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Summary

Thesis summary

Adult articular cartilage has a limited repair ceipa This leads to an increasing
demand for optimised repair techniques. Furthermarerent procedures to regenerate
articular cartilage fail to achieve sufficient réésu Previous work within our group
suggested that combination of functional tissuarezgging and gene transfer represents

a promising alternative approach.

In this thesis, different viral gene transfer methavere investigated and optimised. A
clinically relevant three dimensional transductimodel was developed. These results
were directly implemented in further work aimingitwestigate the combined effect of
multiaxial mechanical stimulation and adenoviraldiaéed over-expression of bone
morphogenetic protein 2 on human chondroprogendell chondrogenesis and
progression towards hypertrophy. Two cell sourcesewinvestigated, namely human
mesenchymal stem cells and human articular cagtimggenitor cells. The combined
approached enhanced human mesenchymal stem cellirdgenesis. Yet, it was not
possible to completely prevent progression towdrgsertrophy. For human articular
cartilage progenitor cells, over-expression of bor@phogenetic protein 2 did enhance
their chondrogenic differentiation potential. Howevmechanical stimulation alone, in
the absence of exogenous growth factors, led tdestthondrogenic induction without
signs of hypertrophic differentiation. This suggeshese cells should be further

investigated.

Additionally, the potential of Dorsomorphin, as pilde agent to block hypertrophic
differentiation by inhibition of bone morphogenegimtein signalling, was investigated
in a fibrin polyurethane composite system, usinghan mesenchymal stem cells. As
opposed to the pellet culture model, applicatiorDofsomorphin led to a cytotoxic
effect which decreased the general differentigbiotential.

Finally, the chondrogenic potential of the two dglbes was directly compared, using
the pellet culture model. Under serum-free condgjohuman articular cartilage

progenitor cells were not able to undergo chondneges. The reasons for this remain to
be elucidated. The combined results of the themishelp to develop a novel one-step

procedure to treat articular cartilage defects.



Acknowledgements

Acknowledgements

During the four years | worked on this thesis, ingd a lot of experience and learned a
lot. Yet, this thesis could not have been finiskethout the help, advice and input of
many people and | would like to thank them hereby.

First of all, | like to thank my friends and, espdly, my family. Thanks for all the
support you offered. | also want to thank themtfair patience and understanding. |
was hardly able to stay in touch with you during f®D journey". Yet, every time |
went back home it felt like | did not move awayaét

Further, | want to thank all the people | met her®avos. | really enjoyed living and
working in Davos. Many, many thanks for all theenzhats in the lab or during coffee
break, for all the interesting scientific discusspfor all the advice and for the amazing
time outside of work. You were part of the reasdrywtruly enjoyed my "PhD time".
Furthermore, | want to thank all the people whichdet in Cardiff. Even thought | was
only able to visit Cardiff University once a yeat,was always a very pleasant
experience to interact with you! So thank you venych Catherine, Mauro A., Martin,
Claudia, David, Marianna, Ewa, Gert-Jan, Matti, kley, Matteo, Gian, Mauro, Oliver
G., Oliver S., Patrick L., Patrick T., Tobias, Gifarco, Robert, Ryan, Justine, Andrea,
Nadine, Marios, Sandrine, Sibylle, Sophie, Tatiadasula, Zhen, Marietta, Girish,
Lazlo, Anamaria, Laura, Dalila, Marc, Jennifer, Aagad, Milena, Iris, Fintan, Edward,
Virginia, Sabrina, Katharina, Sasha, Nora, Maurp Abby, Giuseppe, Josh, Charlie,
llyas, Catherine B., Becky, Helen and all the pedphight have forgotten.

Especially, | want to thank all people who traines, taught me and offered me
practical help and advice. Thank you Geoff for thgportunity to visit three big

"oversee conferences", Robert for introducing nte the labs, Zhen for teaching we
how to work with the fibrin-polyurethane scaffolgssem and the bioreactor, Sibylle for
your help with RT-PCR, Nora and Mauro Bluvol foruydelp in the histology, Patrick
Lezuo for the help with the “"cartload" bioreact@hristoph for the help with the

microscopes, Marco for teaching me how to propagdenoviral vectors and Martin
for the image acquisition and for conducting thatistical analysis in the enhanced

adenoviral transduction in 3D study.



Acknowledgements

A special thank goes to Oliver Gardner, my sucaeasd the "other half" of the in-
official "ARI cartilage tissue engineering grougMany thanks for all the interesting
discussions, your help with the Co-Culture studg for conducting the loading, while |
was at the ORS conference in 2013. | really feelwsee a good team and it was nice to

work with you!

There were many people, who provided material whiclsed during my PhD work.

Without this constant supply, | couldn’t have coetdd any of the experiments within
the thesis. Therefore, many thanks to David andki&afor preparing the polyurethane
scaffolds, Dr. Martina Anton for providing the mtiral vectors, Dr. Andreas Goessel
for providing the fibrin components, Dr. Hoppe, [3alzmann, Dr. Benneker and Dr.
Loibl for providing the bone-marrow aspirates andfPArcher, Dr. Williams and Dr.

Khan for providing the human articular cartilagegenitor cells and for teaching me

how to work with them.

My PhD project was a shared project between Cakthif/ersity and the AO Research
Institute Davos. In both places, there were peaple supervised me and without their
help and guidance | would not have been able isHimy PhD. First, there was Prof.
Mauro Alini the head of the musculoskeletal regatien program in the ARI. | am
really thankful for all your help, support and, espally, for all the advice you gave me,
not only work-related but also on a personal leVéis advice helped me a lot during
the process of deciding on how to proceed afteiPte. So, Gracie Mauro! A big, big
thank goes to my "day to day" supervisor Dr. MadinStoddart. | really appreciated
your way of guiding me and navigating me aroundttal "minor bumps in the road"
that occurred during my "PhD journey". Thank you &l the scientific discussions we
had and thank you for your seemingly endless pegiewhen | pestered you with a
"never-ending stream” of questions. | must admit sometimes you had more faith
and me and my abilities than | had myself. Yourstant faith always helped me a lot
and | am not sure if | would have finished my PhDrkvwithout it! Cheers Martin!
Last, but not least, | really want to thank Proha@les W. Archer, my supervisor in
Cardiff. Many, thanks for all your input into my mascripts and my thesis. Further,
many thanks for providing the human articular ¢age progenitor cells and, thereby,
giving me the opportunity to work with them. Che€itsarlie!



Acknowledgements

Additionally, I want to thank my two examiners Prdflenning Madry and Dr.
Catherine A. Boulter. It is very, very much appeged that you volunteered to examine
my thesis and are willing to take over all the waohlat is associated with this task!
Furthermore, | want to thank Dr. Boulter for contilug my transfer viva and my
second year viva. Your input really helped a |lad amnificantly improved my ability to

write scientific documents!

As people say, safe the best for last. The lastgmel want to thank is a person that was
not directly involved in my PhD work. Yet, | wouldot have been able to finish it
without her support, encouragement, faith, undedstey and love. It is my long-year
girlfriend, now wife, Catherine Neumann. It is dgdiard for me to put my gratefulness
towards her in words. Thank you for your constamtl Thank you for taking me as the
person that I am, with all my strengths and weakesls Thank you for your
understanding when | had to work on the weekergtead of spending it with you! |
am sorry for all the hikes, for all the skiing, falt the trips to Germany and for all the
other things that | missed during the PhD! Thank yor understanding when | was
sometimes to worn out in the evening and could dmimuch besides watching TV!
Thank you for your positive attitude and for alwayseering me up! Thank you for all
the help you provided and all the moral suppordcdlmany, many thanks for all the
small things which brightened up my everyday liflglerci beaucoup Catherine!

Je t'aimel!



2D

3D

18s rRNA
a-MEM
AA

AAV

AB
ACPS(s)
ACT

Ad.BMP-2

ALK
ALP
bFGF
BMP(s)
BMP-2
BSA
CAR
CD
cDNA
CMV
Col |
Col Il
Col X

DAB

Abbreviations

Abbreviations

Two dimensional

Three dimensional

Eighteen s ribosomal RNA
Alpha Minimal Essential Medium
Ascorbic acid 2-phosphate
Adeno-associated virus
Avidin-biotinylated enzyme

Articular cartilage progenitor cell(s)
Autologous chondrocyte transplantation

First generation, E1-, E5-deleted, seretgmdenoviral vector carrying
the cDNA for human BMP-2

Activin receptor-like kinase
Alkaline phosphatase

Basic fibroblast growth factor
Bone morphogenetic protein(s)
Bone morphogenetic protein 2
Bovine serum albumin
coxsackie-adenovirus receptor
Cluster of differentiation
Complementary deoxyribonucleic acid
Cytomegalovirus

Collagen type |

Collagen type II

Collagen type X

(3, 3’-diaminobenzidine)

Vi



DEPC
DMMB
DMEM
DNA
dNTP
DPBS
DTT
EACA
ECM
EDTA
ELISA
ESC(s)
FBS

g

GAG
GAG/DNA
GDF
hACPC(s)
HGF
hMSC FBS
hMSC(s)
HRP
IGF-1

lhh

IPS(s)

ITS+1

Abbreviations

Diethyl pyrocarbonate-treated
1,9-Dimethyl-methylene blue

Dulbecco's Modified Eagle Medium high glucqdesg/L)
Deoxyribonucleic acid

deoxynucleotide triphosphate

Phosphate buffered saline containing 2 Mwsudihloride
DL-Dithiothreitol
g-aminocaproic acid

Extracellular matrix

Ethylenediaminetetraacetic acid

Enzyme-linked immunosorbent assay

Embryonic stem cell(s)

Foetal bovine serum

Times gravity

Glycosaminoglycan

GAG content normalised to DNA content

Growth and differentiation factor

Human articular cartilage progenitor &lI(
Hepatocyte growth factor

human MSC tested FBS

Human bone-marrow derived mesenchymal stdifs)
Horseradish peroxidase

Insulin like growth factor 1

Indian hedgehog

Induced pluripotent stem cell(s)

Insulin-transferrin-sodium selenite, linal®@SA

Vi



Abbreviations

kb Kilo-bases

LTR Long terminal repeat

MRNA Messenger ribonucleic acid

MIF Macrophage migration inhibitory factor

MilliQ water Purified and de-ionised water

MMLV Moloney murine leukaemia virus
MMP Matrix metalloproteinase

MOI Multiplicity of infection

MSC(s) Mesenchymal stem cell(s)

MSC FBS Human MSC tested FBS

ND Not detectable

NEAA MEM non-essential amino acids

OA Osteoarthritis

P Passage

PBS Phosphate buffered saline

PBS-T Phosphate buffered saline for histology gmpnted with 0.1%
Tween 20

PCR Polymerase chain reaction

PD(s) Population doubling(s)

PEEK Polyetheretherketone

P/S Penicillin/Streptomycin

PTHrP Parathyroid hormone-related protein

PU Polyurethane

RA Rheumatoid Arthritis

RNA Ribonucleic acid

RPM Rounds per minute

RT Reverse transcription

VI



Abbreviations

RT-PCR Real-time PCR
Runx2 Run-related transcription factor 2

Rv.BMP-2  First generation VSG.G pseudo-typed retabwvector expressing human
BMP-2

Rv.eGFP First generation VSG.G pseudo-typed retmbvector expressing
enhanced green fluorescent protein

SMAD Small Mothers Against Decapentaplegic
SOX SRY-related HMG-box

TE Tissue engineering

T/E Trypsin-EDTA

TE buffer Tris-EDTA buffer

TGF$ Transforming growth factor beta
TMB Tetramethylbenzidine

VSV.G Vesicular stomatitis virus G protein
wnt Wingless/integrated



List of figures

List of figures

Figure 1-1: Schematic display of the process obehdndral ossification..................... 2
Figure 1-2: Histological staining of an epiphysgadwth plate ...........ccccooeeiiiiinnnnn. 4...

Figure 1-3: Schematic illustration of the zonalisture of articular cartilage................. 6
Figure 1-4: Schematic overview of the Ihh/PTHrRdfegck l0op. .......coooeeeevvviiiiiiiiii, 8

Figure 1-5: Schematic presentation of a full-thess and an osteochondral defect....11

Figure 1-6: Schematic summary of the process of emdsymal stem cell

(o[ {= (=T 1A E= 1o o 1P TUURR P PPPPPIPPPPRRPN 16
Figure 1-7: Schematic display of the BMP signallpaghway...........ccccooeveeviiieeeinnnnnn.. 27
Figure 2-1: Phase-separation using FiCOIl..ccccceeeiiioiiiiiiiiiice e 52
Figure 2-2: Porous, cylindrical PU scaffolds ..., 56

Figure 2-3: Fibrin-PU composite scaffold surroundbyda PU ring in a PEEK loading
7] o = TSRS 67

Figure 2-4: Incubator-installed four station biarea system which is able to generate

JOINE-lIKE MOVEMENLS... . eereee et e e e e e e e e e e e eaaaeeaaaaeeeaeeennnes 68
Figure 2-5: Brief summary of the "Sandwich ELISABINOC. ............cceeveiiiiiiiiiniinnnnnn. 74
Figure 2-6: Basic principle of the RayBio humanokyne antibody array. .................. 92
Figure 3-1: Life-cycle of a wild-type retroViruS...........ccoovvvveveiiiiiiiiiiiine e eeeeeen 96

Figure 3-2: BMP-2 concentration within the cultunedium of Rv.BMP-2 transduced

Figure 3-3: Relative gene expression of Rv.BMPaasduced hMSCs after monolayer

ST (0] 1= > 1o o 1SRRI 103
Figure 3-4: Relative gene expression of hMSCs whigbe been exposed to 100ng/ml
of recombinant human BMP-2 for 14 days, during mayer proliferation ............... 105
Figure 3-5: Life-cycle of a wild-type adenovirus.............ccccceeiiiiiniieeiiiiiiiiiiiiiiieee 110

Figure 3-6: Quantitative comparison of the amoudrBMP-2 produced in hMSCs, after
applying 2D or 3D Ad.BMP-2 transduction, in algi@at...............cceevvevvrrvvrnnniiennnnnn. 411
Figure 3-7: Quantitative comparison of the amodrBMP-2 produced in hMSCs, after
applying 2D or 3D Ad.BMP-2 transduction, in fibrin............cccoeeeiiiiiiiiiiiiiiiinnns 115
Figure 3-8: Quantitative comparison of the amodrBMP-2 produced in hMSCs, after
applying 2D or 3D Ad.BMP-2 transduction, in agar0Se...........cccccevvvrciiieeneeeeeeennn. 611
Figure 3-9: Quantitative comparison of the amodrBMP-2 produced in hMSCs, after
applying 2D or 3D Ad.BMP-2 transduction in algindibrin and agarose................. 117

X



List of figures

Figure 3-10: Quantification of the amount of BMP+#2tained within each hydrogel,

after 28 days Of CUIUIE ......... s 119

Figure 3-11: Comparison of the efficiency of aderalvtransduction in 3D using a
MOI of 5 to adenoviral transduction in 2D using ®MOf 100 .........ccccceeiiieeeieeeeeennn. 120
Figure 3-12: The DNA content after 28 days of adtwithin each hydrogel ............ 122
Figure 3-13: DNA content after timed Ad.BMP-2 trdastion..............ccccceeeeeeeeeeeeeee. 130

Figure 3-14: Quantitative comparison of the amoainBMP-2 produced after timed
Ad.BMP-2 transduction of hMSCs, seeded into theri#®U composite system....... 131
Figure 4-1: BMP-2 concentration within the cell towé medium of Ad.BMP-2

transduced hMSCs, which were cultured in fibrin-€dthposite scaffolds ................ 141
Figure 4-2: Relative gene expression of hMSCs whielve been cultured in fibrin-PU
composite scaffolds for 7 or 28 days ......cccccccceiiiiee e eieeeeee e 143

Figure 4-3: Total DNA content of hMSCs after 7 8rdays of culture. ..................... 145

