, USA) induce

pellet formation. Pellets wereultured in a humidified hypoxic incubata2% O , 5% CO
MCO-5M, SanyoJapan at 37°C for 28 days Media changes were performed three times a
week.After 28 days, pelletsvere washed once with PBBI¢rck, Germany, then fixed with

4% paraformaldehyde fdwo hours at RT. Next, pellets were rinsed 3rth with PBSand
incubated in 30% sucse Merck, Germanyfor 3 hours at RTNext, pellets were placed in
disposable cassettes and enclasemtyomedia TissueTek O.C.T compound, SakurdSA).

Gradual sample freezing was achieved by placing the cassettes on a coppdaqedten dry

ice. Sampleswere storedwrappedin parafilm (Thermo Fischer ScientifidJSA), at -20 °C

until use. Thecryotome Microm HM5000 Thermo Fisher Scientific USA) was used for

cutting cryosections of [dm thickness. Slices were collected onto Superfhstglass slides
(ThermoFischerScientific, USA) ad stored at20 °C.

2.1.3.4 Safranin-O-staining on pellets

Proteoglycanare together witleollagentypell the mgor components of the ECM in cartilage.

SafraninO is a basic stainwhich binds with strong affinity to the acidproteoglycans. fie
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content of proteoglycans is proportional to the intensity of the staiRieltet sections were
rehydratedwice with PBS and then incubated wittl@6 SafranirO- staining solution$igma
Aldrich, USA) for 5 min. To dispose redundant staining solution, slides were turned on
Watmanpaper Roth, Germany Finally, slides were mouad with Roti-Histokitt® (Roth,
Germany. Pictureg5x magnificatior) were takerwith AxioVert 40 CFL using AxioCam 105
color camera (Zeiss, Germany

2.1.3.5 Immun ohistochemistry

Immunolocalization of aggrecan and collaggpe Il as chondrogenic markersasperformed
as follow. Slides were let stand 30 min at RT, rehydrated ancktitogenous peroxidasere
quencled for 20 min in 30% ED2 in absolute methanohfterwardssections were washed in
PBS and then incubated wifk2% hyaluronidase in PBS (pH=SijgmaAldrich, USA) for 30
min at 37°C. For aggrecan stainingpecimensvereblocked in1% BSA/PBS ljovine serum
albumin; pH=7,4 Roth, Germany for one hour at RT, followed by incubation with the
polyclonalprimary antibody (AB1031Chemicon/Milipore, UB) diluted 1:200 in the blocking
solution at 4°C overnight.For collagentype Il staining sectionswere blocked in 25%
M.O.M.E Mouse IgG Blocking Reage(iVector Latoratories USA)in PBS foronehour and
afterwards incubated for 5 min in 5% M.O.ME Diluent in PBS The mouse monoclonal
primary antibody for collagetype Il (Il - 116B3-s, DSHB, USA)wasdiluted 1:D in protein

concentrate, applieoh sections and incubated at@ overnight.

Next day, sections were washed in PBS and for the aggrstaning, the biotinylatedoat
antirabbit antibody of the Vectastain® Rabbit ABC KiVéctor Laboratories, USAyas
diluted in blocking solution and incubated fore hour. Thebiotinylated antmouseantibody

for collagentype Il staining was diluted in PBS and incubated for 10 min. Detection of the
secondary antibodyas achieved with the AvidiBiotin Complex (ABC)eagent Kifprepared

30 min beforeapplication and applied for 30 miDAB Staining was peparedby diluting
0,028 DAB ( 3 ;Dm@rdinobenzidine; Sigmdaldrich, USA) in dHO and TRISHCI
(Tris(hydroxymethyl)aminomethane hydrochlorigéi=7,6; SigmaAldrich, USA)and adding

just before use a solution of 20RO (Roth, Germany)DAB reaction lasted min in dark

and was stopped wittiH>O. Nucleic counterstaining was performed witlay er 6 s H2 mal a
(Roth, Germanyand thereafter rinsed ingavater Finally, sections werdehydrated in 90%,
100%, EtOH, 2x Xylol (3 min each) and mouht@ith RotiHistokit® (Roth, Germany)For
negative controls, primary antibody incubation was skipped. Pict{ii@s) were taken
Axioobserver Z1 using AxioCamRm colour camera (Zeiss, Germany).
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2.1.4 MESSENGER RNA ANALYSIS
2.1.4.1 Total RNA Isolation

From cells

Forthe analysi®f RNA expression of differentiation markers during adipogenic and osteogenic
differentiationthe RNeasy® Mini KIT (Qagen, Netherlandsvasused RNA was isolated by
washing the cells with PBS, addii)-T-Buffer mixed with 1% RBViercapt@thanol Merck,
Germany) tdysecells Cells weradetacled usinga cell scraper (Sarstedt, Germany). RNA was
transferred into QlAshred Spin Columns and centrifuged for 2 min at 20000 rpm to homogenize
the lysate Biofuge pico, Heraeus, Germagnylo 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 10060m. RWZXBuffer was added to column and again centrifuged

for 15sec/10000pm. Orrcolumn DNase digestion was performed witiuld@NAse Qiagen,
Netherlandssolved in 7Qul RDD-Buffer for 15 min. Anothewashingwith RW1-Buffer and
subsequent centrifugation followetllext RPEBuffer was added and centrifuged for 2
min/10000rpm. This step was repeated once and the columns were transferred in new collection
tubes to balried bya furthercentrifugation for Imin/10000rpm. To elute total RNA, RNase

free water was added to columns and centrifuged. Finally, to ésaaacentration and purity

of the RNA, measurements with a spectrophotometer (NanoDhmwmo Fischer Scientific,

USA) at Aseo and Apgo wereperformed

From pellets

To isolate RNA from pellets of chondrogenic differentiation, pellets were washed with PBS
and put in QIAzol Lysis Reagent (QiagemNetherlands)and storedat -80 °C. In order to
disaggregate the ECHkich pellet structure, samplpassed througtireefreezing and thawing
cycles Pellets were homogenizedin ceramic bead tubes (Qiagen, Netherlandgh a
homogenisator (Precellys 24, Bertin Technologies SAS, Frasggy maximum speed for 30
sec ProteifRNA sepaation was performed by adding chloroforMdrck, Germany, then
tubes were inverted and then centrifuged at 12p@@ 15 min at £C. The upper agueous
layer was harvested and supplied with 70% EtOH in a 1:1 ratio. Samplethesir@ansferred

in a RNeasy® Mini spin column artlde protocol wasfollowed as described above.