Figure 4-4: Average DNA content of hMSCs, withie thd.BMP-2 + load study..... 146
Figure 4-5: Quantification of the otal amount of GAynthesised, within the Ad.BMP-

2 F 1080 STUAY ..o ceeeee e —————————— 147
Figure 4-6: GAG/DNA ratio, within the Ad.BMP-2 +dd study ............cccoeeeeeeinnneee. 149
Figure 5-1: Schematic display of the BMP and theFPGsignal transduction
QT2 11TV YRR 157
Figure 5-2: Total DNA content of hMSCs after 4 week culture, within the effect of
dorsomorphin on hMSC hypertrophy Study ... 159
Figure 5-3: Total amount of GAG synthesised aftere¢ks of culture, within the effect
of dorsomorphin on hMSC hypertrophy StUAY ..« eeeeeeeeeeeeiiiiiiiiiieeeeeeeeeeeeen 160
Figure 5-4: Total amount of GAG, released into ¢théure medium, after 4 weeks of
culture, within the effect of dorsomorphin on hM8¢pertrophy study..................... 161
Figure 5-5: GAG/DNA ratio, within the effect of dmmorphin on hMSC hypertrophy
5] (01 |V PSSP 162
Figure 5-6: Relative gene expression of hMSCs, iwithe effect of dorsomorphin on
AMSC hypertrophy StUAY ........eeiei e e 163
Figure 5-7: Relative gene expression of hMSCs, iwithe effect of dorsomorphin on
AMSC hypertropny StUAY ........ooiiieee s 164
Figure 5-8: Safranin-O/Fast Green staining of hMS@®@s&thin the effect of
dorsomorphin on hMSC hypertrophy Study.....cccceeeeiiiieiiieeeeeeeeeeeeeeee 166

Xl



List of figures

Figure 5-9: Aggrecan immunohistochemistry of hMSf@sn donor Pat 51, within the

effect of dorsomorphin on hMSC hypertrophy Study ...........ueveiiiiiiiiiniineiiieeeeee, 671
Figure 5-10: Col Il immunohistochemistry of hMSGerh donor Pat 51, within the
effect of dorsomorphin on hMSC hypertrophy Study .........ovvveiiiiiiiiiiieeeeeeeeeee, 681
Figure 5-11: Col X immunohistochemistry of hMSCsenfr donor Pat 51, within the
effect of dorsomorphin on hMSC hypertrophy Study ...........ueveiiiiiiniiiniiiieieeeeee, 691
Figure 6-1: Total DNA content after 3 weeks of atdt, within the co-culture of h(MSCs
=T L0 O O] (1 [ |V 180
Figure 6-2: Total amount of GAG, released into tuture medium, within the co-
culture of AIMSCs and hACPCS StUAY. .......cooiiiiiiiiiiie s 181

Figure 6-3: GAG/DNA ratio, within the co-culture bMSCs and hACPCs study.....184
Figure 6-4: Relative gene expression, within thecalbure of hMSCs and hACPCs

5] (11 |V PP 186
Figure 6-5: Fluorescent images of PKH67-labelled S@ and PKH26-labelled
07 O = O ORI 187
Figure 6-6: Fluorescent images of PKH67-labelled S and PKH26-labelled
07 O = OSSR 188
Figure 6-7: Fluorescent images of PKH67-labelled S and PKH26-labelled
07 O = PR 189

Figure 6-8: Safranin-O/Fast Green staining of hM&6d hACPCs, which were mixed
in different ratios and cultured as pellets for @aks.............ceeiiiiiiiiiiiiiiiiiis 190
Figure 6-9: Safranin-O/Fast Green staining of hM&@d hACPCs, which were mixed
in different ratios and cultured as pellets for @aks. ...........cccceeeeiiiiiiiiieiiiiieeeeeeeeed 191
Figure 6-10: Aggrecan immunohistochemistry of hMS@&l hACPCs, which were
mixed in different ratios and cultured as pelleis3 weeks...........ccccceeeeeiiviieeeennn. 192

Figure 6-11: Aggrecan immunohistochemistry of hMS&&l hACPCs, which were

mixed in different ratios and cultured as pell@is3 weeks...........ccccceeeiiiiiennnnnnnn. 193
Figure 6-12: Col Il immunohistochemistry of h(MSQsdehACPCs, which were mixed
in different ratios and cultured as pellets for @aks...........cccceeeeeeiiiiiiiiiiiieeeeeeed 194

Figure 6-13: Col Il immunohistochemistry of h(MSQsdahACPCs, which were mixed

in different ratios and cultured as pellets foraks.............cceeiiiiiiiiiiiiiii 195
Figure 6-14: Col X immunohistochemistry of hMSCgldrACPCs, which were mixed
in different ratios and cultured as pellets for@aks............cccceeeeiiiiviieiiiiiieeeeeeeed 196

Xl



List of figures

Figure 6-15: Col X immunohistochemistry of hMSCgldrACPCs, which were mixed
in different ratios and cultured as pellets for @aks.............cceeiiiiiiiiiiiiiiiieieis 197
Figure 6-16: Total DNA content, of hMSCs and hACP@&#er 48 and 72 hours of
SEIUM-TIEE CUIUIE .ooeiiiiiiiee e 199
Figure 7-1: BMP-2 concentration within the cell toué medium of Ad.BMP-2

transduced hACPCs, which were cultured in fibrin-€uhposite scaffolds .............. 212
Figure 7-2. TGH31 concentration within the cell culture medium ofi.BMP-2
transduced hACPCs, which were cultured in fibrin-€tuhposite scaffolds .............. 213
Figure 7-3: Relative gene expression, within th€R&s and load study .................. 216
Figure 7-4: Relative gene expression, within th€RA&s and load study .................. 217
Figure 7-5: Relative gene expression for Col Ithimi the hACPCs and load study ..220
Figure 7-6: Total DNA content, within the hACPCgldaad study.............ccccceeeeennnn. 221
Figure 7-7: Average DNA content, within the hACP&£sl load study ...................... 222
Figure 7-8: Total amount of GAG synthesised aftewdeks of culture, within the
VY @4 = OX 3= T o T N (o = To I3 (U o Y 223
Figure 7-9: GAG/DNA ratio, within the hACPCs anadbstudy..............cooovvvenninnnns 224

Figure A-1: Control hMSCs at day 1. The image ve&k®h at the side of the well.....274
Figure A-2: hMSCs exposed to 8ug/ml of "Polybreaetlay 1. The image was taken at

the side Of the WeIl. ... 274
Figure A-3. Control hMSCs at day 1. The image walseh in the middle of the
L= TSRS URRPPPPP 275
Figure A-4: hMSCs exposed to 8ug/ml of "Polybreaetiay 1. The image was taken in
the middle Of the Well.........oo e 275
Figure A-5: hMSCs exposed to 8ug/ml of "Polybreaetlay 3. The image was taken at
the side Of the Well. ... 276
Figure A-6: hMSCs exposed to 8ug/ml of "Polybreaetiay 3. The image was taken in
the middle Of the Well.........oo e 276
Figure A-7: hMSCs exposed to 8ug/ml of "Polybreatetiay 6. The image
was taken at the side of the Well. ... 277

Figure A-8: hMSCs exposed to 8ug/ml of "Polybreaetiay 6. The image was taken in

the middle Of the Well.........oo e 277
Figure A-9: Mock-treated hMSCs 3 days after treatime..............ccceeeeeeeevvvveeeeennnns 7
Figure A-10: Rv.eGFP transduced hMSCs 3 days afiasduction ..............cccccceenn. 278

X1l



List of figures

Figure A-11: Rv.BMP-2 transduced hMSCs 3 days aftarsduction........................ 278
Figure A-12: Mock-treated hMSCs 5 days after trésatin...........ccccoeeeeiiiiiiiiniiiiinns 279
Figure A-13: Rv.eGFP transduced hMSCs 5 days afiasduction ...............ccccceun.. 279
Figure A-14: Rv.BMP-2 transduced hMSCs 5 days afsarsduction........................ 279
Figure A-15: Mock-treated hMSCs 7 days after tresaitn............cooeeeeiiiiiiiiiiiiinens 280
Figure A-16: Rv.eGFP transduced hMSCs 7 days afiasduction ..............ccccccenn. 280
Figure A-17: Rv.BMP-2 transduced hMSCs 7 days afsarsduction........................ 280
Figure A-18: Mock-treated hMSCs 8 days after treatim...............cccccceeiiiieiieeeeeeenn. 281
Figure A-19: Rv.eGFP transduced hMSCs 8 days afiasduction ...............cccccenn. 281
Figure A-20: Rv.BMP-2 transduced hMSCs 8 days aftarsduction........................ 281
Figure A-21: Array map of sub-array G-SerieS G .ocoeeeeeeeviiiiiiiiiiicieeee e 282

Figure A-22: Array map of sub-array G-SerieS 7 ..oooeeeeeieiieieeieiiieeeee e 282

Figure A-23: Array map of the sub-array G-Series.8..........ccccceevviiiiiiiiiiiinnneeeee, 283

Figure A-24: Overview of the 174 cytokines whichrei@nalysed, using the Ray Bio
human Cytokine array G-series, for the secretonagéysis of hMSCs and hACPCs.. 284

Figure A-25: Aggrecan immunohistochemistry of hMS(@sn donor Pat 52............ 285
Figure A-26: Col Il immunohistochemistry of h(MSQGsrh donor Pat 52................... 286
Figure A-27: Col X immunohistochemistry of h(MSCerfr donor Pat 52.................. 287
Figure A-28: Aggrecan immunohistochemistry of hMS(@sn donor Pat 53............ 288
Figure A-29: Col Il immunohistochemistry of h(MSQGsrh donor Pat 53................... 289
Figure A-30: Col X immunohistochemistry of hMSCerfr donor Pat 53.................. 290

XV



List of tables

List of tables

Table 2-1: Self-designed forward primers, reversengrs and probes used for

Table 2-2: Overview of the primary antibodies, setary antibodies and the blocking

reagent which were used for immunohistoChemiSthy .. .......coovvvvviiiiiiiiiiiieeeeee. 31.
Table 4-1: Overview of the eight different experitad groups of the Ad.BMP-2 and
(o= To 1RS] (L0 )Y RURPTPPRRRUPPPP 140

Table 6-1: Seeding scheme for the seven differeotigs, which were investigated
during the co-culture of hMSCs and hACPCS Study..oe.......ccvvvvvviiiiiiieeieeeeeeeneen 9L
Table 6-2: Overview of the significant differencesgarding GAG release into the
culture medium, in the co-culture of hMSCs and hBSRBtudy.. .......ccccceeeeiiieeeeeennn. 183
Table 6-3: Overview of the cytokines that were ated or decreased in the secretome
of hMSCs, when compared to the secretome of hACPCS...........ocoovvviiiiiiiviennnnnn. 200
Table 7-1: Overview of Col Il gene expression witthie ACPCs and load study......219

XV



Content

DECIArAtiON ... e I
TRESIS SUMMAIY ....ouiiiii e 1l
ACKNOWIEAGEMENTS.....uuiiii et e e e e e eenaes 11 1
ADDIEVIALIONS ... VI
LISt Of fIQUIES .ot e e e e s X
List of tables ... ... XV
CONEENE ... e e XVI
Chapter 1: General INtroduCtioN. .........ccuvuiiiiiiiiiiiiie e 1
1.0 ADSEIACT oottt 1
1.2 Articular Cartilage .........oouvveeiiiii e ———— 1
1.2.1 Articular cartilage development ..........coeeeoiiiiiieieiiieeee e 1
1.2.2 Articular cartilage COMPOSITION .......uvvueeriiiieiiiiiiiiiiaaeee e e e e eeeeeeeeeeeeeeeniennas 5
1.2.3 Articular cartilage hOmeEOSIASIS.........ucamruuniiiiiriee e 8
1.2.4 Clinical significance of articular cartilagedamage. ..............cccevvvvvvviiiinnnnns 9

1.2.5 Tissue engineering as an alternate approactorf articular cartilage

(1] 0= 1L T 12
1.3 ClIS o 14
1.3. 1 INEFOTUCTION ... e e e e e e e e 14
I 4 g Vo] g o [ 10Ty (USSR 14
1.3.3 Mesenchymal stem CellS ..........coooii e 15
1.3.4 Articular cartilage progenitor CellS....... .o 18
1.3.5 Embryonic Stem CellS.........ooiiiii i 20
1.3.6 Induced pluripotent stem CellS ........coeeiiiiii e 20
1.3.7 Cell NUMDET ....cuiiiiiiiiiiiiii ettt 21

XVI



Y or- 11 (0] [0 LT OR TR 21
7 N T a1 (0 Yo (W o2 o ] o TR 21

1.4.2 A composite fibrin gel — polyurethane spongscaffold system for tissue

engineering of articular cartilage............oueeeeieiiii e 23
1.5 Stimulating faCtOrS.........ovuuuiii e 26
1.5.2 INEFOTUCTION ...uviiiiiiiiiiiieeie ettt ettt e e e eeeeeeas 26
1.5.2 BiOACHVE FACIOIS ........uuiiiiiiiiiees e e e e e e e e e eeeenne e 26
1.5.3 GENE trANSTEI ..o 29
1.5.4 MechaniCal fAaCIOrS .........coviiiiiiiii e 31
1.6 TRESIS @UIM ...t me e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaeeeannns 35
Chapter 2: Materials and Methods. ............ceeiiiiiiiiiiie e, 36
2.1 MAterialS. .....cooviiiiiiiiiii e 36
2.2 MEINOAS ... e 41
2.2.1. Preparation of culture media, solutions androwth factor stocks.......... 41
2.2.2 Mesenchymal stem cell iSolation ........ccceeuvvueiiiiiiiiiiieee e 52
2.2.3 Mesenchymal stem cell propagation ......e....eeeirneeeeeeeeeeeeeeeeeeiineennnnns 4.5
2.2.4 Articular cartilage progenitor cell propagation .............cccceeeeiiiiieeeeeeeneennn. 55
2.2.5 Polyurethane scaffold preparation and sterifiation..............cccceevvvvvivvnnnns 56

2.2.6 Propagation of a recombinant adenoviral vectoexpressing human

BV P 2 o 57
2.2.7 Ad.BMP-2 tranSAUCTION .. ...t 59
2.2.8 RetroVviral tranNSAUCTION .....c..onieie e neenens 60

2.2.9 hMSC seeding and culture for the effect of RBMP-2 transduction on
hMSCs during monolayer proliferation study ..., 60

2.2.10 Sample collection effect of Rv.BMP-2 transation on hMSCs during

monolayer proliferation StUAY ...........ooooiiiieciiiiii 61

2.2.11 hMSC seeding into alginate, agarose or filbHPU................coooiiiiiiiiinins 62

XVII



2.2.12 hMSC culture enhanced adenoviral transductioin 3D study............... 64
2.2.13 Sample collection enhanced adenoviral transdtion in 3D study ......... 64

2.2.14 hMSC seeding, Ad.BMP-2 transduction and culte timed Ad.BMP-2

L= T 5570 [0 13T TS (1o PR PPSRRRN 66
2.2.15 Sample collection timed Ad.BMP-2 transductiostudy................ccccen... 66
2.2.16 hMSC seeding and culture Ad.BMP-2 and loadwgly ..........cccceeeeeeeeennn. 67
2.2.17 Mechanical StmMUIatioN .............cooimmmeeeeeee e 68
2.2.18 Sample collection Ad.BMP-2 and load Study............cceeeeeeeeeriieeeniininnnnnns 69
2.2.19 hACPCs and load Study. ...........cooviceeeeeeeiiiiiiiiieee e e e ee e e e e eeeeeeeeeeeannees 70

2.2.20 Cell labelling, cell seeding and cell culter co-culture of hMSCs and
NACPCS STUAY ... ettt e e e e e e e e e e e e e eeeeeesbnnenneessrnnnnns 70