2.1.4.2 cDNA-synthesis

CDNA was synthesized byhe Transcriptor kst Strand cDNA Synthesis Kit (Roche
Switzerland)according to the manufactures protocol. RNA samples corresponding to 1 pg were
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filled up to 11 Ol w i t-randdmh p@ners EhgipR weneaadddds
and samples we incubated for 10 min at 6%. Each sample was enriched with a mixture
containing a PCHBuffer, deoxynucleotides (16nM), 40 U RNase Inhibitor and 1% of
reversetranscriptaseThe pepared mixture were incubated ira thermocycler(PEQLAB
Biotechnologie GmbH, Germapjor 1 hour at 50°C following the cDNA synthesis program
(Tablel).

RNA denaturation mixture cDNA synthesis mix
RNA 1 pg 5x-Buffer 4 ul
DEPGt r eat gtollpul| 65°C RNAse inhibitor 0,5ul
Random hexame 2 pl for Desoxynucleotide 2 pl
primers Reverse Transciptase 0,5ul
Synthesis
RNA denaturation mix 25°Clor1 0
50 °C for 606
' 85°Cfor5 6

cDNA synthesis mix
4 °C forever

Table 1: Reactionmixes and program for cDNA synthesis

2.1.4.3 Light cycler (LC)-PCR

Quantitative Rverse TranscriptadeCR ((RT-PCR) was performed using tfiaq Man Probes
for integrinUL0 (ITGA10Q andUL1 (ITGALJ), collagentype |l (COL2AJ), PPAR9, RUNX2
and hypoxanthineguanine phosphoribosytansferase(HPRT) (all from IntegratedDNA
Technologies, Inc, USA cDNA samplesdH ,@rimeTime Gene Expression Master Mix
were pipettedn triplicatesin a 96well plate (Table?2). To collect sampleson the bottom of
each well a short centrgation (30 secjvas performedPCR reactionwas carried out in a
LightCycler® 96 instrument provided with LightCycl@r 96 software (Roche, Germany). The
relative gene expression wasrmalizedin relation to the housekeeping gedPRT by the
comparativeqp @t (crossing point)method. The nfold change of gene expression levels
relative toHPRTwas performed by comparativé®®!method Minimum of two independent

repetitions were performed.
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TagManProbesReaction Recipe

Prime Time Gene Expression Master \ 10 pl
cDNA (diluted 1:5 in dHO) 5l
Primer Mix 1
dH20 0,5ul

Table 2: Tag Man probes LightCycler® reaction setup

Oligonucleotides used fduightCycler@PCR

HPRT P : B6FAM/CTTGCTGGT/ZEN/GAAAAGGACCTCTCGAABKFQL3!
50 AACAAAGTCTGGEGBOTGTATCC
rNS6CCCCAAAATGGTTMAGGTTGC

Integrin UL0 | P:5 -356-FAM/CATTGTGAA/ZEN/CCAGCCTCAGCAGC/3IABKRQb
F 506 TGTCACAGACTTG&GMACTTGGC
rAS6CGATGTCAGGTGGBDAAGGTG

Integrin U11 P:5 -356-FAM/TGCCCCACA/ZEN/GAGGAATCACAGC/3IABKFD
506 CAGGTTGCAGATGRATG GGAGAC
rNAS6ACAGCACAGAGTATAGGAGTA

PPAR2 P : HB6FAM/TGCCCCACA/ZEN/GAGGAATCACAGC/3IABKFD
f: 50CAGGTTGCAGABA®ATGGAGAC

r: 506ACAGCACAGAGBMAMCAGGAGTA

RUNX2 P:5 6 FFBM/TTAACTGAGA/ZEN/GAGGAAGGCCAGAGGC/3IABKB
50 AGGGATGAAATGBDBTGGGAA

rSs6 GATGATGACACT-B8E&GCACCTC

Table 3: Probes and primer pairs used for LightCycle® PCR with Tag Man Probes P=
Probe, f= forward, rxeverse

2.1.5 PRELIMINARY TESTING OF CELL BEHAVIOUR IN FIBRIN SEALANT

In vitro cell survival in fibrin sealants

To determinesurvival rate ofcells in fibrin hydrogels, live/dead assayas performed.
Therefore cells weredoublestaired with fluoresceirdiacetate (FDAxnd propidium iodide

(PI), (both from Sigm&Aldrich, USA). FDA is esterized in the cytoplasm of live cells and
fluorescengreen, whereas Pl intercalate the DNA of dead cells and appsaed. The FDA
stock solution was prepared by dissolving 10 mg of FDA in 2 ml pure acétbeavorking
solution,consisted o& 1:500dilution in PBSof the stock slution (Merck, Germany). For the
FDA/PI solution, a 1:1 ratio of FDA stock solution together with the purchased PI solution

(Img/ml in water) was mixed. Cell staining was performed by adding 500 pl 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 micragitiopyicroscope
AxioObserver Z1 mounted with Axiocam MRm (5x, Zeiss, GermafAgsay was performed

every second day for one week

Remodeling of fibrin hydrogels

Fibrin gels are well established analely used bioadhes#s in surgeries. They trigger minimal
inflammation, are nofoxic and provide excellent biocompatibilityThree different
commercially available productsere testedwhich differ in their formulationArtiss® 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/m|
Thrombin (human) 2,56,5 units/ml 500 IU 400-625 units/ml