2.2.21 Sample collection culture co-culture of h(MS€and hACPCs study...... 71

2.2.22 Cell seeding, cell culture and sample hartesecretome analysis of
AMSCS aNd NACPCS. .oui e e 72

2.2.23 Cell seeding and cell culture effect of dassorphin on hMSC

NYPErtrophRY STUAY. .....uiiii e 72
2.2.24 Sample collection effect of dorsomorphin orhMSC hypertrophy
] (1[0 |V PR RUUPPPPPPPPPRPPRPT 73
2.2.25 BMP-2 enzyme-linked immunosorbent assay...c........ccoeeeeviveeivviiivnnnnnns 74
2.2.26 TGF$1 enzyme-linked immunosorbent assay ..........ee.ceeeeeeeeeeeennnnnns 77
2.2.27 Biochemical analySesS..........cccoiiicommmerveeiiieae e e e e e ee e e e e e e 79
2.2.27.1 Quantification of sulphated GAG ...........cccoiiiiiiiiiiiiii e, 79
2.2.27.2 Quantification of cellular DNA...........coooii i 80
2.2.28 Gene expressSion @NalySES ............ceueeeeuiiaiieeeeeeeeaeeeeeeeeiriiinin s 81
2.2.28. 1 MRNA ISOIALION. ... e 81
2.2.28.2 Reverse transCrpLioN............eiiiiie e 82
2.2.28.3 Real-time polymerase chain reaction............cccccevvvveeieeeeeveevivnnnnn. 83

XVIII



2.2.29 Histology and Immunohistochemistry..........ccoooiiviiiiiiiiiiiiiiiiinn 85

2.2.29.1 Cryo-sectioning of fibrin-PU scaffolds.............cccccveeeiiiiiiiieiinnnnnn, 85
2.2.29.2 Cryo-sectioning of pellets .........coooo oo, 86
2.2.29.3 Safranin-O/Fast Green staining ...........cceeeeieeeiieeeiiiiee e, 86
2.2.29.4 ImmuNOhIStOChEMISTIY.....couuuiiiie e 87
2.2.30 MICIOSCOPY ..cvvvvvrrunnnnnaaaaeaeeeeas oo eeeeeeeesaastsanaaasseeaeeaaaeeeeeeeessnnnnneessnnnnns 91
2.2.31 RayBio human cytokine antibody array G-Ser®..........cccceeeeeieeereeeeeeennnn. 92
2.2.32 Statistical AanalYSES ......ccooii e 95
Chapter 3: Viral gene transfer. ... eiieiiiiiieeeei e 96

3.1 Effect of Rv.BMP-2 transduction on hMSCs during monolayer

proliferation — INtrOAUCTION .......ooooiiiiiiiiieec e 96

3.2 Effect of Rv.BMP-2 transduction on hMSCs during monolayer

proliferation — re@SUILS .........iiiii e 99

3.2.1 Exposure to 8ug/ml of "Polybrene” for 2 hourshas no effect on hMSC

Phenotypeor CONFIUBNCY ......ooooo e 0L

3.2.2 Neither hMSC phenotype nor confluency is aféeed by retroviral

(=1 0[5 18 (o3 1] N PTPR 101

3.2.3 BMP-2 production, in the two Rv.BMP-2 transdeed hMSCs donors that

were investigated, starts between day 4 and day 6aulture .............ccccee...... 102

3.2.4 The gene expression profile of Rv.BMP-2 tradsiced hMSCs is altered
during monolayer proliferation .................meeeeeeiiiiiiii e 103

3.2.5 Exposure to 100ng/ml of recombinant human BMR alters the gene

expression profile of h(MSCs during monolayer prolieration ......................... 104

3.3 Effect of Rv.BMP-2 transduction on hMSCs during monolayer

proliferation — diSCUSSION .........cuuuiuiiiiir et 106
3.4 Enhanced adenoviral transduction in 3D - introdiction ..................... 110
3.5 Enhanced adenoviral transduction in 3D - reSult........ccoovevveiveiennennns 113

3.5.1 Transgene product production is enhanced whempplying the 3D

tranSAUCLION ProtOCOI ........vviiiiiiiiiee e 113



3.5.2 Transgene product reaches concentrations highthan 100ng/ml......... 117

3.5.3 After 28 days of culture, only a small propdion of the transgene product
is retained within the hydrogels

3.5.4 In fibrin and agarose, Ad.BMP-2 transductionin 3D with a MOI of 5 is
more efficient than Ad.BMP-2 transduction in 2D with a MOI of 100........... 120

3.5.5 DNA content does not change significantly &t 2D or 3D transduction

WIth AQ.BIMIP-2 ...ttt et e e e e e e 121
3.6 Enhanced adenoviral transduction in 3D - discts$on ......................... 124
3.7 Timed Ad.BMP-2 transduction — introduction..............ccceeeeveeiiieeennnns 128
3.8 Timed Ad.BMP-2 transduction — resultsS.............c..eeveeeieeeieeeeeeeeeennnee. 130

3.8.1 DNA content is not influenced by timed Ad.BMR2 transduction.......... 130

3.8.2 A rapid onset of BMP-2 production is monitord following timed

Ad.BMP-2 tranSAUCHION .........uuiiiiiiiiiiiiiiie e eeeeaes 131
3.9 Timed Ad.BMP-2 transduction — diSCUSSION..............uuuummmmiiiinnnnninnnnns 133
Chapter 4: Ad.BMP-2 and load Study...........ccccevvveiiiiiiiiieeeeeiicee e, 136
4.1 Ad.BMP-2 and load study — introduCtion .........ccccoeeeieiiieeiiiiiiiiineeeeeen, 136
4.2 Ad.BMP-2 and load study — results. ........cevieeiiiiiiiiiiiiiiiieeeeeeeeiiiens 140

4.2.1 Transduction of hMSCs, in 3D with a MOI of 5Jeads to the production

of biologically relevant amounts of BMP-2

4.2.2 Mechanical stimulation leads to an up-regul&n of chondrogenic genes,
when compared to free-swelling controls. Transductin with Ad.BMP-2 is the
predominant stimulus for the gene aggrecan and ielads to an up-regulation of
SOX9 message at the early time-point.........eeeeeeeeeiiiinineeeeeeeeeeeeeeeeiniinnns 142

4.2.3 The DNA content did not differ statisticallybetween groups................. 145

4.2.4 The bulk amount of synthesised GAG is releaseinto the culture

L= 18 o IO 147
4.2.5 The GAG/DNA ratio is highest in the controldéaded group................... 148
4.3 Ad.BMP-2 and load study — DISCUSSION.......ccceevveriiiniiineeeeeeeeeiiiiinnnn 150

XX



Chapter 5: Effect of dorsomorphin on hMSC hypertrophy................ 155

5.1 Effect of dorsomorphin on hMSC hypertrophy — inroduction.......... 155
5.2 Effect of dorsomorphin on hMSC hypertrophy — reults..................... 158

5.2.1 Exposure to 10uM of dorsomorphin significanyl reduces DNA
(o70] 0] (=] 0 1 AP TOPPT 158

5.2.2 The bulk amount of synthesised GAG is releaseinto the culture
medium. Significantly more GAG is produced in the ontrol group, when

compared to the dorsomorphin group.........oeeveeeiiiiiiiie e 016

5.2.3 The GAG/DNA ratio is not significantly different between the control and
the dorsomOorphin groUP ......oooe it 162

5.2.4 Exposure to 10puM dorsomorphin significantly educes the expression of
genes collagen 1, collagen 2, collagen X and aggae¢c when compared to the

(o700 10 I | o 11 o PR 163

5.2.5 On the protein level, exposure to 10uM of deomorphin leads to a

reduction in chondrogenic and hypertrophic matrix protein production.

...................................................................................................................... 165
5.3 Effect of dorsomorphin on hMSC hypertrophy — dscussion.............. 171
Chapter 6: Co-culture of h(MSCs and hACPCS .....ccccvvviiiiiiiiieeeeen, 177
6.1 Co-culture of h(MSCs and hACPCs — introduction.................cccccueeeee 177
6.2 Co-culture of h(MSCs and hACPCS — reSultS ..o, 179

6.2.1 The DNA content does not differ significantlybetween the different
[0 00 o1 TPPPT 180

6.2.2 The total amount of GAG, secreted into the ¢wre medium, decreases

with increasing percentage of hACPCs within the caulture pellets.............. 181

6.2.3 The 100% hMSCs group and the 90% hMSCs + 10%ACPCs group
have the highest GAG/DNA ratio, among all groups imestigated .................. 184

XXI



6.2.4 Co-culture of hMSCs and hACPCs does not siditantly change gene
expression of most genes that were investigated. gBificant differences,
compared to the 100% hMSCs group, were only detediée for the genes

collagen | and collagen 2 in some of the groupS........coevvvviviiiiiiiiiiieieeeeeeee, 185

6.2.5 Fluorescent labelling of hMSCs and hACPCs indates a loss of hMSCs

with time, if the percentage of hACPCs in co-cultue pellets is 25% or

6.2.6 On the protein level,in vitro chondrogenesis is only detectable in the
100% hMSCs and the 90% hMSCs + 10% hACPCS group...c...ccceevvveveeennnnns 190

6.2.7. Generally, cytokine release of hMSCs is high when compared to

A C P S e e e e e e e e et aaaeeareaeaerarana 198
6.3 Co-culture of h(MSCs and hACPCs — diSCUSSION...........cccvvvveveeeeeennne. 201
Chapter 7: hACPCs and load Study .............eummmeeeiineeeeeeiiiineeeeeeeeiennns 208
7.1 hACPC and load study - introduction .........ccc.ccoevvveveiiiiiiiiiiie e, 208
7.2 hACPC and load study - reSults ............eeriiiiiiiiiiiiee e 211
7.2.1 Transduction of hACPCs, in 3D with a MOI of 5 leads to the production
of biologically relevant amounts of BMP-2........ccvvvvviiiiiiiiiiieeeeeeveeeeeiiis 211
7.2.2 hACPCs produce TGH1 during culture in fibrin-PU scaffolds........... 213

7.2.3 Mechanical stimulation leads to an up-regulain of aggrecan and
collagen 2, when compared to free-swelling contralsTransduction with
Ad.BMP-2 is the predominant stimulus for the gene BIP-2. Further, it leads
to an up-regulation of the hypertrophic marker genecollagen X (at the late

time-point) and the early osteogenic marker gene AR ..........cccccceeveeeeeeeeeeeennn. 215

7.2.4 The DNA content of hACPCs samples, seededartibrin-PU composite

scaffolds, decreases between week 1 and week 4uwfwe. ........c.cvveveveeennan.. 221

7.2.5 The bulk amount of synthesised GAG is releagénto the culture medium

7.2.6 The GAG/DNA ratio is higher in control vs. AABMP-2 transduced and in

loaded vs. unloaded SAMPIES..........evvuviimmmmmm e e e e 224

7.3 hACPC and load study - diSCUSSION ........cceemiivriiiiieeeeeeeeeeiiene e e 225
XXII



Chapter 8: General DISCUSSION ........cccuuuiiieceeiiie e 232

REFEIENCES ... 256
Y o] 1= 1 o | PP SUPPPPPPRR 274
A.1l Images effect of exposure of hMSCs to 8ug/ml dPolybrene” for 2
POUIS ..t 274
A.2 Images effect retroviral transduction on hMSCS.........cccoooeeviiiiviiiinns 278

A3. Array maps of the different sub-arrays from the Ray Bio human
CYtOKINE @rray G-SEIES .....iieeeiieeeeeiiiiimmmm et e e e e e e e e e e e e aaa e e e eaaaas 282

A4. Complete overview of all 174 cytokines from theRay Bio human
CYtOKINE @rray G-SEIES ....iieeeiieeeeeiiiimmmm ettt s e e e e e e e e e e e e e eaaaas 284

A5. Immunohistochemical detection of the matrix prdeins aggrecan,
collagen Il and collagen X, within fibrin-PU compogte scaffolds, seeded
with cells from donor Pat 52 and donor Pat 53 ............ccccceiiiiiiiiiiiiinnnnne 285

AG6. Publications and conference abStractS ......cccoveveeii e e, 291

XXIII



Chapter 1: General Introduction
Chapter 1. General Introduction.

1.1 Abstract.

Hyaline, articular cartilage covers the osseous endliarthrodial joints. Its function is
to absorb and distribute forces generated throags. Thereby, it allows for smooth,
almost frictionless motion between the articulat;wgfaces (Buckwalter and Mankin,
1998a). Articular cartilage is subjected to loadifagces on a daily basis and its
integrity is crucial for the normal function of theint during everyday life. Despite
having the capability to endure loads for decadedntrinsic healing capacity is very
low. Once damaged, articular cartilage has a vemtdd capability for self-repair.
Today, there exists a fast growing need for optchigeplacement tissue. Nevertheless,
currently available procedures within clinical pree, aiming to generate a complete
regeneration of articular cartilage, fail to dentogie reproducible success. Hence, new
approaches for the treatment of articular cartildgiects are desperately needed. Tissue
engineering (TE) is believed to be one of the npsimising alternative approaches

when trying to regenerate articular cartilage.
1.2 Articular cartilage.

1.2.1 Articular cartilage development.

During embryonic development, bone and cartilageé&tion are closely linked. Bones
can form through two different mechanisms; intraatheanous ossification and
endochondral ossification. During intra-membranaossification, mesenchymal stem
cells (MSCs) directly develop into osteoblasts whiorm the bones of the skull.
During endochondral ossification, which occurs iy ather type of bone within the
body, a cartilage template is built first. This t@ate is then replaced by bone, sparing
only the articular cartilage of the joints (figukel).

[1]
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Figure 1-1: Schematic display of the process of endhondral ossification. First, mesenchymal
cells condense and form a cartilaginous template. @ndrocytes (c) in the middle of the
template start to undergo hypertrophy (h). Next, éone collar (bc) is formed and hypertrophic
chondrocytes attract vascular invasion. Then, the fomary spongosia (ps), the primary centre
of ossification, is formed. The bone elongates thugh chondrocyte proliferation, matrix
synthesis and chondrocyte hypertrophy. At the end fothe long bones, the second centre of
ossification is formed (soc). Below the soc, a grthwplate with columnar chondrocytes (col) is
formed and haematopoietic marrow (hm) is starting ® expand into the marrow space. Figure
adapted from (Kronenberg, 2003).
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The whole process starts with the condensationesfemchymal cells. These cells then
grow and start to differentiate into chondrocytdgclh form a cartilaginous template of
the developing bone. Next, chondrocytes in the teidd the template start to enter
hypertrophy. They stop growing and start to enlaagel secrete collagen type X
(Col X) protein. The hypertrophic chondrocytes tstar secrete vascular endothelial
growth factor and begin to mineralise their matAfterwards, the so-called bone collar
is beginning to form. Perichondral cells differati into osteoblast and start to produce
matrix. This process is guided by the hypertropifiondrocytes, which then undergo
apoptotic cell death. Within their matrix, the parg spongosia (primary centre of
ossification) is beginning to form. Osteoblasts atabd vessels invade the matrix that
has been produced by the hypertrophic chondroeytdseplace it with bone. The long
bones elongate through three different processeaslifgration of columnar
chondrocytes, chondrocyte matrix production andndnacyte hypertrophy. Finally,
secondary centres of ossification are startingotonfat the end of the long bones.
Chondrocytes stop proliferating, begin to undergpentrophy and attract vascular and
osteoblast invasion. In the long bones of the limtdsch are connected by articulating
joints, growth plates are additionally formed. Td@gsowth plates are located between
the primary and the secondary centre of ossifinatib the end of the bones. They
consists of cartilage which can be separated imtar fzones; resting cartilage,
proliferating cartilage, maturing (hypertrophic)rilage and calcified cartilage (figure
1-2). During skeletal maturation, bones continugrow by proliferation of columnar
chondrocytes, chondrocyte matrix production andndnacyte hypertrophy within the
growth plate. After skeletal maturity, the growtlate is replaced by bone and the only

cartilage that is left is the articular cartilagette joint.

The process how synovial joints and articular @gé form during embryonic
development and the plethora of molecules (e.gha#igg molecules and patterning
molecules), which are involved during this procebswve not been completely
unravelled yet. Nevertheless, the general mechanisas already been established
(reviewed e.g. in: (Khan et al., 2007)). The precesarts with condensation of
mesenchymal cell. Next, a so called interzone iséal. This zone is located at the site
where the future joint is going to form and comesis thin layer of mesenchymal cells.
These interzone cells together with adjacent mdsenal cells are involved in the
cavitation process, during which the two opposikejetal elements separate.

[3]
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The three-dimensional (3D) configuration of theufet joint is established in a process
called morphogenesis. Finally, the mature jointjuding the articular cartilage and the
synovial capsule, is formed. The interzone celle aritically involved in these
processes. Fate tracking experiments in chickenryabrevealed that peri-joint
mesenchymal cell became part of the interzone laaucthese cells were involved in the
formation of the articular cartilage and the jowatpsule (Pacifici et al., 2006). In the
same study, these interzone cells were isolated sliodvn to express growth and
differentiation factor (GDF)-5, wingless-integrate@Vnt)-14 and cluster of
differentiation (CD)-44 and that they differentiat¢o chondrocytes. The important role
of interzone cells, expressing GDF-5, during jdormation was further established in
the mouse model (Koyama et al., 2008). Fate mapfusmng GDF-5-cre transgenic
mice), revealed that interzone cells displayed adignt-like distribution along the
ventral-to-dorsal axis during joint formation andat these cells gave rise to joint
tissues, such as articular cartilage and the swhdining. Isolated interzone cells
displayed a propensity to undergo chondrogenedlstlais process could be enhanced
by over-expression of GDF-5 and blocked by overesgion of Wnt9a (Koyama et al.,
2008).

S e TR resting cartilage

proliferating cartilage

maturing of cartilage

calcified cartilage

- U 5, 0 i 5
“.' .l"d'.’ilv”) /Vl/r’}J(JJ{‘?
Figure 1-2: Histological staining of an eplphyseagrowth plate. The resting
zone comprises small scattered chondrocytes. Theyobably form a reserve
for the proliferating columnar chondrocytes. Thesecells form stacks which
are aligned in the direction of growth. In the third zone, chondrocytes start
to mature and become hypertrophic. In the zone of alcified cartilage,
chondrocytes start to calcify their matrix and undego apoptotic cell death.
Finally, this template is invaded by blood vesseland osteoblasts. Figure
adapted from http://www.gla.ac.uk.

1.2.2 Articular cartilage composition.
[4]
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Articular cartilage is a relatively simple tissuelacks vasculature, a lymphatic system
and it is not innervated. Previously, it was bedi@vo consist only of one type of cell,
the chondrocyte (for a detailed overview about choaoytes see: (Archer and Francis-
West, 2003)), and the extracellular matrix (ECMegh cells produce. However,

recently there exists growing evidence that aréicutartilage also contains a
stem/progenitor cell population (Dowthwaite et @004; Hayes et al., 2008; Khan et
al., 2009). These progenitors were originally issdiafrom the surface zone of bovine
articular cartilage through differential adhesiorfibronectin (Dowthwaite et al., 2004).

In 2010, it was demonstrated that these cells tsmlze obtained from human articular
cartilage (Williams et al., 2010).

Articular cartilage is only very sparsely populateith cells. In humans, approximately
2% of its total volume is occupied by chondrocyfekinziker et al., 2002). The

chondrocytes main functions are to secrete and wntain the ECM. Also,

chondrocytes are known to sense loading forcesnaodify their matrix accordingly

(Buckwalter and Mankin, 1998b). The ECM of articutartilage consists of three main
components; water (up to 80% wet weight), colla@#r80% dry weight), mainly type

Il with smaller amounts of type VI, IX, X and XI dmegatively charged proteoglycans
(5-10% dry weight) (Buckwalter and Mankin, 1998he$te et al., 1998). The collagens
type I, IX and Xl form a mesh with provides temsstrength and is able to entrap
macromolecules. The negatively charged proteogk/@amsist of a protein core and
one or more glycosaminoglycan (GAG) chain(s). GAGat are typically presented
within articular cartilage are, for example, hyaloic acid, chondroitin sulphate, keratan
sulphate and heparan sulphate (Buckwalter and Mariki98b; Temenoff and Mikos,

2000). The two main classes of GAG in articulartiage are large aggregating
proteoglycans (aggrecans) and smaller proteoglycsush as decorin and bigylcan.
Aggrecans are able to attract water, due to thigin sulphate content, leading to a
negative charge. This feature is very importantliierstress distribution within articular
cartilage and also for the resilience of this tessilihe small proteoglycans do not
contribute to the tissues mechanical propertiestedd, they are believed to be

important for the organisation of the ECM struct(Beckwalter and Mankin, 1998b).

[5]
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Articular cartilage possesses a highly orderedcsira. Due to morphological changes
it can be divided into four different zones; thepexiicial zone, the middle zone, the
deep zone and the zone of calcified cartilage (@di+3).

Calcified zone

gubchondral bone

Figure 1-3: Schematic illustration of the zonal stucture of articular cartilage.
Articular cartilage can be divided into four zones;1) the superficial zone which
contains flattened chondrocytes and collagen fibreg/hich are aligned parallel to
the articular surface, 2) the middle zone where sprical chondrocytes are
embedded in a matrix of randomly orientated collage fibres, 3) the deep zone
where rounded chondrocytes and collagen fibres arealigned in stacks
perpendicular to the surface 4) the zone of calc#d cartilage which is separated
from the other zones through the tidemark. Chondrogtes in the zone of calcified
cartilage are small and their matrix starts to caldfy. Figure adapted from
(Stoddart et al., 2009) with permission of Future Mdicine Ltd.

These zones differ in matrix components, the aligmimof collagen fibres, relative
amount of collagen, relative amount of proteoglycand chondrocyte phenotype.
These differences are of great functional imporarihe proportion of the four zones
differs between species but also between diffefeimts within the same species.
Generally, collagen content decreases and aggreoatent increases from the
superficial zone to the zone of calcified cartilajee water content is highest in the
superficial zone and lowest in the deep zone. Tipericial zone is closest to the joint
space and the thinnest zone within articular eay#l It consists of two layers. The first
layer, the acellular lamina splendens, coversdir.jWithin the second layer, flattened
chondrocytes and collagen fibres are aligned prallthe surface.

[6]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 1: General Introduction

Within the joint, only chondrocytes in the supedlzone and synovial cells are able to
synthesise superficial zone protein/lubricin (Schaher et al., 1999). This unique
protein plays a major role for lubrication propestiwithin the articulating joint. The
middle zone separates the superficial zone frondéep zone. Chondrocytes within the
middle zone have a spherical morphology. Compaveitié superficial zone, collagen
fibres are larger and randomly aligned. In the deape, chondrocytes have a rounded
morphology and are aligned in columns perpendidoléine surface. Collagen fibres are
larger than in the first two zones and they argrad perpendicular to the surface. The
zone of calcified cartilage is separated from theeothree zones through a structure
called the tidemark. This zone lies adjacent tosthie-chondral bone and represents a
transition between articular cartilage and bonee Thondrocytes within the zone of
calcified cartilage are small and their matrix tarsng to calcify (Buckwalter and
Mankin, 1998b).

Not only articular cartilage as a tissue, but atsoECM, can be sub-divided into
different regions/zones (Buckwalter and Mankin, 899 Namely, these are a
pericellular region, a territorial region and areiterritorial region. The pericellular
region of the ECM is directly attached to the chowegite membrane. Interestingly, it
does not contain any (or very few) fibrillar coliats. The territorial matrix surrounds
the pericellular matrix, mainly of single chondrtey yet also of pairs, clusters or even
columns (within the middle zone) of chondrocytesri€ellular and intercellular matrix
share a uniform function. They allow the bindingtloé chondrocytes cell membrane to
molecules of the ECM. Furthermore, they protect ttendrocyte from forces
generated through load and from deformation. Intrest, the main function of the
interterritorial matrix is to provide the mechanipaoperties of the cartilaginous tissue
itself. It contains large collagen fibrils with aiging geometry. These fibres are aligned
parallel to the articulating surface in the supeafi zone, random in the transitional
zone and perpendicular to the articulating surfadbe deep zone.

[7]
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1.2.3 Articular cartilage homeostasis.

Indian hedgehog (Ihh) and parathyroid hormone-edlaprotein (PTHrP) form a

negative feedback loop which is responsible fortlibkance between proliferating and
hypertrophic chondrocytes. This mechanism contwlen chondrocytes leave the
proliferating pool and when they begin to undergpédrtrophy. Figure 1-4 gives a short
overview about the Ihh/PTHrP feedback loop. Mortaitied information can be found

in (Kronenberg, 2003; Vortkamp et al., 1996).

\_
OOV W \

L A A A A

Proliferating
chondrocytes

Hypertrophic
chondrocytes E—r

Figure 1-4: Schematic overview of the lhh/PTHrP fegback loop. PTHrP is produced in the
perichondrium and from chondrocytes at the end of dng bones. It acts on pre-hypertrophic
chondrocytes and prevents them from undergoing hyp&ophy (1). Hypertrophic chondrocytes are

too far away from the source of PTHrP production. The stop proliferating and produce Ihh. Ihh

induces proliferation of chondrocytes in the prolierating zone (2), stimulates the production of
PTHrP at the end of long bones (3) and potentialljnduces the conversion of perichondral cells into
osteoblasts (4). Figure adapted from (Kronenberg,(D3).

PTHrP is produced in the perichondrium and fromnehocytes at the end of long
bones. It acts on pre-hypertrophic chondrocytescivipiossess a high level of PTHrP
receptor and prevents them from undergoing hypehyrqLee et al., 1996). Thereby,
these cells stay within the proliferating pool. &@img of PTHrP to its receptor also leads
to a reduced expression of runt-related transomptifactor 2 (Runx2) and
phosphorylation of the master chondrogenic trapson factor SRY-related HMG-box
(SOX) 9.
[8]
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Chondrocytes which are located too far away from BAHrP producing cells are no
longer exposed to sufficient concentrations of FH.Hrhese cells begin to produce Ihh
and stop proliferating. Ihh has three main modeactibn. First, it acts on chondrocytes
in the proliferating zone and induces proliferati@econd, it acts on chondrocytes at
the end of long-bones and simulates them to pro&idérP. The specific mechanism
of this action is still unknown. Finally, exposuoé perichondral cells to Ihh leads to

their conversion into osteoblasts.
1.2.4 Clinical significance of articular cartilagedamage.

When articular cartilage is damaged or degenerptggents will suffer from pain, joint
deformation and limited joint movement capacityisTbauses great discomfort to the
patient and is one of the major causes for digghii middle-aged and older people,
especially in western countries. Damage to artrocéatilage is mainly caused by either
traumatic injury or pathological conditions, such eheumatoid arthritis (RA) or
osteoarthritis (OA). RA is an autoimmune diseasgatierised by two main symptoms;
joint inflammation and tissue destruction. On thleeo hand, OA is a more complex,
progressive disease. It represents the most conmmastuloskeletal disease in the
elderly population and leads to a high socio-ecandmirden (Reginster, 2002). OA
can affect every joint in the body yet some joists;h as knee or hip, are more prone to
OA. Further, OA can either be restricted to a ®rgint or it can be more generic. Even
though OA influences the whole joint, its main hedrk is articular cartilage
degradation (including loss of proteoglycans frdra ECM, disruption of the collagen
network and, finally, cell loss). Other symptomse,afor example, intra-articular
cartilage inflammation or changes in peri-articuéard sub-chondral bone (such as
osteophytes or sub-chondral bone cysts) (Goldrimy @oldring, 2007). Major factors
that influence the onset and progression of OAjair& instability, obesity, muscle

weakness, peripheral neuropathy and increasing@ajering and Goldring, 2007).

[9]
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Generally, cartilage defects can be divided into major classes; partial-thickness/full-
thickness defects and osteochondral defects. lmap#rickness/full-thickness defects,
the damage is restricted entirely to the cartilagstissue and does not penetrate the
sub-chondral bone. Partial-thickness defects (wh@mot span the whole thickness of
the articular cartilage) resemble the clefts asduies seen during the early stages of
human OA (Hunziker, 1999). Full-thickness defeqiarsthe whole thickness of the
articular cartilage but do not penetrate the sutmdhal bone. These defects will not
heal spontaneously (figure 1-5 a). Partially, beeatlne cell number in cartilage is very
low (Poole et al., 2001). In addition to that, miatichondrocytes have a limited
proliferative and biosynthetic activity. In healthgdult cartilage, they are able to
provide matrix turnover, yet there ability to buidw matrix is very limited. Moreover,
articular cartilage possesses a rare intrinsicogyl As it is an avascular tissue, neither
blood cells nor MSCs from outside the tissue catiethe defect and contribute to a

healing response (Hunziker and Rosenberg, 1996).

In osteochondral defects, the damage penetratesutirehondral bone. In this case, a
healing response is induced (figure 1-5 b). Bloiost £nters the lesion from damaged
vasculature or marrow and a fibrin clot is formé&u¢kwalter and Mankin, 1998a;
Steinert et al., 2007). Therein, platelets arepeapwhich start to secrete bioactive
factors, such as platelet derived growth factordiffierent isoforms of transforming
growth factor beta (TGPB). These factors then attract vascular invasion raigation

of mesenchymal progenitor cells into the defeceift&trt et al., 2007). Eventually, this
repair response leads to the generation of a fdmtitege-like repair tissue. In the
human, the normal cartilage of the joint is hyalifbe fibrocartilage-like repair tissue
is not adapted to the loading forces within thatj@nd, thereby, mechanically inferior
to articular cartilage. This will ultimately lead its disintegration under the load forces
it has to bear (Hunziker, 2002). As opposed to msnaome joints in different
vertebrate species can comprise fibrocartilagen@&#ar1954).

[10]
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Figure 1-5: Schematic presentation of a full-thickess (a) and an
osteochondral (b) defect. Full-thickness defects arrestricted to the
cartilage tissue and will not heal spontaneously.nl osteochondral
defects, the damage does penetrate the sub-chondbane. A fibrin clot

is formed which induces migration of MSCs and a regir response is
induced. This leads to the generation of a fibrocditage tissue which is
mechanically inferior and degenerates with time. Fjure adapted from

(Trippel et al., 2004).

[11]
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1.2.5 Tissue engineering as an alternate approachorf articular

cartilage repair.

Currently, there exists a great variety of appreachvithin clinical practice, which aim
to heal articular cartilage defects. Conservatreatient options include, for example,
weight loss, physiotherapy and pain-relieving mation. Surgical interventions are the
next option (reviewed for example in: (Ahmed anchdfie, 2010)). They are indicated
if conservative treatment methods failed or if ded¢ect is already too advanced for such
treatment options. Usually, for a first line suadictreatment, different marrow-
stimulating techniques, such as pridie drilling (Muand Kohn, 1999) or microfracture
(Steadman et al., 2002), are conducted. Theseitpe®mare relatively straightforward
and cost effective. Principally, they are basedtlo@ natural healing response of
osteochondral defects. Small holes are creatednwitie sub-chondral bone. Thus, an
access to the bone-marrow space is created whads ke the formation of a fibrin clot,
containing cells, within the defect. Finally, thesehniques result in the formation of a
fibrocartilagenous repair tissue. Other options, &e example, replacement of lost
articular cartilage with soft tissue grafts, such periosteum or perichondrium
(Homminga et al., 1990), mosaicplasty (Matsusueakt 1993) or autologous
chondrocyte transplantation (ACT) (Brittberg et &4B94). ACT is a two-step cell-based
therapy. First, cartilage is harvested from a nangit-bearing area of the joint. Next,
chondrocytes are isolated and propagated in cdilrey in order to increase their
number. Finally, in a second operation, they aaedplanted into the defect which is
then covered with a periosteal flap. ACT resultsthe formation of a hyaline-like
cartilaginous repair tissue. Nevertheless, ACT essss some disadvantages, such as
donor-site morbidity, chondrocyte leakage from dieéect site, the requirement for two
surgical interventions, chondrocyte de-differemiatduring monolayer culture and
periosteal hypertrophy. Some of these were overassitgy later generation ACT which

included the use of Collagen I/lll scaffolds or sges to contain the cells.