Table 4: Fibrinogen and thrombin formulation of Artiss®, Tisseel® and Beriplast P®

The different sealantswere tested and comparedgarding cell survival, chondrogenic
differentiation and remodelindthec o mp arecpningendtion for thethrombin: fibrirogen

ratio wasl:1. For thein vitro remodeling of fibrin sealants 28 of fibrinogen were dropped
into a 96 well (norculture treatedCorningInc, USA). Following another 25ul of thrombin
containing 500.000 humabll0"" MSCs were added to the fibrinogen. Hydrogels were
incubated at 37C for five min and subsequently transferred with the aid of a spoon into 24
well disheswhich werecoated with agarosé({ozym, Germany to avoid cell attachment to

the plastic dishMedium was changed every second dagmodeling was observeslery

second dayor one week witlstere@cope(Stemi 2000 CSZeiss, Germany

2.2 INVIVO ANALYSIS
2.2.1.1 Housing and breeding

For thein vivo experimentdwelve weeks old femal€57BL/6j mice of the(Charles River,
Germany were usedAnimals were kepatthe central animdiacility of the LMU downtown
hospitalunderthe FELASA-guideline. Thetrial was approved by thgovernment olUpper
Bavaria (animal application 55.21-54-2532150-13). Animals were kept in individually
ventilated cagesl{C Sealsafe ,Tecniplast, USA under SPF | conditions. The autoclavable
cages contained HEP#iters for air supply and were of a size of 365x207xa#a (LXxXWxH).

A maximum of five animalavere put together in one aagevery twelve hours light was

switched on/off to simulate a day/night cyclemperature was set at-2@ °C and humidity
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at 4555%. Each cage is equipped with a small house renderisigelieras well as material
for bedding, gnawing and nesting, which was changed once in aWagék.and foodwereat
free disposalAfter shipment,wo weekof acclimatizatiorto accustom to the nesnvironment

was Oobserved®o

2.2.1.2 Experimental setup

Animals (n=41) were randomly distributed into the following grodgscribed iMable5. Each
animal was operated ats right knee. The sham group obtained a small incision of the skin
without opening the knee capsuded was used as control grouffter eight weeks of

observation, mice were sacrificeg cervical dislocation

Group |Treatment Animals + Reserve
A Artiss® + IntegrinUL0"9" MSC 11+1

B Artiss® + unsorted MSC 11+1

C Artiss® without cellfempty) 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 jointhe wellknown destabilization of the mediaheniscus
(DMM)- model described byGlasson et alas performetf®. In this procedure thenedial
meniscus (MM)is destabilized by dissection of the media¢niscotibial ligament (MMTL)
This ligament connects the meniscus and the medial joint surfacetifithdBy dissection of

the MMTL the medial meniscus is no more anchored and moves further latesainedial
meniscus usually provides a larger region to transfer loads from femur to tibia. Fum¢her, t
softening effect of the menisci disappears, whiekults in ashifted biomechanical axis
Especially the posteridemur as well as central parts of the tibia are affedibd.consequent

joint instability, set the stage for the development of hulik@nposttraumatic OA.

2.2.1.4 Operation protocol

Pre-operative protocol

Preoperativemice were weighédand their state of healthasevaluatedNext, animals were
narcotizedvia intraperitonealapplication ofa mixture ofFentanyl (0,05 mg/ké&G, Fentany

Janssen, Janss€@ilag, Germany) Midazolam (5 mg/kg KGDormicum, ratiophariand
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Medetomidin (0,5 mg/kg KG, Antisedan, Orion, Finlartehllowing the right leg of the animals
was shaved and disinfected w@litaseptF (Paul Hartmann AG, Germahy~or the wholdime
of operation mice were laying on a hegtplateat 37°C to keep animal body temperature
constant To avoideyesdesiccationBepanthen®balm (Bayer Vital, Germany) was applied.
As prophylaxis clindamycin antibiotic (45 mg/KG, Clindaseptim® Vetiquol, Austriajvas

given before the right leg wasvered with sterile sheets.

Destabilization of the medial meniscus

A second disinfectionf the operation area was performed before the incision of the skin medial
to the ligamentum patellae. The knee capsule was opened with a microsoigsal (Mikre

Iris, Aesculap, GermanyAdrenalin(1:100Q InfectoPharm, Germanyvas applied irsitu if
neededto reduce bleeding and enable clear sajlthe joint. The fat tissue located on top of
the medial meniscus was carefully dissected with the help of atieezer (Aesculap,
Germany) without affding the meniscuslhe patella was dislocatedédaally for a clear sight

of theoperationarea After displaying and identifying the intercondylar regeamdthe medial
meniscotibial ligamertMMT L), thiswas cut througlwvith a micro scalpeleading to the aimed
destabilization of the medial menisc@ibsequefy, and depending on the different groups
the intraarticular injection took placé&.herefore fibrinogen and thrombin weraixedin a 1:1
ratio and injected with a-2 pl pipette Group A-C received 3pl of forin glue (Artiss®, USA)
into the right kneeln group A and Bthe thrombin component was previously supplemented
with5 000 0 c¢ €9"MSCs antl unsbfted MSCs, respectivaly.close the knee capsule,
a continuous and absorbable sutur®(Vicryl, Ethicon, Germany) was usekhe patella was
relocated and followed by th&is suture whichwas performed with individual sutures-@5

Prolene, Ethicon, Germany).

| control leg (| operated leg

Figure 12 Controls of operated right knees Succesf operationwas examinedne-week
postoperation Wound heled with no superficiabr profound infectionsScale bar: Inm.
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Because of the expected pogterative pain, Buprenophin (Orhg/kg KG, Buprenophin
animal, Bayer Vital, Germanyvas appliedntraperitonedy. To neutralize narcosis, Ol
salin solution mixed with Naloxon (1,2 mg/kg K@larcanti®, BristolMeyer, Germany),
Flumazenil (0,5 mg/kgKG, Anexate®, Roche, Germanyand Atipamezol2,5 mg/kg KG
Antisedam®, Zoetis USA) was injectedntraperitoneal Afterwards animals weteansferred in

a cagewarmedvia infrared light and observed until awakening and then transferred IR the

cages.

Postoperativefollow-up

Animals were checked daily for changes in movement or behavior. Analgesia was performed
until the third postoperative day wiithtraperitoneainjections ofBuprenophin (0,Ing/kg KG,
Buprenophin animal, Bayer Vital, GermgnyA scoresheet wadilled daily for the first three

days and themverythird day(see 7.5 Appendik Scoring sheet)

Animal sacrifice

Eight weeks postoperative, animals were sacrifigaatervical dislocationPreviously blood

serumwasharvested

2.2.1.5 Testing shortterm faith of cellsin vivo

In order to test cell survival embedded in fibrin geVivo, a preoperative test with two mice
was performedFor this purposebefore application, cells were labeled witGFDA-SE
(carboxyfluorescein diacetaticcinimidyl ester(Sigma Aldrich) adye,which is esterized by
live cells generating green fluorescenBeefly, cells were incubated with5 uM CFDA-SE
for 15 min at RT and afterwards embedded in the fibrin gel as previously desciostl
operation inspection of live cells after one day and one week was performedntol leg,
which received no cell application, was usadagative controlHuorescenceictures were

taken withAxio Observer Z1 mountedithh Axiocam MRm, Zeiss, Germany

2.2.1.6 Histology

Fixation and decalcification

Knee joints of euthanized mice were deskinned, dissected and briefly rinsed iB&B3es
were fixed ovenight at 4°C in precooled 4% praformaldehyd¢PFA, Merck, Germany or

Saint Marie (SM 95% EtOH, 1% acetic acid, 4% J9) fixative solutiors under costant
shaking.Next day, PFA samples were washed in PBS (3x15mingreasSM-fixed samples
undewenta descending ethanol row to rehydrate: for each steutsat 4°C in 90%, 80%
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and 70% ethanol/dRD and afterwards overnight in 50% ethanol/PB& &C. Finally, SM

fixed samples we washed with PBS 3x1in.

To smoothen bones, samples wigreubaed for approximately four weeks in decalcification
solution composed of 10% EDTA/PERoth, Germany)H of 80. Solution was renewed two

times per week.

Paraffin embedding

Decalcified samples were washed in PBS 3x15 min and afterwards passed émasgénding

row of ethanol (50%, 70%, 80%, 90%, 2x100%), 2x Xylol ang&raffin Roth, Germany),
each step lasting hours To embed samples in fresh paraffin the next day, the embedding

stationHistoCore, Arcadia CLeica, Germanyyvas used.

Sectioning

For sectioning a microtome Hyra®55 (Zeiss, Germanyyas usedSagittal sices of 6 um
were cut and collected on SuperFrBfs™ glass slidesThermoFischerScientific, USA).
Before storing at room temperature, slides were incubated°& 8vernight.

2.2.1.7 Safranin-O/Fast-greenstaining

SafraninO/Fastgreenstaining wagerformedto analyzeProteoglycan loss in cartilage. After
deparaffinization samplegere rehydrated through a stepwise rovxXylol, 2x100%, 90%,

80%, 70%, 50% Et OH and dH O, each step | asti |
Haemalaun staining solutio®R¢th, Germanywas used for 2 min and followed by washing

with tap water at leashreetimes. After dipping in 1% acetic alcohdiérck, Germany; slides

were incubated in a,@2% Fastgreensolution SigmaAldrich, USA) for 1 min. Next, slides

were immersed in 1% acetic acid for 30 sec and then SaffaninO solution SigmaAldrich,

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, Toluididglue stains negatively charged molecuksh as
extracellular proteoglycans, which afterwardssplay metachromatic and purpieolor.
Therefore, it allows an evaluation pfoteoglycangoss in the AC of the osteoarthritic knee
joints. For Toluidine-blue staining slides were deparaffinized and dehydrated as described

above in Safrani®/Fastgreenstaining. Next, a 1% Toluidineblue solution (SigmaAldrich,
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USA) was applied for 7,5 min. To dispose redundant staining solution, slides were turned on
Whatmanpaper (Roth, GermanyNext 2% potassium ferrocyanid&sFe(CN) ] (Sigma
Aldrich, USA) ascounterstaining was used to incubate slides for 3 min and aftervesicis
werecleaned with Watmanpaper. Lastlyslides were mounted with Roti®istokitt (Roth,

Germany).

2.2.1.9 Immunohistochemistry on knee sections

Immunohistochemistryvas performed for aggrecan anollagentype Il. The potocol was
followed as describeith 2.1.3.5

2.2.1.10Pathological scoring ofarticular cartilage

For the evaluationof joint pathology, cartilage degradatiomnd proteoglycan loss were
consideredPicturesof toluidine blue and Safrani®/Fastgreensagittal sectionsereserially
stainedand blindly scored fromthree independenibserves. A modified scoring system
according tolLittle et al was usedo score structural damagas described iTable 6%
Cartilage surface of tibia and femur were separatetyeyed anda cumulative scoref tibia
and femumas calculatedn this way scoe valuesfor structural damagean bebetween 0 and
14. For proteoglycan loss modified scoring system frohicolae et al.based on toluidine
blue staining was implemented described in Tablé¢%

Structural damage (according to Litte et al1®%

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 norcalcified (n.c.)cartilage (<10% surface area)
5 moderate loss of n.cartilage (10% 50% surface ar¢a

6 mild loss of n.ccartilage (>50% surface area)