[12]
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The mentioned treatment options can improve theceli situation of the single patient,
such as pain relief or an increased ability to moket, the clinical outcome of these
procedures seems to be dependent on many diffeagaineters, such as the age of the
patient, the size of the defect and the pre-operaturation of symptoms. In general,
the younger the patient, the smaller the defectthadess time prolonged between the
occurrence of the symptoms and the beginning oftrietment the better the clinical
outcome will be (Homminga et al., 1990; Marlovitsag, 2006; Mithoefer et al., 2006).
Unfortunately, none of the mentioned techniquesiccget demonstrate an ability to
reproducibly regenerate articular cartilage witlewery patient and, thus, provide a
long-term solution (Getgood et al., 2009).

In summary, although William Hunter first descrilagimage of articular cartilage more
than two and a half centuries ago (the originallipabion from 1743 was re-printed in:
(Hunter, 1995)), there is no procedure availabé tas the ability to fully reconstitute
the biological function and composition of artiauleartilage. Even nowadays, it
remains a very challenging task for surgeons argicbscientists. TE, a field that
bridges basic and applied research, is believdzeta promising alternate approach to
the currently available applications. It was finstroduced by Langer and Vacanti in
1993 (Langer and Vacanti, 1993). Hunziker describgésas “the art of reconstituting
mammalian tissues, both structurally and functigfigHunziker, 2002). Its ultimate
goal is to create a functional tisseevivo and to integrate this tissue into the (human)
body. Generally, TE consists of three major butdiniocks; cells, a scaffold and

stimulating or bioactive factors.

[13]
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1.3 Cells.

1.3.1 Introduction.

This section will mainly focus on human bone-mardsvived mesenchymal stem cells
(hMSCs), sometimes also termed mesenchymal stramidd. Other possible cell
sources for TE of articular cartilage will be dissad. Mainly, these are mature
chondrocytes and embryonic stem cells (ESCs). Rgcanduced pluripotent stem
cells (IPSCs) have been discovered and they migiitesent a valid cell source for
cartilage TE and many other diseases in the long.t&urther, the isolation of a
progenitor cell population from articular cartilagas recently described. These cells
might harbour great potential for articular cagagarE. Each cell type has its own set of

advantages and disadvantages which will be britiflgussed thereatfter.
1.3.2 Chondrocytes.

Mature chondrocytes are widely used in TE and cihpractice. Usually, the number
of chondrocytes that can be harvested is quite & not sufficient for many
applications, although recent studies using minzatilage are beginning to question
that opinion (Lu et al.,, 2006; Marmotti et al., 201 For most applications,
chondrocytes have to be expanded in monolayerreuituorder to generate sufficient
cell numbers. Afterwards, they can be either igddhto the defect site (ACT) or used
as a cell source in TE applications. However, thedsts one major obstacle. During
monolayer proliferation, chondrocytes tend to déedentiate and lose their phenotype
(von der Mark et al., 1977). Successful re-difféion is possible in 3D culture and
was demonstrated in several studies from diffegegatips (Benya and Shaffer, 1982;
Bonaventure et al., 1994; Stoddart et al., 200&)joSand co-workers were also able to
demonstrate that a population of bovine chondragytemonolayer culture, was able to
retain its phenotype if 100ng/ml human recombinlambe morphogenetic protein 2
(BMP-2) was added to the culture medium (Sailalgt1996).

[14]
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The application of autologous chondrocytes facestheen drawback which has to be
considered. The harvesting step requires an ingasperation which has to be
conducted prior to the actual implantation stepaoy cell culture experiment. This
surgical procedure, as any surgical interventiepresents a potential risk and a burden
for the patient. On top of that, the harvestinglebndrocytes from healthy cartilage is
often coupled with donor site morbidity. This wdbntribute to the damaging of a

formerly healthy tissue.
1.3.3 Mesenchymal stem cells.

MSCs belong to the class of multipotent adult steetls. Friedenstein and his
co-workers were the first to discover their exiseand demonstrated that they can be
isolated from bone-marrow (Friedenstein et al.,6)9% the human body, they can be
derived from several other tissues, such as adipssee (Zuk et al., 2002), muscle
(Kuroda et al., 2006), trabecular bone (Tuli et 2D03), periosteum (Arnold et al.,
2002) and synovium (De Bari et al., 2001). In tleary2006, the International Society
for Cellular Therapy proposed minimal criteria tesdribe MSCs (Dominici et al.,
2006). Namely these were; their ability to adheresll culture plastic, their capacity to
differentiate along the chondrogenic, osteogenid adipogenic lineage and their
surface marker expression profile (negative for €t CD11b, CD19 or CD#9
Cd34, Cd45 and HLA-D-; positive for CD73, CD90 a0 105).

Yet, it has to be considered that these criteganat perfect. The cells, isolated through
adherence to cell culture plastic, are not a pwgufation. Further, selection with the
mentioned surface markers will only separate mdsgnal cells from hematopoietic
cells. Additionally, unless working with clonal pggtions, it cannot be ruled out that
different cell types within the MSC population @iféntiate towards chondrocytes,
osteocytes and adipocytes. Therefore, these eriteiti likely result in an enrichment
and not in a defined isolation of a single celleyghat’'s why so-called MSCs are
probably not consisting of only a single cell tyddore likely, they are highly
heterogeneous and consist of many different cpgy

[15]
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Furthermore, some people hesitate to call thede WESCs because they lack true stem
cell characteristics. MSCs are only multipotent tipotent or pluripotent. Thus, they
do not have the ability to differentiate into angpdk of cell derived from all three germ
layers (e.g. heart muscle cells, neurons, kidnélg etc.) or cells from the germ lineage.
Instead, they can only differentiate into a resdédcnumber of cell types which belong
to the mesenchymal lineage (figure 1-6). This hasnbshown in different studies
(Pittenger et al., 1999; Tuli et al., 2003). Adaitally, they do not have an unlimited
capacity for self-renewal. Instead, they are knawnbecome senescent around 30
population doublings (PDs) (Bonab et al., 2006)isTis why they are sometimes

referred to as mesenchymal progenitor cells or nasgnal stromal cells.
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Figure 1-6: Schematic summary of the process of meschymal stem cell differentiation.

Mesenchymal stem cells can differentiate into seval cell types which belong to the mesenchymal
lineage. Examples are osteocytes, chondrocytes aadipocytes. Figure adapted from (Caplan,

2009)
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MSCs can be differentiated towards the chondrogknéage and numerous different
approaches forn vitro chondrogenic differentiation exist (reviewed fotample in:
(Heng et al., 2004)). The molecular pathway MSCdeugo during chondrogenesis is
very complicated and a vast number of differentenoles, such as transcription factors
and growth hormones, are involved (for detailedonmfation read for example:
(Goldring et al., 2006; Jorgensen et al., 2008Y)e Tirst study that showed the
successful chondrogenic differentiation of MSCs wase by Ashton and co-workers
in 1980 (Ashton et al., 1980). The next milestoreswet by Johnstone et al. in 1998.
They were the first to describe a defined mediumtifi@ in vitro chondrogenesis of
MSCs in 3D micromass culture (Johnstone et al.819%his chondrogenic medium
lacked foetal bovine serum (FBS) and contained mietlasone and TGFL as
essential agents for the induction of chondrogendgie fact that FBS is omitted from
the culture medium is very desirable for any po&napplication within clinical
practice. Thus, potential risks, such as immunalalgiejection or disease transmission
(Will et al., 1996), can be avoided. Moreover, sergontains a vast number of
biologically active substances, such as hormonesgmwth factors. Its exact
composition differs with the source from whichgtabtained but also between different
batches from the same source. Therefore, medidatiaserum provide a milieu which

is chemically more defined and is favourable foy kimd of biological study.

Although much work is carried out in the field aetmomentjn vitro chondrogenic
induction of MSCs still faces several shortcomingsst, the proliferative capacity of
MSCs, and consequently their cell number, in boaerow declines with age (Caplan,
2007). The reason for that phenomenon is currestiflyunder debate. Second, the cells
that are isolated from bone-marrow are, in fachighly heterogeneous population.
Only few cells within this population are able todergo chondrogenic differentiation.
Hence, new and better isolation and purificatiostq@eols are urgently needed. Further,
when chondrogenesis of MSCs is indudedvitro, chondrocytes cannot be stably
arrested in culture and advance to their terminbhenptype the hypertrophic
chondrocyte (described for example in: (Bosnakoeslal., 2006; Pelttari et al., 2006;
Yoo et al., 1998)). This progression towards hypefty is accompanied by changes in
the cell morphology, a decline in collagen type(dol II) expression, an elevated
expression of Col X and a marked increase in thevigcof the enzyme alkaline
phosphatase (ALP) that changes all lead to terndiiff@rentiation.

[17]
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If TE of articular cartilage using MSCs as cell smushould become reality, currently
existing protocols will have to be improved. It am absolute requirement that the
progression towards the hypertrophic state is priexk Possible approaches to tackle
this problem are, for instance, the addition ofilitbrs of hypertrophy, the use of a
special tailored scaffold or the application of ima&gical load. Besides their use as a cell
source in TE, MSCs may also be applied in regeiverahedicine. It is becoming
increasingly clear that they can home to injuregues and act as trophic mediators
and/or modulate the immune response (Augello eR@all0; Caplan, 2007; Caplan and
Dennis, 2006; Caplan, 2009; Chamberlain et al.,7200heir functionin vivo might be
more similar to a conductor not to an orchestras phoposes that they do not form the
regenerated tissue themselves but rather contributes healing response by providing
a wide spectrum of different biological active n@oplecules which then act on cells

within the defect.
1.3.4 Articular cartilage progenitor cells.

The isolation and identification of articular ctatje progenitor cells (ACPCs), from
bovine cartilage samples, was described by Dowtleweti al,. in 2004 (Dowthwaite et
al., 2004). It was hypothesised that growth ofcatér cartilage is achieved from the
appositional surface. Thereby, a population of pritpr or stem cells must reside
within this zone. The group was able to isolatehandrocyte sub-population with
progenitor-like characteristics from the surfaceeof articular cartilage by differential
adhesion to fibronectin. These cells were showrmpdsesess a high colony forming
efficiency, to express Notch 1 and to exhibit phgpiz plasticity. In 2008, Hayes et al.,
demonstrated that these cells possess novel chitndwlphate sulphation motifs and
that monoclonal antibodies against these epitopesdcbe used to select this cell
population by flow cytometry (Hayes et al.,, 2008). 2009, Khan et al., further
characterised ACPCs from bovine origin (Khan et2009). The focus of the study was
on the growth kinetics and if prolonged cultureluehces these cells. ACPCs were
isolated though differential adhesion to fibroneand clonal cells were proliferated up
to 50 PDs. Cells were assessed by measuring grémttics, telomere length,
telomerase activity-galactosidase activity and gene expression arelys80X9 and
Notchl.

[18]
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It was demonstrated that ACPCs grow exponentiadly dpproximately 20 PDs.
Afterwards, growth slowed down and became morealin€he mean telomere length
was significantly higher, when compared to de-ddfgiated chondrocytes that
underwent a similar number of PDs. Further, tel@seractivity was approximately
2.6-fold higher in ACPCs. The SOX9 activity was ganin ACPCs, when compared to
de-differentiated chondrocytes. Finally, if ACPCser& induced to undergo
chondrogenesis in pellet culture, co-ordinated gnovand differentiation was
monitored. Recently, it was demonstrated that ACR&s be derived from human
articular cartilage through differential adhesianfibronectin (Williams et al., 2010).
Williams and co-workers showed that clonal celencan be derived and proliferated
up to high PDs. Also, it was demonstrated that éheslls possess a restricted
differentiation potential and that they can be ahrogenically induced within the pellet
culture system. Further, the group found evidemcenhigh telomerase activity and for
the maintenance of telomere length within thesdscdoth features of a MSC
population. Consequently, these cells represenitaresting alternative cell source in
cell-based applications for cartilage repair. leeent study of McCarthy et al.,, ACPCs
and MSCs were directly compared as potential aelrees for cartilage repair in the
horse (McCarthy et al., 2011). Both cells typeseniaduced to undergo chondrogenesis
within the pellet culture model. Immunohistochemyistevealed positive labelling for
the Col Il protein and the aggrecan protein in bzeh populations. However, labelling
for the Col X protein was only evident in pelletsridged from MSCs. Further, MSCs
labelled positive for the proteins Matrillin 1 arfdunx2, whereas labelling was
diminished or absent in ACPCs. Both cell sourcesevahown to be able to undergo
osteogenesis and adipogenesis under standard iocosdiin summary, this study
showed that both cell types possess multilineagenpial. However, ACPCs seemed to
differentiate into stable articular chondrocytedjeneas MSCs appeared to undergo
hypertrophy. As this progression towards hypertyojghthe main drawback for MSC

based TE of articular cartilage, ACPCs might repnés superior cell source.

[19]
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1.3.5 Embryonic stem cells.

ESCs have several major advantages. They posseaslimited capacity to self-renew
and they are pluripotent. Further, they are ableamntain their pluripotency in culture.
It was demonstrated that ESCs can be differentistidmesenchymal precursor cells
under the right culture conditions (Barberi et 2005). Other studies demonstrated that
they can be differentiated along the chondrogessteogenic or adipogenic lineage (zur
Nieden et al., 2005) or that they selectively ugdechondrogenesis when cultured
under specific conditions (Hwang et al., 2006; Eoblal., 2007). Disadvantages of ESCs
are, for instance, immunological rejection or thekrof teratoma formation after
transplantation (Trounson, 2001). Last, but nostlepeople will have to consider the
major ethical aspect if they use human ESCs adl sa@ce for cartilage TE or basic

research.
1.3.6 Induced pluripotent stem cells.

IPSCs are pluripotent cells derived from somatitscand can be differentiated into
cells from all three germ layers. Their productivom mouse fibroblasts was first
described in the pioneering work of Takahashi aadhanaka in 2006 (Takahashi and
Yamanaka, 2006). One year later, the same groupabksto generate iPSCs from
human fibroblasts (Takahashi et al.,, 2007). In bo#ises, re-programming into a
pluripotent state was achieved through the retabvirediated expression of four
factors; Oct3/4, SOX2, c-Myc and Klf4. iPSCs hanbthe great potential to create
patient-specific pluripotent stem cells. Thesescetiuld be used to treat several diseases
and also for other applications, such as drug sange In recent work, Wei et al.,
showed that iPSCs can be generated from ostedmrtbhiondrocytes and that these
disease-specific iPSCs can be successfully diffettexl towards the chondrogenic
lineage (Wei et al., 2012). Although, research @isiRSCs is still at its infancy,
potential problems have already been associatell thdir use. Differences in gene
expression between iPSCs cells from different ssittave been reported (Saric and
Hescheler, 2008). These differences suggest thgrogramming is incomplete.
Furthermore, the creation of chimeras is more @oltic in iPSCs, when compared to
ESCs. This feature has been associated with a tighle of tumour formation

(Geoghegan and Byrnes, 2008).
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The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 1: General Introduction

1.3.7 Cell number.

A key factor in TE studies that is very often notdeessed is the initial cell seeding
density. In general, articular cartilage contaiesyvfew cells and has one of the lowest
cellular densities among all tissues within the harbody. Hence, the initial number of
cells, seeded into different matrices or scaffoligs to be carefully considered for
every experiment. For example, Li and co-workemwad that the initial cell seeding
density of hMSCs, in a composite fibrin gel-polyhane (PU) scaffold system,
influenced their ability to undergo chondrogeneg¢is et al., 2009a). It was
demonstrated that 5 x 4@ells per scaffold (which equals to app. 33.29%cells per
ml) are optimal within this system. Proteoglycanl &ol Il protein deposition was more
evenly distributed throughout the scaffolds, whempared to higher (10 x 90or
lower (2 x 16) cell seeding densities. In addition, higher aggreand Col Il gene
expression was detected, when compared with tHetpailture system, the current
"gold standard" forn vitro chondrogenesis. The gene expression of collagenlity@ol

[) and Col X and the GAG to DNA ratio was compaeabétween both culture systems.
1.4 Scaffolds.