7 erosion of cartilage to subchondral bone
Proteoglycanlossbased on Toluidine Blue stainingaccording toNicolae et 4.4%)
0 normalstaining

1 reduced staining

2 focal patchy loss of staining

3 no staining

Table 6: Histopathological scoring systemfor 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 DNAfrom paraffirembedded tissue sections the TaKaRa DexpatTM Easy Kit
(TAKARA BIO INC., Japan was used. Thkit enables the isolation (fCRreadygenomic
DNA (gDNA) from mammaliarformalin-fixed/paraffinembedded tissue8riefly, the pre
heated (100C, 1 min,Thermomixer comfort, Eppendorf, GermamakKaRa Dexpal! Easy
solution was pipettedirectly on tissue sectioand therscrapedawaywith a scalpel (Carbon
steel safety scalpel #15, B. Braun, Germawy).the solutiortissue mixwas pipettedand
transferred into microtubesdincubatel at 100°C for 10 min while tubes were gently inverted
three times. To divide the paraffin layer from DNA, tubes were centrifuged (100010

min, 4°C, Centrifuge 5415 D, Eppendorf, Germamand cooled downroice afterwards. The
agueass layer, in between the paraffand the gelike layer contaiing the gDNA and was

collected with a pipette and stored &Cluntil used

2.2.2.2 DNA purification by ethanol precipitation

The gDNA was purifiedby ethanop r eci pi t ati on as descri bed
TaKaRa Dexpat! Easy Kit.Genomic DNA was mixed in a 1/10 volume ratio wat sodium
acetate $igmaAldrich, USA). Further2,5-fold of volume ofethanolwasadded Solution was
mixed by inversion and then rest-20 °C for 60 min. Next, samples were centrifuged (12000
g; 15min; 4 °C) and supernatant removethother centrifugation (1200§) 15min; 4 °C) was
performed after adding 70% EtOIlAfter supernatant was discarded and sampledried,
gDNA wassolved in TE buffe(Qiagen, NetherlandlsThe collected DNA was stored af@

until used.

2.2.3 PCR ON GENOMIC DNA

The semi quantitative RIPCR was performed for the housekeeping gagyeerolaldehydes-
phosphate dehydrogena&APDH) asinput control andor the humanCharcotMarie-tooth
Disease genthCMT14), as humaronly expressed get®. Therefore, a master mix containing
PCR buffer, HO, 0.2 mM dNTPs, 1.5 mM Mggl0.25 pmol genspecific primers and 1 U
Tag DNA polymerase Roche Switzerlangl and the extracted DNAwas transferred in
PEQSTAR 2X(PEQLAB Biotechnologie GmbH, Germany
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PCR reaction mix PCR program
10 x buffer with MgCi 2 pl 95°C for 10
dNTPs 0,4ul
Primer forward 0,1l 95°Cfor 30
Annealing T°Cfor 30™ X cycles
Primer reverse 0,1ul i
72°C for 1
Taqg poymerase 0,25ul
H20 16,15pl | 72°C for 10
Extracted DNA 1,0ul 4 °C forever

Table 7: PCR reaction mix and program. For each gene, annealing temperature and cycle
number are differernsee Table 8)

The amplified PCR products were pipetted on 2% agagete(Biozym, Germany to be
visualized afterwards by ethidiuntomide Merck, Germany staining. PCR product size was
referred to a 100bp molecular weight stand&teV Endand Biolabs USA). The gel imaging

system(Vilber Lourmat Germany)was used to take pictures of PCR product bands.

Target Primer Annealing Cycle Product Reference
gene temp nr. size

Housekeeping gene
GAPDH F -BaActacatggtttacatgtt® 6 50°C 30 181 bp (Bocker et al)!
R 5-@ccagtggactccacgas 6

Human genes

hCMT1A F 5 @aaattcatttaaaagcattttaa8 6 51,5°C 41 345 bp (Cheng et a)'®

R 56gctaat agtXa

SRY F 56agtttcgB8ati 60°C 25 100bp (Cheng et a)'*
R 56gcgacc-8at gi

Table 8: Nucleotide sequences and related information of the PCR primers

2.2.4 ENZYME -LINKED IMMUNOSORBENT ASSAY (ELISA)

During the development of Ofroteolytic enzymes such as MMBSADAMTS degrade the
cartilage tissue generating nepitopes of ECM molecule$hec-telopeptids of collagernype

[I (CTX-II) is the most characterized degradation epitope originating during the course of OA.
To quantify the amount of CT-H in mice serum, th€TX-II ELISA-Kit from MyBioSource,
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2 MATERIAL AND METHODS

(#MBS706197 Canadayvas utilized A microplate is precoated withantibodyspecificagainst
CTX-Il. The bondantibodesbind any CTXII that is present in the added samples. When the
biotin-conjugated detection AB is pipetted in wells, it binds to dTXs well. Finally, avidin
conjugatednhorseradish peroxidag@iRP) is added and together with the substrate solution
catalyze a color reaction. The amount of CIIXresent in the sample is proportional to the
developing color. After stopping color reaction, intensity is measured. According to
manufactured snanual samples and standards were assayed in duplicates. As redashmen
samples were diluted with sample diluent of the prescribed Kit in a ratio of 1:100. Firgt, 100
of diluted samples and standards were pipetted into provided wells, whereas negative controls
were loaded with 10Qul of PBS. Next, samples were coveradd placed in an incubator
(Memmert,Germany for 2 hours at 37C. Afterwards, the remaining liquid was removed
without washing and 100l of biotin-antibody was added to each well. The microplate was
covered and samples were incubated for 1 hour &C3Rext, samples were washed three
times with the provided washing buffer to remove all liquid. FiRlin canplex was added

to each welbnd incubated for 1 hours at 3Z. As described above, washing was repeated for
five times and TMB substrate was added for 30 min in the édiide. thereaction was stopped
with stop solution the optical density was measured with the Multiskan FC micrepilate
reader ThermoFischerScientific, USA) at 450nm. Concentrations were calculatagainst a
standard curvbeuilt with known concentrationsf CTX-II given in the kit

2.2.5 COMPUTER PROGRAMS

To evaluate quantitative data and creat@lgsaMicrosoft Office Excel 201@licrosoft, USA
and GraphPad Prisms®ftware GraphPadGoftware USA) were used. Photomicrographs were
processed with AxioVision LE softwar€érl Zeiss, Germanyand adapted ifigures with
Adobe Photoshop CSénd lllustrator CS6 (Adobe System, USA)With ImageJ1.52¢g
(https://imagejnih.gov/ij, USA) morphometric analyses were handled. Referemeagement
was performed with ndeleyl.19.2(Mendeley Ltd, USA).