1.4.1 Introduction.

There exist a plethora of different scaffolds whicdin be used in TE of articular
cartilage. This section will only provide a shoengral overview. Further, it will focus
on a composite system consisting of a fibrin gel anPU sponge-like scaffold. This
composite system has been used for most experimeatlk within the thesis. More
detailed general information about scaffolds fdicatar cartilage repair can be found,
for example, in: (Balakrishnan and Banerjee, 20Bfenkel and Di Cesare, 2004;
Stoddart et al., 2009; Tortelli and Cancedda, 20893caffold should mimic the 3D
environment in which the cell normally reside. l@r to accomplish this task, it has to

fulfil several criteria:

[21]
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A scaffold, like any other device that should belamted into the body, must
be biocompatible. That means that neither the firseaffold nor its degradation
products will cause any inflammatory, immunogenic atherwise harmful

reaction. This point is especially important ini@rar cartilage which is an
avascular tissue. As a result, degradation prodwzstsonly slowly be evacuated

by passive diffusion.

Biodegradability is another important feature. Tihgplanted scaffold should
degrade and allow for a physiological remodelliggally, the scaffold material
should degrade with the same speed that the newetiseeds to form. This
would allow for a gradually replacement of the saldf with the freshly built
tissue. At the same time, it is important to keepmind that a scaffold will

change its mechanical and structural propertiesevd@grading.

Scaffolds that should be utilised in TE applicaiomust have a sufficient
porosity. Cells loaded into the scaffold shoulddide to migrate through its
intermediate space and/or native cells from theosuding tissue should be

able to infiltrate it.

Further, a scaffold must allow for sufficient celttachment. In order to
accomplish this task, its surface might have tadjested depending on the cell
type that is used. Factors, such as starting nahtdrydrophobicity or the
possibility to attach cell adhesion promoting pegs$i have to be considered

carefully.

The scaffold should provide sufficient mechanicdégrity. If necessary, it has
to be implanted by a surgical procedure. In thisecat must be able to
withstand the loading forces that might prevailivo, for example within an
articulating joint. Mechanical integrity is alsaucial if the scaffold is subjected

to mechanical stimulation in a bioreactor system.

Finally, if implanted, the scaffold has to be rata at the site of implantation.
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Scaffolds used for cartilage repair can be manufadtfrom a wide range of different
starting materials. If combined systems and chdmuadifications of the starting

material(s) are considered, the options are vistuailimited. Broadly, these materials
can be divided into two main classes, accordindpédr origin. Scaffolds can be derived
from natural materials or they can be syntheticesSEhtwo main groups can be further
sub-divided. Scaffolds made of natural material®y dee based on proteins or
carbohydrates. Some examples, for scaffolds deffied natural materials, are fibrin,

collagen, hyaluronan, chitosan, alginate and agar&ynthetic materials that are
commonly applied are PU and palyiiydroxyacids), such as polylactic acid and

poly(e-caprolactone), to name but a few.

1.4.2 A composite fibrin gel — polyurethane sponggcaffold system for

tissue engineering of articular cartilage.

Fibrin is the polymerised form of fibrinogen. It iesrmed through a reaction between
fibrinogen and thrombin. Its natural function irethody is to build a 3D matrix. This

matrix prevents blood loss for example after a ulsdesion has occurred. Fibrin has
been applied as scaffold system in many differéntliss. It can be either used as
scaffold material or as a carrier substance fdeht cell types and different growth

factors (Breen et al., 2009b; Eyrich et al., 2083;et al., 2010; Li et al., 2009a; Pelaez
et al., 2009; Salzmann et al., 2009; Xu et al. 52200

PUs are a highly miscellaneous family of elastomg&héch are commonly used in
clinical practice (explicitly reviewed in: (Pinchuk994)). One prime requirement for
several clinical applications is their stability vivo. In contrast, for TE applications,
there is an increasing interest in the design hadsynthesis of biodegradable PUs. For
cartilage TE, this system is intensively studiattsi2003 (Eyrich et al., 2007; Grad et
al., 2003; Lee et al., 2005; Li et al., 2009b; tak, 2009a; Li et al., 2009c; Salzmann et
al., 2009; Schatti et al., 2011).

[23]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 1: General Introduction

In 2003, Grad and co-workers investigated the pi@enand limitations of
biodegradable PU scaffolds for cartilage TE (Gradlg 2003). Their idea was that PU
scaffolds have favourable mechanical properties tetefore, mechanical stimulation
can be applied to cells seeded within this typsaaiffold. The mechanical load should
help to stimulate the formation of a more cartildige ECM. The scaffolds potential to
support the attachment, the growth and the maintsnaf differentiated chondrocytes
was investigated (in a time-frame up to 42 dayke Group demonstrated that the DNA
content of the constructs remained constant. Furitwe, they monitored an increase in
collagen and GAG content. Shortcomings of thisesystvere a significant release of
matrix molecules into the culture medium and déedentiation of mature
chondrocytes. As possible improvement, it was ssiggeto either decrease the pore
size of the scaffold or to suspend the cells inydrdigel (such as fibrin, alginate or
agarose) and afterwards seed them into the PUottaBoth measures can potentially
improve the retention of matrix molecules. Furthibe application of a hydrogel would

be superior for the preservation of the chondracgliferentiated phenotype.

In 2005, Lee and colleagues conducted a follow tuglyswhere a hybrid system,
consisting of a fibrin hydrogel and a PU scaffolehs used (Lee et al., 2005). PU
scaffolds, both alone or in combination with aifibgel, were seeded with chondrocytes
and cultured for up to 28 days. Short-term meclargtmulation was applied to some
constructs. The composite system was superior, wbempared to the application of
PU scaffolds alone. In the composite system, chamyes were more homogenously
distributed within the scaffold and higher cell bildy during seeding was obtained.
Furthermore, an increase in GAG retention and hidgnels of aggrecan and Col I
gene expression were measured. In conclusion, ghidy demonstrated that the
additional use of a fibrin hydrogel is a signifitamprovement of the PU scaffold
system for TE of articular cartilage. The grouppgmsed several possibilities for further
improvement. For example, an optimised loadingquok, the control of oxygen levels

or the administration of growth or differentiatitactors.
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More recent studies revealed that mechanical sttiom induces hMSC
chondrogenesis through the T@Rpathway (Li et al., 2009b), that chondrogenesis of
hMSCs can be enhanced by modifying frequency argliude of complex mechanical
stimulation (Li et al., 2009c) and that shear plays important role during hMSC
chondrogenesis (Schatti et al., 2011). Furthermbmgs demonstrated that hMSCs are
able to undergo chondrogenesis without applicatibexogenous growth factors and
dexamethasone through the combination of adenewiealiated over-expression of
SOX9 and mechanical stimulation (Kupcsik et al.1@0 Finally, work with bovine
chondrocytes revealed that retroviral-mediated -@g@ression of BMP-2 in
combination with mechanical stimulation synergeiiz enhances in vitro

chondrogenesis of these cells (Salzmann et al9)200
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1.5 Stimulating factors.

1.5.1 Introduction.

In TE of articular cartilage, different stimulatifigctors are used with the goal to either
improve chondrogenesis of stem/progenitor cellgoobetter retain the chondrocytes
phenotype. This section will mainly focus on twonuoonly applied stimuli
application of bioactive factors and stimulatiorotigh mechanical load.

1.5.2 Bioactive factors.

Bioactive factors, such as growth hormones, trapison factors or differentiation
factors, play a pivotal role in embryogenesis dmelytinfluence a plurality of cellular
functions within the human body. Chondrogenic cdithondrocytes, MSCs and
periosteal/perichondral cells) are influenced bg eespond to them. For cellular based
TE applications, it is widely accepted that expesof cells to specific factors can
induce chondrogenic differentiation and/or helprtaintain the chondrocyte phenotype.
The following section will focus on members of th@F superfamily. Other factors that
can be utilised include insulin like growth facio(IGF-1) (Gelse et al., 2003; Madry et
al., 2013; Palmer et al., 2005; Steinert et alQ2), fibroblast growth factors (Kato and
Iwamoto, 1990; Weisser et al., 2001) and membetb®fSOX family (Kupcsik et al.,
2010).

The bone morphogenetic proteins (BMPs) are multifional growth factors that
belong to the TGF superfamily. They play a roleviarious biological processes
including embryogenesis, cell proliferation, posaéhabone formation and cartilage
development. For TE of articular cartilage, thedtes in skeletal development and
chondrogenesis are of major interest (reviewedet@mple in: (Hoffmann and Gross,
2001; Kawabata et al., 1998; Wu et al., 2007; Yaod Lyons, 2004)). BMPs are
synthesised as inactive precursors. These presursost be cleaved before they can
form dimers, which is their biological active confmation. Historically, they were first
recorded in the 1960s (Urist, 1965) and human BME® first cloned and purified in
the late 1980s (Wozney et al., 1988). Currentlpuad twenty different BMPs have
been identified and described.
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BMPs bind to and signal through serine/threonimage receptors, which are composed
of different type | and type Il sub-types (figure7)L Ligand binding to the type |
receptor leads to its phosphorylation by the typeeteptor. The type Il receptor is
already phosphorylated in its basal state. Dowastrsignalling is mediated through
"Small Mothers Against Decapentaplegic” (SMAD) mios 1, 5 and 8. They are
activated, through phosphorylation by their tygedeptor, bind to and form a complex
with SMAD 4, translocate into the nucleus and atBvthe transcription of target genes.
SMADs 6 and 7 act as inhibitors of BMP signallilg, the receptor level, as they can

bind to and form stable complexes with the receptor

BMPs

BMPR-II [ M —r-

P

—— (Smedor )

N

cytoplasm

nucleus

o 158D

Figure 1-7: Schematic display of the BMP signallingpathway. BMPs bind to
serine/threonine receptor kinases. This leads to plsphorylation of SMAD 1,
5 and 8. Phosphorylated SMADs 1, 5 and 8 form a cqrtex with SMAD 4
and translocate to the nucleus where they can actite transcription of
target genes. BMP signalling can be inhibited at #a receptor level by SMAD
6 and 7. Figure adapted from (Kawabata et al., 1998

>
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Different members of the bone morphogenetic prot@MP) family, such as
BMP-2, -4, -6, -9,-12, and -13, are routinely aeglifor articular cartilage TE. Some
studies compare the effect of different BMPs on tiendrogenesis of hMSCs
(Majumdar et al., 2001; Sekiya et al., 2005) orirthability to promote cartilage
formation when chondrocytes are used as cell sd@oech et al., 2002). Other studies
apply only one single BMP, often BMP-2, and stuidyaffect on cartilage repair or on
the chondrogenesis of progenitor cells (MSCs, ge&al cells) in different species, such
as human or rabbit (Schmitt et al., 2003; Selldralg 2000; Uusitalo et al., 2001,
Weisser et al., 2001).

The three isoforms of TGE- are also part of the transforming growth factor
superfamily. Namely, these are TGE; TGF$2 and TGH33. They influence various
cellular activities, such as differentiation, pfetation and the production of ECM. All
isoforms are secreted as inactive precursors, whict to an associated peptide. In
order to become active, this peptide has to diasecwhich will permit the binding of
the TGFB protein to its receptor complex. As in BMP-2 sifjng, this receptor
complex is composed of type | and type Il T@GHFeceptor sub-types. Initially, the
ligand binds to its type Il receptor which is phlosp/lated in its basal state. This
process lead to the recruitment of the type | reweghe formation of a receptor
complex and phosphorylation of the type | receddmwnstream signalling is similar to
downstream signalling within the BMP-2 signallingtipivay. However, it is mediated
by SMADs 2 and 3 instead of SMADs 1, 5 and 8. Aaded overview about TGB-
signalling can be found in: (Massague, 1998).

A vast number of studies, describing possible appibns of TGH3 family members in
cartilage TE and regeneration, can be found initeeture. Commonly, they are used
for chondrogenic induction in different cells typ&é®sm different species, such as
human ESCs, rabbit bone-marrow-derived MSCs, hM&8@&$ equine bone-marrow-
derived or adipose-derived MSCs (Barberi et alQ®20an et al., 2008; Hwang et al.,
2006; Kisiday et al., 2008; Miyanishi et al., 2006)
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1.5.3 Gene transfer.

Routinely, growth and differentiation factors, deygd in articular cartilage TE, are
applied exogenously. Due to their short half-livikes approach is problematic for an
application in clinical practice. The concept ofngetherapy/gene transfer is an
alternative conception that may help to overcoms #hhortcoming. Gene transfer is
based on the delivery of a complementary deoxyubtaic acid (CDNA), specific for
the desired factor, to a target cell. Afterwardse tell itself is able to produce the
desired transgene. There exist two approachesehoe dransfer applications, a direct
("invivo") and an indirect €x vivo") one. The decision which approach is used is based
on several criteria, such as which gene shoulddbeeded, which vector is used and
which cell type is targeted. When using the direpproach, the vector is injected
straight into the final destination, for instanbe knee joint (Gouze et al., 2002; Nita et
al., 1996; Roessler et al., 1993). On the othedheunen the indirect approach is used,
cells are first transduceedx vivo. Afterwards, the genetically modified cells are
transplanted or injected into the targeted sitdiwithe body (Gelse et al., 2003; Kang
et al., 1997; Mason et al., 1998). A wide rangeifierent vectors can be used for gene
transfer applications. They can be broadly diviget two main classes, non-viral
vector (for example naked DNA or liposomes) andalvivectors (for example
adenovirus, adeno-associated virus (AAV) and diffieikinds of retroviruses, such as
lentivirus, foamyvirus, and moloney murine leukagamiirus). Each vector type
possesses its own set of advantages and disadeantagcomparison to viral vectors,
non-viral vectors are relatively safe. Nevertheletb®ey are considered to be less
efficient, when compared to viral vectors (Dinséraé, 2001; Steinert et al., 2008;
Thomas et al., 2003). On the other hand, viralarscare much more effective but their
application raises safety concerns (Steinert e2@08; Thomas et al., 2003).
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Gene therapy, in cartilage repair, features maffgrént candidate genes and different
cell types that can be targeted. The following isaectill only provide a very brief
overview. In order to gain a more detailed, genetielv, readers are referred to:
(Cucchiarini and Madry, 2005; Steinert et al., 2008ppel et al., 2004). The selection
of the candidate gene product depends on the debieeapeutic approach, for example
stimulation of cell proliferation or cartilage miatsynthesis, inhibition of senescence or
apoptosis, stimulation of chondrogenic differembiator inhibition of hypertrophy. For
example, if chondrogenic differentiation and/ortdage matrix synthesis should be
stimulated, anabolic growth factors, such as BMR&X:-1 and different TGPBs,
transcription factors, such as SOX9, or signalddaiction molecules, such as different
SMAD proteins, are valid options. Growth factors garticularly attractive candidates
because they can act in both autocrine (stimulatibthe transduced cell itself) and
paracrine (stimulation of naive surrounding cefésghion. Three major groups of cells
are routinely targeted in TE of articular cartilageticular chondrocytes (Kang et al.,
1997), progenitor/stem cells (Kupcsik et al., 20H0d synoviocytes (Gouze et al.,
2002). Chondrocytes represent a prime target bedhey are the cell type that should
reconstitute the cartilage defect. The other twib tgpes are able to differentiate into
mature chondrocytes and, thereby, can help tafit repair the defect. Furthermore,
transduced cells can enhance the endogenous bgpaioviding a plethora of bioactive
factors (dependent on the transgene which has ineéeduced into the cell). The first
gene therapy trial in the cartilage field was exedlby Evans and co-workers in 1996
(Evans et al., 1996). Ever since, gene therapybkaeme a field which is extensively

studied regarding an application in cartilage repad TE of articular cartilage.
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1.5.4 Mechanical factors.

Healthy articular cartilage is subjected to mecbalniorces during everyday life and it
is widely accepted that they play a pivotal roletfee maintenance and the development
of this tissue. In order to mimic the vivo situation more precisely, the concept of
functional TE was developed. It implements mectanstimulation with the goal to
generate a tissue construct that is able to witkistae mechanical demands which
prevailin vivo. Mechanical stimulation can be either applied sotel in combination
with other stimuli, usually growth or differentiati factors. The implication of
mechanical stimulation might be a crucial step tosagenerating a tissue that is
functionally more adequate and that closer resesnblive articular cartilage. The
following section will provide a short general oview of different stimuli utilised in
cartilage TE. Afterwards, complex mechanical logdwill be described in more detail
(more information about mechanical stimulation iartdcage TE can be found for
example in: (Freed et al., 2006; Grad et al., 2@rbdzinsky et al., 2000)).

Mechanical compression (Buschmann et al., 1995; gbath et al., 2006), fluid flow
(Freed et al., 1998), tissue shear (Jin et al.1p@Ad hydrostatic pressure (Miyanishi et
al., 2006) are the four types of physical stimbiattare most commonly investigated
and utilised in functional TE. Mechanical compresscan be static or dynamic. It can
be directly applied to cartilage explants or tdsceteded in different types of scaffolds.
Dynamic compression protocols utilise a great varief different amplitudes and
frequencies. It is well known that compression wiluce a metabolic response, such as
changes in chondrocyte gene expression and/or esistlof ECM molecules, in the
cartilage tissue. This response can differ draraliyicdepending on which type of
mechanical compression (static or dynamic) is a&pgplilmplementation of static
compression down-regulates the biosynthesis ofepgbycans and proteins whereas
dynamic compression has the exact opposite effébis tendency has been
demonstrated for example in the study of Buschmanml., in 1995. The group
investigated the effects of short-term and longatadministration of static or dynamic

compression on the biosynthesis of bovine chondesc{Buschmann et al., 1995).
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The stimulatory effect of fluid flow originates frotwo different factors. First, fluid

flow induces shear forces within the tissue. Furtitee, it can increase the rate of
transport of growth factors and nutrients. Fluiowflcan be generated with different
types of bioreactors, such as spinner-flasks, ingfavall bioreactors and perfusion

culture system (summarised in: (Temenoff and Mil28%)0)).

In contrast to dynamic loading, tissue shear deftion hardly provokes any
volumetric changes, fluid flow or pressure gradsewtthin the cartilage tissue. Hence,
tissue shear decouples the effect of fluid flowrfrthe effects induced by cell or matrix
deformation. The impact of shear stress on cadilagplants was, for example,
evaluated by Frank et al., and Jin et al., (Franlale 2000; Jin et al.,, 2001). Both
studies focussed on how dynamic matrix and celbreftion will affect the cell

metabolism. Interestingly, in this setup, sheasmistrled by preference to an up-

regulation of collagen gene expression over prdyeag gene expression.

Hydrostatic pressure is one of the most importaathmanical stimuli within articular
cartilage. It is generated once cartilage is suegeto mechanical forces. Loading forces
lead to fluid flow within the tissue (cartilage ashighly hydrated tissue with a water
content of 70-80%). However, there exists an ihiegsistance to this fluid flow which
results in the generation of hydrostatic pressurt@invthe cartilage tissue. In TE of
articular cartilage, hydrostatic pressure has dfie possible scopes of application. It
can be used to enhance the metabolic activity aindfocytes, to differentiate
progenitor cells towards the chondrogenic phenotyp® mediate a chondroprotective
effect. One advantage of hydrostatic pressure @ ithcan be applied to cells in
monolayer culture, 3D constructs and cartilage axsl Yet, different studies exhibit
conflicting results. For examples, similar levels hydrostatic pressure have been
shown to either up- or down-regulate proteoglycasynthesis in bovine chondrocytes

(summarised in: (Elder and Athanasiou, 2009)).
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These physical stimuli can help and already havpeketo improve the outcome of
studies with the aim to generate cartilaginousugsNevertheless, they are everything
but perfect. The normal physiological movement bé tjoint is kinetically very
complex. Hence, application of a single, simplemstus, such as tissue shear,
compression or pressurisation, will not adequatefiect the situation that prevaiis
vivo. In order to better meet the necessary requiresnanbioreactor was developed by
the group of Prof. Alini (Wimmer et al., 2004). Shbioreactor system is able to
generate several different stimuli, namely compogsshear and flexion. These stimuli
can be either applied individually or simultanegu3lhus, this bioreactor system is able
to simulate the complex kinematics of the joint enqrecisely. The bioreactor was
designed based on tribological considerations.i#olpgical system consists of a body,
a counterbody, an interfacial medium and a surrmgnenvironment. Within an
articulating joint, the body and the counterbody e two opposing cartilage surfaces.
The interfacial medium is represented by the syalofluid and the surrounding
environment is defined by the human body. In a humsdicular joint, sliding wear is
the prevailing type of surface interaction. Thessing angles of the trajectories are
different for different types of joints and the weqmaths of the forward and backward
fraction do not lie in identical geometrical lineall these factors were taken into
account during the process of development and @aled “ball-on-pin” concept was
finally evolved. A scaffold, in which cells can leenbedded, or a cartilaginous tissue
(pin) and a commercially available alumina baltdtareplaced by a ceramic hip ball)
equal the two bodies of the tribological systeme Thterstitial fluid is the culture
medium and the surrounding environment is & @@ubator. With this sophisticated
bioreactor system, compression, shear and flexiam ®@e applied alone or
simultaneously in varying combinations. Therebgpeplex shear force pattern can be
generated. The new bioreactor system has alreagly beed in several studies with
different types of cells, such as bovine chondresy@nd hMSCs, and promising results
were generated (Kupcsik et al., 2010; Li et alQ2) Li et al., 2009c; Salzmann et al.,
2009; Schatti et al., 2011).
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For example, in 2009, Li et al., demonstrated thathanical stimulation modulates
chondrogenesis of hMSCs through the Tpathway (Li et al., 2009b). Interestingly,
the effect of mechanical stimulation was dependenthe concentration of TGt in
the culture medium. A lower growth factor concetivra (1pug/ml instead of 10ug/ml)
or the absence of exogenous T&E-within the culture medium, led to a more
pronounced chondrogenic effect of the loading regimhis was shown by large
increases in chondrogenic marker gene expressioinl(@d aggrecan). Further, it was
demonstrated that mechanical stimulation resulteghdogenous production of TGE-
and TGFB3. When TGR3 signalling was blocked at the receptor level, naaotal

stimulation was no longer able to induce chondregen
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1.6 Thesis aim.

The current thesis had two main aims: the first a#s to investigate and optimise viral
gene transfer methods for basic research and @jpostnical application (chapter 3).
In the first study of chapter 3, the effect of 8daction with a first generation VSG.G
pseudo-typed retroviral vector expressing humanebomorphogenetic protein 2
(Rv.BMP-2) on the gene expression profile of hMS@lgjng monolayer proliferation,
was investigated. In the second study of chaptarrfaw and optimised 3D transduction
protocol for a first generation, E1-, E5-deleteerosype 5 adenoviral vector carrying
the cDNA for human BMP-2 (Ad.BMP-2) was proposed aompared to routine two-
dimensional (2D) adenoviral transduction. This cangobn was conducted, using
hMSCs, in alginate and agarose, two hydrogels melyti applied in cartilage TE
applications, and, further, in a clinically relevdibrin hydrogel-PU composite scaffold.
In the last study of chapter 3, the feasibilityaofiovel protocol for a timed transduction
of hMSCs, with Ad.BMP-2, in the fibrin hydrogel-Ptbmposite scaffold system was
demonstrated. The second aim was to investigat@dtential of two possible human
cell sources for cartilage TE (chapter 4, chapteh@pter 6 and chapter 7). These cells
sources were hMSCs and human articular cartilaggemitor cells (hACPCs). In
chapter 4, the effect of mechanical stimulation adenoviral-mediated over-expression
of human BMP-2, alone and in combination, on thenchiogenic differentiation and
the progression towards hypertrophy of monolaygraexled hMSCs was investigated.
Chapter 5 investigated the effect of dorsomorphimotential candidate substance to
suppress hypertrophy by blocking of BMP signallingn the chondrogenic
differentiation and the progression towards hyp@ty of monolayer-expanded
hMSCs. The cells were cultured in fibrin hydrogeld composite scaffolds in medium
containing exogenous TGFE. In chapter 6, the chondrogenic potential of h@SRnd
hMSCs in the established pellet culture model (i application of exogenous TGF-
B1) was compared. Further, the effect of co-culytinese cells, in varying ratios, on
their chondrogenic and hypertrophic potential wesng@ned. Finally, chapter 7 had the

same aim as chapter 4 but used hACPCs as cellesourc
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Chapter 2: Materials and Methods.

2.1 Materials.

e 1-Bromo-3-chloro-propane (Sigma, St.Louis, MO)

e 1, 9-dimethyl-methylene-blue (Sigma, St.Louis, MO)

» 10-fold Polymerase chain reaction buffer Il and Mg&et (500 mM KClI,
100 mM Tris/HCI, pH 8.3, 25 mM Mg@l Applied Biosystems, Carlsbad, CA)

* 6-Aminocaproic acid (Sigma, St.Louis, MO)

» Ad293 cells (Stratagene, Santa Clara, CA)

» Agarose (Low melting-point, preparative grade fmial fragments,
RNAse/DNAse free, melting-poirt65°C; Promega, Madison, WI)

* Albumin from bovine serum (Fraction V, essentigdlptease free; Sigma,
St.Louis, MO)

» Agarose (SeaPlaque, low melting-point; Lonza, BeBeitzerland)

e Alginic acid sodium (Fluka, St.Louis, MO)

* Alpha Minimum Essential Medium (Deoxy-/Ribonuclatsiand NaHC@free;
Gibco, Carlsbad, CA)

e Ascorbic acid 2-phosphate sesquimagnesium salalg/dBigma, St.Louis, MO)

« Basic fibroblast growth factor (recombinant hum&rColi-derived; Peprotech,
Rocky Hill, NY)

« Benzonase (384units per ul; Sigma, St.Louis, MO)

« Bone morphogenetic protein 2 (recombinant humarQCt¢ll-derived; R&D
Systems, Minneapolis, MN)

* Bovine serum albumin (fraction V, fatty acid fré&che, Basel, Switzerland)

» Caesium chloride (Thermo Fischer Scientific, WaithiA)

e Calcium chloride (Fluka, St.Louis, MO)

« Calf thymus DNA (LuBioScience, Luzern, Switzerland

e Chondroitin 4-sulfate sodium salt from bovine traal{Fluka, St.Louis, MO)

* Chondroitinase AC (fronfrlavobacterium heparinum, reconstituted to
2.5units/ml in 20mM phosphate buffer with pH 7.@gi8a, St.Louis, MO)

» Coverslips (24x40 mm; Menzel Glaser, Braunschw@grmany)

* Dako pen (Dako, Dako, Denmark)
[36]
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Deoxynuclesoside triphosphate mixture (2.5 mM edidiP; Applied
Biosystems, Carlsbad, CA)
Dexamethasone (Sigma, St.Louis, MO)
Diethyl pyrocarbonate (Fluka, St.Louis, MO)
Dilution buffer F and dilution buffer T (both Bax{é/ienna, Austria)
Dimethylsulfoxide (Fluka, St.Louis, MO)
Disodium Ethylenediaminetetraacetic acid (EDTA;8& St.Louis, MO)
DL-Dithiothreitol >98% (TLC),>99.0% (titration); Sigma, St.Louis, MO)
Dorsomorphin dihydrochloride (MW=472.41; Tocris Baences, Bristol, UK)
Dulbecco’s Modified Eagle Medium (high glucose, @6®/L glucose,
- Pyruvate, - NaHCg) Gibco, Carlsbad, CA)
Dulbecco’s Modified Eagle Medium Glutamax (high@ise, 4500mg/L
glucose; Gibco, Carlsbad, CA)
Duo Set enzyme-linked immunosorbent assay (ELIS&)dlopment System for
human BMP-2 (R&D Systems, Minneapolis, MN)
Duo Set ELISA Development System for human TEARR&D Systems,
Minneapolis, MN)
Ethanol £99.8%, for molecular biology; Fluka, St.Louis, MO)
Ethylenediaminetetraacetic acid disodium salt dibiel (Fluka, St.Louis, MO)
Ethylenediaminetetraacetic acid solution (0.5 MHy®; Fluka, St.Louis, MO)
Eukitt® quick hardening mounting medium (Fluka L8tiis, MO)
Fast Green FCF (Fluka, St.Louis, MO)
Fibrinogen (diluted 1:3 in dilution buffer F; Bax{ Vienna, Austria)
Ficoll (Histopaque-1077; Sigma, St.Louis, MO)
Filter paper for embedding cassetteledite Medizintechnik GmbH; Burgdorf,
Germany)
First generation, E1-, E5-deleted, serotype 5 adealovector carrying the
cDNA for human BMP-2 (Vector Biolabs, Philadelphir)
Foetal bovine serum (heat inactivated; Gibco, Gads CA)
Folded filter paperd 270 mm; Whatman, Maidstone, Kent, UK)
Glacial acetic acid (Fluka, St.Louis, MO)
Glucose (D (+); Sigma, St.Louis, MO)
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Glycerol £99,5%; Sigma, St.Louis, MO)

Glycine £99%; Fluka, St.Louis, MO)

Haematoxyline solution according to Mayer (FlukalL&uis, MO)

HEPES buffer (1 M, 238.2 g/L; Gibco, Carlsbad, CA)

High salt precipitation solution (0.8 M sodium at& and 1.2 M sodium

chloride; Molecular Research Center Inc., Cincinr@aH)

Hoechst 33258 dye (bisbenzimide; Polysiences Warrington, PA)

Hyaluronidase (type I-S, reconstituted to 1 unitiybhosphate buffered saline

for histology containing 0.1% Tween 20; Sigma, 8tis, MO)

Hydrochloric acid (37%; Fluka, St.Louis, MO)

Hydrogen peroxide (30%; Fluka, St.Louis, MO)

IMMmPACT DAB peroxidase substrate (Vector LaborasrBurlingame, CA)

Insulin-transferrin-sodium selenite, linoleic BSROQ X, contains 0.625mg/ml

insulin from bovine pancreas, 0.625mg/ml humanstiemin, 0.625ug/ml

sodium selenite, 125mg/ml BSA and 535ug/ml linoked; Cyagen,

Guangzhou, China)

lodoacetamide>99%, cristalline; Sigma, St.Louis, MO)

Isopentane (Sigma, St.Louis, MO)

Isopropanol ¥99.5%, for molecular biology; Sigma, St.Louis, MO)

MEM non-essential amino acids (100 x, liquid; Gip€Carlsbad, CA)

Mesenchymal stem cell qualified foetal bovine se(@ibco, Carlsbad, CA)

Methanol (99.5%; Brenntag, Mulheim, Germany)

Microtome blades (N35HR; Feather, Ozaka, Japan)

Monoclonal IgG mouse anti-chicken collagen 2 ardip@CIICI, cross-reacts

with human; Developmental Studies Hybridoma Bankiversity of lowa, lowa

City, 1A)

Monoclonal IgG2a mouse anti-rat aggrecan antibddZ{6, cross-reacts with

human; Developmental Studies Hybridoma Bank, Usierof lowa, lowa

City, 1A)

Monoclonal IgM mouse anti-porcine collagen typerXilaody (cross-reacts with

human; Sigma, St.Louis, MO)

MultiScribe reverse transcriptase (50 U/ul; Appl&idsystems, Carlsbad, CA)
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O.C.T. compound (R.Jung GmbH, Nussloch, Germany)

Parafilm (Pechiney plastic packaging, Chicago, IL)