2.2.5.1 STATISTICS

Statistical significancevas tested by usingthen p a i r e d -teStandtde@-matuéof 0.05
was defined to bstatistcally significant. Quantitativdata wapresented with GraphPad Prism
8 software GraphPadSoftware USA). Three totwo independent experiments in triplicates

wereperformedMean values and standard deviatians shown
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3 RESULTS

3.1 IN VITRO ANALYSIS
3.1.1 MORPHOLOGICAL CHARACTERIZATION OF CULTURED MSCS

The norphologyof humanBM-MSCsin monolayer culturevas observed by phasentrast
microscopy Integrin UL0"9" MSCs (passag®ur) and unsorted MSCs (passafeed showed
the typicalspindlelike shapes and no obvious differendesshape or sizevere observed
between thenfFigurel3).

| unsorted MSCs [| o104 MSCs

St

Figure 13: Phasecontrast microscopy of monolayer cells cultivated on plastic distCells
showed ypical fibroblastic morphology withoutifferences betweetie twogroups Scale bar
100 pum.

3.1.2 TRILINEAGE DIFFERENTIATION OF MSCS

To assess the multipotency of tH0 selected MSCs, élineage 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 AlizarifARgd
staining (Figure 14-A). In stimulated groupsmineral deposits irthe ECM were detected
indicating a successful osteogenic induction, whereas in control grogpsmianeousiineral
deposition was fouh(Figure14-B). The quantitative analysis of the mineral depositimhnot
revealeddifferences between the unsorted dnd"@' MSCs group Despite these results,
MRNA analysisof the cultured cellsat the end of the differentiatioperiod revealed a
approximately3-fold higher expressionf the osteogenic transcription factRWNX-2 in the
unsortedgroupcompared tdJ 1"8" MSCsgroup(Figure14-C).
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Figure 14: Mineral deposition and quantification by Alizarin Red staining and RUNX-2
mRNA expression of U1M"@ and unsorted MSCs after 21 days of osteogenic
differentiation. (A) RepresentativAdR stainingindicaing mineral depositionn red Control

wells grown with normal growth medium (small boxek) not display AR staining (B)
Quantification ofAlizarin Redconcentratiorfrom one representative experimeledia with
standard deviationf the three replicatesre shown(C) RUNX-2 mRNA expression analysis
Fold changes to the nestimulated groups were calculated relative to the expression of the
house keepingeneHPRT. A representativeesultfrom two independent experimenssshown

Scale bar 100 um

3.1.2.2 Adipogenic differentiation

To demonstrate the potent i &¥andunseleciedNSCheg e ni ¢
lipid vacuole formation in rggnse to adipogenic stimulatiavas analyzed Lipid vacuole

were seerin the stimulated groups, but not in negative contratglicatingthe success of
adipogenic stimulatiofFigure 15). When comparing the areavered bylipid vacuolesno
difference between the two cell groups cbble seenHowever at day 21,the mRNA
expression level afhe adipogenic transcription fact®#PAR2 (PPARG), relative to the non
stimulated groupsyasslightly higher (1-fold) in the unsortedMSCscompared tahe U 18"

group
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Figure 15: Bodipy staining of lipid vacuoles, quantification of differentiation andPPAR-2
(PPARG) expression analysiof U 1"@ and unsorted MSCs after 21 days of adipogenic
differentiation. (A) Bodipy (light green)stained lipid vacuoles/ere detected in stimulated
MSCsbut not in unstimulated controls (small box€B) Quantitative analysis of the arear{p)
covered byipid vacuoles(C) PPARGMRNA expression analysisy gRT-PCR Shown is one
representative out of two independent experimesitts meanand standard deviatiasf three
replicatesScale bar 100 pm

3.1.2.3 Chondrogenic differentiation of MSCs

Of particular importance fahis study was taonfirm that theelevatedexpression ofntegrin
U10 in MSCs leaslto higher chondrogenic potentillSCs werechondrogenidifferentiaed
in 3-dimensional pelletdor 28 days. Quantification of thepellet size which reflecs the
deposition ofextracellular matrix,revealedno significantdifferencesbetweensorted and
unsorted MSC¢Figure16).

| Pellet growth |
1500000 -
E_ 1000000 4
2|
S 500000 |
= ° T \
— o~
0 T T ]
0 10 20 30
Days
- unsorted MSCs ctrl. = unsorted MSCs stim.
a10nigh MSCs ctrl. < 10" MCSs stim.

Figure 16: Analysis of pellet size during chondrogenic differentiation Average pellearea
(um?) of eachgroup was measured wedék. A representativeesultout of two independent
experimentss shown
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Deposition of PGgeflecting the synthesis aftypical chondrogenic matrjxvasassessed by
SafraninO staining on pellet sectionsAs shownin Figure 17, the homogenous and intense
staining observed in th&ll0"9" MSCs pellet was not reproducible its unsorted pellet
counterpartimportantly, U10"9" pellets exhibited strong@nd more eveSafraninO staining
than the unsorteplellets Figurel?).

Furthemore animmundocalization of aggrecan and collaggpell, thetwo major structural
components afature cartilage tissweasperformedAs expected, aggrecan staining followed
the Safranin O patternThe chondrogenimarker collagen type Il also showednare uniform
and strong staining in tHe10"9" MSCs compared to the pale gmeripheral restrictestaining

in the unsorted grougurthermore, aveaksignal of the hypertrophic marker collagen type X
in the pellets of the unsorted growps observedvhereas no positive stainimgasdetected in
the ULO"" cells pellets indicating that these pellets did naemdergo hypertrophic
differentiation.

Safranin O Aggrecan Collagen 11 Collagen X

Unsorted MSCs

|

o-10%= MSCs

Figure 17. Histological and immunohistochemical analysis of chondrogenic
differentiation pellets after 28 days of stimulation Representative micrographs illustrate 7
um pellet sections 6 U 1"@" MSCs compared tainsorted MSCs stained for Safras@n
aggrecancollagen type Il and collagentype X Box inserts, show sam&t a i rfor they 6 s
correspondent nestimulatedpellets.Scalebars 100um

The histological and immunohistochemical findings were further supported lexphession

l evel s of i ntmRYAsiAmalysisdia@juaatitative RCR bf the transcripts at day
28 revealed high expression of the chondroagated integri10 and low expression of the
fibroblasticrelated integrinUL1, in the pellets formed by the 1"®" MSCs The unsorted
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counterpart showed the opposite exprestadencyrevealing their unmatured chondrogenic

phenotype.

Altogether these results indicatéhe higher chondrogenic potentiaf the nt egr i n
expressindSCs.
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Figure 18: Expression levels of integrinU10 and U11 mRNAs in chondrogenic pellets of
U 1M@" and unsorted MSCs compared to norstimulated MSCs Th e "@"gréupdisplayed

ahigh expressiotevel of integrinU 1 tgether with a downregulation itegrinU 1 $hown

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 bcomponentfibrin hydrogel was used asvehiclefor the
delivery of MSCs into the knee cavity of mice Three different formulation from two
manufacturers were testathmely: Artiss® and Tisseel® from Baxter and Beriplast P® from
CSL Behring. The ease of handling, cell survivalemodeling as well aghondrogenic
differentiationin hydrogelwere investigated

The threetested hydroges have different formulations but workccording tothe same
principle: soluble fibrinogen i€onvertednto polymerized fibrin by the addition of thrombin.
Tisseel® and Beriplast P@wofast gelling hydrogelsvere difficultto hande. Polymerization
started immediately whethe fibrin and thrombin solutionsameinto contact,which posed a
challenge tdiomogenous cells distributiomn contrastthe Artiss® hydrogel is a slogelling
hydrogel in which rasspensioncould beaccuratelyperformed due to aslow andgradual

polymerization
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Next, hydrogelremodelingwas examinedtby visualiang the shape andolumeshrinkingafter
eight daysincubation withhumanBM-MSCs. Artiss® showeda fasterremodelingratethan
Tisseel® and Beriplast P@aydrogels(Figure19 and quantification ifrigure20).

| Dayo |[ Day2 || Day4 || Day6 |[ Day8 || EmptyDayOand8 |

[ ] .

Artiss®

L °

T,

|Beriplast P®|| Tisseel® ||

Figure 19: Remodeling capacity of the three tested fibrin hydrogels over one weekhe
gross appearance of ttieree hydrogelslemonstratedghrinkagein volume and area. Empty
hydrogels (without cells) served msgative controlsScale bar 1mm.
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Figure 20: Shrinking area during remodeling of fibrin hydrogels over eight days Shown
is thepercentage of lossreafrom day Oto day 8

3.2.1.2 In vitro cell survival in fibrin hydrogels

Cell survival in the three different fibrin hydrogels wasalyzed with the aid of a live/dead
assayfor oneweek (Figure21). Dead cells stained witpropidium iodide (Plxan be seen as
red stained areas, whereas alive cells stainedfluthoacetate (FDApppear ingreen color

Fromdayoneto dayfive, the area of cellstained with redin exampledead cells, increas!
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butthere was noemarkable difference betwetrethree groups. On daight more dead cells

can be observed in the Tee$® hydrogelcomparedo Artiss® and Beriplast P®.

| Day 1 (| Day 3 [ Day 5 [| Day 8

| I Artiss®

Tisseel®

| Beriplast P® ||

Figure 21: Live/Dead assay of mman BM-MSCs in fibrin sealants. In all three fibrin

sealantsno obvious differencef alive (green) and dead (red) cells were dete@edle bar
200um

3.2.2 OPERATION AND POST-OPERATIVE FOLLOW -UP

For the in vivo study, destabilization of the medial meniso{i@MM) model was applied to
induce osteoarthritisn 39 C57bl6/j mice. No infections or animal deatlvere observedpost
operatively The animals recoveredell from operation and were unrestricted in their mobility.
On the day of dissectiomhe legsof mice were inspected macroscogily andshowed well-
healed scars in all groups. Aftskin removal.almost no differencesere obseared between

the operated and naperated knegreflecting the good performance of thargicalprocedure
(Figure22).
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Sham \ Empty [[ Unsorted MSCs || o104 MSCs |

Figure 22: Gross appearance of the legs of mice on the day of dissectidRepresentative
examples of the four group$he operated right knee showed good wound healing and almost
no differencesn the joint capsuleppearanceompared to the neoperated left knee.

3.2.3 DETECTION OF GRAFTED CELLS IN THE DISSECTED KNEES

In vivosurvival analyses of MSCs in Artiss® hydrogel were performed one day and one week
post operatiort-or the detection of grafted cells, MSCs wiwerescently labeledith CFDA-

SE On the first posbperative day, the knee capsule of one mouse was opened to detect grafted
cells. CFDA-SE staining shoved thattheinjected cells wereetainedinsidethe knee capsule
andwereresigant tothe mechanical stressduced by theneedle injectior(Figure 23). One

week after surgergellswerestill detectabldut in alower numbercomparedo dayonepost
operaton. However, itremainsto beclarified whethercells migrateout of the knee capsute

simply die. Dueto the cell application technigua smallnumberof cellsweredetecedat the

top of theclosed capsuldn the noroperated leg, transplanteaellswere notdetected.

1 day post-OP 1 week post-OP closed capsule control leg

Figure 23: Detection of transplanted cells with Artiss® hydrogel in the mouse knee with
CFDA-SE staining one day and ongaveek post operation The labelledcells are visiblein
brightgreencolor at both timepointsin the operated;losed capsule, but not ihe 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 modifiedcoringsystemfrom Little et al. wasimplemente&®. The cumulative
maximal scorefor tibial and femoral articular cartilage shownin the graphin Figure 25.
SafraninO (Figure 24) and Toluidine-Blue (Figure 26) staining were performed to detect

cartilage damage armtoteoglycanoss.

Eight weeks aftesurgery,SafraninO staining revealed structural damages of the cartilage in
all operated group(Figure 24 andFigure25). The empty group with solely hydrogedhrrier
showedan intermediate erosion scavéh a value 06,55+ 1,51. Mice which received unsorted
MSCs exhibited the highestosion score (£ 2,1). However the mean value of this group was
similar and norsignificantly different from the empty grou@n the other handhte "@"1 0
MSCs had the best outcome in term of preventing erosion upon DMM with mean erosion score
of 4,66 £ 20, reaching statistical significane@rsusthe empty ¢p=0,0380) andunsorted
(*p=0,0211)groups(Figure25). In all operatedyroups the femoral condylesevealed higher
scoreqaveragearoundfour) than the tibia which averagd aroundthree(not shown. General

signs of ectopic calcification were detected in small extent among all grssipgpected, sham

group did not show any detectable structural chamgéher the AC or the subchondral bone.
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Figure 24: Histological analysis of cartilage damageSafraninO/FastGreenstainingof the
femoralcondyleand tibialplateauwwas performed on 7 pm sectionstiké mice kneeslissected
eight weeks after operation. Representative micrographs of each gesugxample ofhe
highestmeanand lowest scores are shown.
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Figure 25: Scoring for structural damage of the AC A modified scoring systemwith
cumulative scores for th&C of femoral condyleandtibial plateauwvasimplementedo analyze
cartilage erosion eight weeks aftggeration®. The mearand standard deviation are shown.
Statistical analysis with parametric unpaitedst revealed significd differences between the
U 1"@"MSCsgroupvsthe empty {p=0,0380) and/sunsorted {p=0,0211)

3.2.4.2 Proteoglycan loss

Generahistologcal examination withToluidine Blue stainingdid not reveal any massive loss

or significant differences in the proggpcan content of the A@mong the groupd-igure27).

With a mean value of 1,1#%7041, theempty groupevealedhe highesscorescompared tdhe
unsorted0,71 + 0,75)andU 1"@" (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 groupSimilar to the cartilage degeneration, PG legtecied more the

femur condyles than the tibial plateaus.
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Figure 26. Histological analysis of proteoglycan lossRepresentative micgoaphsof mean
and highest score exampliesm thekneesof mice stainedvith Toluidine Blue eight weeks

after surgery
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Figure 27: Quantification of the proteoglycan loss A modified scoring systemvas utilized
to analyze the proteoglycaass eight weeks after operattéh Meanand standard deviation

are shown
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3.2.4.3 Aggrecan expression

Immunohistochemicalnalysis for aggrecan expression wagormedo qualitatively monitor
expression changes of the main proteoglycan i(AQure28). Here, similar taheevaluation
of PG lossno tremendouglifferencesn aggrecan deposition betweerthe operated groups
weredetectableChondrocytes appear regularly arrangethe three typical articular cartilage
zone (superficial, middle and deephe sham groumisplayed the strongéaggrecan staining.
Samples with highr scores for proteoglycan losdso showed reduceaggrecanstaining
Qualitatively ~ t h"&" MSICk @roup showed thieastaggrecarloss compared tdhe other

operated groups.

[[ unsorted MSCs |

Figure 28 Immunohistochemical analysis of aggrecan expressionRepresentative
micrographsf aggrecan immunostainiran mousekneejoints, eightweeks post operation.

3.2.4.4 Collagentype Il expression

Immunohistochemical analysis for collagéype Il was performedto analyzepossible
differencesin the expression and distribution of the main structural component of cartilage
tissue(Figure29). The qualitative examination of immunostaining revealed a slight decrease
of collagen type Il in the empty group, suggesting that the addition of cells, either unsorted or
U109 cells, might helpto presere the collagenous network of articular cartilage in the post
traumatic OA modelln addition,U 1"®" and unsortegroups showd more intense staining in

the deep zone compared to the other zosigggestinghateightweeksaftertrauma,he deep

zone ofAC is less affected than the superficial layand thatoverall,the addition of MSCs

hindered the loss of collagen typeat least in the deeper areas of the AC
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Figure 29: Immunohistochemical analysis of collagen typd expression. Representative
photamicrographsf collagen typdl immunostainingn kneesat eightweeks posiperatively

3.2.4.5 Detection of collagen typdl degradation in blood serum

Before sacrifimg the animals,esum smples were collected arested for CTXIl, a nec
epitope ofcollagentypell cleavage thais released in the blood stream andirectly reflects
collagentype Il degradationA clear tendencyf reduced CTXI levels wasobserved in the
U10"9" MSCs group compared to all oth¢Fgure30). A significant difference was recorded
between the unsorted abiid"9" MSCs.

Figure 30: CTX-II serum levels eight weeks post operationScatter ploof serum CTXII
valuesjndicatesreduced levels of collagen type Il degradaties-epitopein theUL0"9" MSCs
group.Meanand standard deviation are shoBtatistical significance calculated by parametric
unpaired ttest whereép=0,0282
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