Penicillin / Streptomycin (10, 000units penicilli), 000ug streptomycin;
Gibco, Carlsbad, CA)

Phosphate buffered saline tablets (Sigma, St.L&13)

PKH26 red fluorescent cell linker kits for genetall membrane labelling
(Sigma, St.Louis, MO)

PKH67 fluorescent cell linker kits for general aglémbrane labelling (Sigma,
St.Louis, MO)

ProLong® antifade reagent with DAPI (Molecular ResepbCarlsbad, CA)
Polyacryl carrier (Molecular Research Center I@@ncinnati, OH)
"Polybrene™” (10mg/ml; Millipore, Billerica, MA)
Polyoxyethylen-Sorbitax-Monolaurat (Tween 20; Siggtd_ouis, MO)
Potassium dihydrogen phosphate (Fluka, St.Louis) MO
Pre-developed TagMan assay reagents human 18smib&NA

(20 x; Applied Biosystems, Carlsbad, CA)

Primocin (Invivogen, San Diego, CA)

Proteinase K (recombinant PCR Grade; Roche, Basetzerland)
Quantakine BMP-2 Immunoassay (R&D Systems, MinnkspdN)
Random hexamers (50uM; Applied Biosystems, Carls6aqg

Reagent diluent concentrate 1 (R&D Systems, MinoksdVIN)

RNase Inhibitor (20U/ul; Applied Biosystems, CaddbCA)

Safe lock Eppendorf tubes (Eppendorf, Hamburg, @Gagn

Safranin-O (water soluble; Chroma, Munster, Germany
Self-designed forward primers, reverse primers@otes (Microsynth,
Balgach, Switzerland)

Sodium chloride (puriss99.5%; Fluka, St.Louis, MO)

Sodium citrate (Sigma, St.Louis, MO)

Sodium hydrogen carbonate (Sigma, St.Louis, MO)

Sodium hydroxide (K0.02%,>98.0%; Sigma, St.Louis, MO)

Sodium phosphate (Fluka, St.Louis, MO)

Sodium phosphate dibasic dihydrate (pu¥99.5%; Fluka, St.Louis, MO)
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Sodium phosphate monobasic monohydrate (puf80%; Fluka, St.Louis,
MO)

Sodium pyruvatex99%, cell culture tested; Sigma, St.Louis, MO)
Sodium tetraborate (anhydrous; Fluka St.Louis, MO)

Sucrose (Fluka, St.Louis, MO)

Sulphuric acid (18.76 M, 95-98%; Fluka, St.LouisOM

Superfrost plus microscope slides (Menzel GlaseyBschweig, Germany)
TagMan gene expression master mix (Applied BiosysteCarlsbad, CA)
TGF1 (recombinant human, CHO cell-derived; Fitzgeralcton, MA)
TGF{2 (recombinant human, HEK 293 cell-derived; Pemiot&ocky Hill,
NY)

Thrombin (Baxter, Vienna, Austria)

Tissue culture plastic (Techno plastic productas@dingen, Switzerland)
TRI Reagent (Molecular Research Center Inc., Ciatin OH)

Trypan Blue (Fluka, St.Louis, MO)

Trypsin-Ethylenediaminetetraacetic acid (10 x, 5Trypsin, 2 g/L EDTA,
8.5 g/L NaCl; Gibco, Carlsbad, CA)

TRIS-EDTA buffer solution (100 x, for molecular bagy; Sigma, St.Louis,
MO)

Trizma base (Tris, minimum 99.9%; Sigma, St.LoMS))

Vectastain elite ABC kit mouse IgG (includes nortnafse serum, concentrated
biotinylated horse anti-mouse IgG secondary angild reagents A (avidin)
and B (paired biotinylated enzyme); Vector Laborat Burlingame, CA)
VSV.G pseudotyped retroviral vector expressing huB&iP-2 (kindly
provided by Dr. Martina Anton, TU Minchen, Minch&egrmany)

VSV.G pseudotyped retroviral vector expressing anbd green fluorescent
protein (kindly provided by Dr. Martina Anton, TUMchen, Minchen
Germany)

Weigert's iron haematoxyline kit (for nuclear stagin histology; Merck,
Whitehouse Station, NY)

Xylol (Brenntag, Mulheim, Germany)
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2.2 Methods.

2.2.1. Preparation of culture media, solutions androwth factor stocks.

Alpha Minimal Essential MediunuiMEM): o-MEM is a culture medium suited for the

monolayer proliferation of hMSCs. For 1L of mediuf.08g powdered medium and
2.2g sodium hydrogen carbonate were dissolved 0md®f purified and de-ionised

water (MilliQ water). Sodium hydrogen carbonate wafded to provide essential
carbonate ions. Next, 10ml of 100 x Penicillin/gtamycin (P/S) stock solution was
added in order to prevent bacterial contaminafi@mal concentrations were 100units of
penicillin and 100ug of streptomycin per ml. Théuson was sterilised in a laminar-

flow hood into a sterile glass bottle using a 022fiiter. After filtration, a-MEM can

be stored at 2-8°C for up to 1 month.

Dulbecco's Modified Eagle Medium high glucose (A.%g(DMEM): DMEM is a

culture medium which is well suited for supportithg growth of a broad spectrum of

mammalian cells. For 1L of medium, 13.38g powdearetlium, 3.7g sodium hydrogen
carbonate and 110mg sodium pyruvate were compleissolved in 990ml of MilliQ
water. Sodium hydrogen carbonate was added to gwoessential carbonate ions.
Sodium pyruvate was added as it is not includethénpowdered medium. Next, 10ml
of 100 x P/S stock solution was added in orderévent bacterial contamination. Final
concentrations were 100units of penicillin and 1§0pf streptomycin per ml. The
solution was sterilised in a laminar-flow hood irteterile glass bottle using a 0.22um
filter. After filtration, DMEM can be stored at 228 for up to 1 month.

For the preparation of serum-containing media, comepts were dissolved in 890ml of
MilliQ water. 10ml of P/S and 100ml of FBS were addSerum-containing media was
sterilised as described above. Afterwards, it castbred at 2-8°C for up to 1 week.

MSC growth mediumu-MEM was supplemented with 10% human MSC tested FBS
(hMSC FBS) and 5ng/ml of basic fibroblast growtbtéa (bFGF). The hMSC FBS is

carefully pretested to ensure optimal propertigsefthancing hMSC proliferation. The

bFGF improves hMSC proliferation and prevents hMisiterentiation.
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ACPC growth medium: DMEM Glutamax® was supplementétt 10% FBS, 1% P/S,
10mM HEPES buffer, 0.1mM ascorbic acid 2-phosplia#), 1mM sodium pyruvate

and an additional 1g/L of glucose (final glucoseamntration was 5.5¢g/L). HEPES acts

as zwitterionic organic chemical buffering agenf Acts as anti-oxidant and sodium
pyruvate was added as it is not included in the geved medium. Afterwards, the
solution was sterilised in a laminar-flow hood irteterile glass bottle using a 0.22um
filter. After filtration, medium was supplementeditiv 5ng/ml bFGF and 1ng/mi
TGF{2. The bFGF improves hACPC proliferation and presdiACPC differentiation.
The TGF$, at this low concentration, improves chondrocyarbero et al., 2004) and
hACPC proliferation and survival (personal corregpence). ACPC growth medium
can be stored at 2-8°C for up to 1 week.

Chondrogenic _medium: Serum-free DMEM was supplesenwith 1% insulin-
transferrin-sodium selenite, linoleic bovine serafbumin (BSA) pre-mix (ITS+1),
50ug/ml AA, 1% MEM non-essential amino acids (NEAAD'M dexamethasone and
10ng/ml TGFB1. Chondrogenic medium was prepared and sterilissig a 0.22um
filter, freshly before every medium change. ITS+kE-mix (contains 0.625mg/mi
insulin from bovine pancreas, 0.625mg/ml human diemin, 0.625pg/ml sodium
selenite, 125mg/ml BSA and 535ug/ml linoleic ag@d)vides cells with insulin, which
enables the glucose-uptake of the cells, the mitremt selenium and transferrin (iron-
carrier). NEAA provides the amino acids glycinealanine, L-asparagine, L-aspartic
acid, L-glutamic acid, L-proline and L-serine. AAta as anti-oxidant and is essential
for collagen synthesis. Dexamethasone and PGFwere added for then vitro
chondrogenic induction of MSCs (Johnstone et &98). If chondrogenic medium was
used for culture of fibrin-PU composite scaffolds, additional 5uM of-aminocaproic
acid (EACA) was added in order to prevent fibrigidelation (Kupcsik et al., 2009).
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Chondro-permissive _medium: Chondro-permissive nmadiwas used for studies

involving mechanical stimulation with the bioreactgystem. It has the same
composition as the chondrogenic medium with theeption that it lacks exogenous
TGF1. Instead, endogenous production of TEFwas enhanced through mechanical
stimulation (Li et al., 2009b). As the bioreactoystem represents a non-sterile
environment, P/S was substituted with 100ug/ml amBcin. Primocin is a new

antibiotic formulation that prevents contaminatievith gram-positive and gram-

negative bacteria, mycoplasma and fungi.

Phosphate Buffered Saline (PBS): PBS tablets wasolded in MilliQ water. One
tablet, in 200ml of MilliQ water, yields 0.01M phafsate buffer, 0.0027M potassium
chloride and 0.137M sodium chloride, pH 7.4 at 25P8S was sterilised in a laminar-

flow hood into a sterile glass bottle using a 0/22filter. After filtration, PBS can be

stored at 2-8°C for up to 1 month.

Phosphate Buffered Saline containing 2M sodium radido(DPBS): For 1L of DPBS,
3.4¢g potassium dihydrogen phosphate (25mM), 3.56us phosphate (25mM) and
116.88g sodium chloride (2M) were dissolved in 9b@h MilliQ water. pH was

adjusted to 7.4 with 5M sodium hydroxide solutiéfterwards, volume was adjusted to

1L with MilliQ water. DPBS can be stored at roormfeerature for up to one year.

Working solution Trypsin-ethylenediaminetetraacetitd (EDTA) (T/E): Ten-fold T/E

solution was diluted 1 to 10 with PBS and sterdisising a 0.22um filter prior to use.

Diethyl pyrocarbonate-treated (DEPC) water: Milli@ater was supplemented with

0.1% diethyl pyrocarbonate and afterwards steaniisésl at 121°C for 20 minutes.

Tris-EDTA buffer (TE buffer): 100-fold stock soloti was dissolved in DEPC water.

10mM Tris-HCI, pH 7.9: For 1L, 1.21149g of Trizmaseawas completely dissolved in

990ml of MilliQ water. Next, pH was adjusted to Z&h hydrochloric acid. Finally,

total volume was adjusted to 1L with MilliQ water.

Caesium chloride solution (1.2g/ml): 26.8g of casesichloride were completely

dissolved in 92ml of 10mM Tris-HCI pH 7.9. Afterdlsalt was completely dissolved,
this yields 100ml of a caesium chloride solutiothaa total density of 1.2g/ml. Finally,

solution was sterile-filtered using a 0.22um filter

[43]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 2: Materials and Methods

Caesium _chloride solution (1.4g/ml): 53g of caesiwmlioride were completely

dissolved in 87ml of 10mM Tris-HCI pH 7.9. Afterdlsalt was completely dissolved,
this yields 100ml of a caesium chloride solutiothaa total density of 1.4g/ml. Finally,
solution was sterile-filtered using a 0.22um filter

10mM Tris-HCI, 0.1mM EDTA, pH 8: For 1L, 1.2114g ©fizma base was completely
dissolved in 990ml of MilliQ water. Next, 200ul 6f5M EDTA solution was added.
The pH was adjusted to 8 using hydrochloric acidalfy, total volume was adjusted to
11 with MilliQ water.

10mM Tris-HCI, 200mM sodium chloride, 1mM EDTA, 4%ucrose (w/v), pH 8:
For 1L, 1.2114g of Trizma base, 11.668g of sodilmoride and 40g of sucrose were
completely dissolved in 925ml of MilliQ water. NexpH was adjusted to 8 with

hydrochloric acid. Finally, total volume was adpsto 1L with MilliQ water.

0.9% (w/v) sodium chloride: For 250ml, 2.25g of smd chloride was completely

dissolved in 250ml of MilliQ water. Afterwards, was sterile-filtered using a 0.22um

filter. The solution can be stored at room tempegator up to 1 year.

102mM calcium chloride: For 100ml, 1.55g of calciuthloride was completely

dissolved in 100ml of MilliQ water. Afterwards, was sterile-filtered using a 0.22um

filter. The solution can be stored at room tempegator up to 1 year.

1.2% (w/v) alginate: For 100ml, 1.2g of alginic &d@odium salt was dissolved in
100ml of 0.9% sodium chloride solution. The solntwas put into a beaker, covered
with Parafiim® and stirred overnight using a magsstrer. On the next day, the
solution was sterile-filtered using a 0.22um filt&r2% alginate can be stored at room

temperature for up to 1 month.

2% (w/v) low melting-point agarose: For 10ml, 200mwiglow melting-point agarose

were added to 10ml serum-free DMEM. The agarosedigg®lved through heating in a
microwave. Afterwards, the solution was steam-sed at 121°C for 20 minutes. 2%

low melting-point agarose can be stored at roonptrature for up to 1 month.

5% (w/v) low melting-point agarose: For 20ml, 1gloiv melting-point agarose was

added to 20ml of sterile PBS. The agarose was ldssothrough heating in a
microwave. Afterwards, the solution was steam-dssed at 121°C for 20 minutes.
Aligouts of 10ml were prepared in 50ml Falcon tubed stored at 4°C until use.
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1.25% (w/v) low melting-point agarose in DMEM + 1088BS + 1% P/S: For 40ml,
10ml of 5% low melting-point agarose were dissoliead 60°C water-bath. DMEM +
10% FBS + 1% P/S was adjusted to 37°C in a watdr-lFanally, 10ml of dissolved
5% low melting-point agarose were mixed with 30mDMEM + 10% FBS + 1% P/S

and immediately used.

150mM sodium chloride, 55mM sodium citrate, pH 6R&ir 250ml, 2.192g sodium
chloride and 4.043g sodium citrate were completifsolved in 245ml of MilliQ

water. Next, pH was adjusted to 6.8 using hydraahlacid. Then, the volume was
adjusted to 250ml with MilliQ water and the solutiavas sterile-filtered using a
0.22um filter. The solution can be stored at eitbem temperature or 2-8°C for up to 1

year.

Ten-fold primer/probe mix: For 100ul primer/prob&xmd0ul of TE buffer were mixed

with 20l of forward primer, 20ul of reverse pringerd 20ul of probe. The 10-fold mix
contains 9uM forward and reverse primers and 2.5fNbrobe. It can be stored at

- 20°C for up to 2 years.

Duo Set BMP-2 ELISA and Duo Set TGH- ELISA wash buffer: For 1L of wash
buffer, 1L of sterile PBS was supplemented with [ HO®f Tween 20. Final

concentration was 0.05% Tween 20 in sterile PB% Whsh buffer can be stored at 2-

8°C for up to 1 week.

Duo Set BMP-2 ELISA reagent diluent: For 100ml e&gent diluent, 1g of protease-

free BSA was dissolved in 100ml of sterile PBS. Tl concentration was 1%
protease-free BSA in sterile PBS. The reagent dilaan be stored at 2-8°C forup to 1

week.

Duo Set BMP-2 ELISA, Duo Set TGF ELISA and Quantakine BMP-2 Immunoassay

substrate solution: For 10ml of substrate solutiam) of colour reagent A (hydrogen

peroxide) were mixed with 5ml of colour reagent ttramethylbenzidine). The

substrate solution has to be prepared freshly amdended for immediate use.

Duo Set BMP-2 ELISA capture antibody (mouse antabo BMP-2): The capture

antibody was reconstituted in 1ml of PBS in ordecteate a 180ug/ml stock solution.
The capture antibody was aliquoted and frozen @tG2The capture antibody is stable
at -20°C for up to 6 months.
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Duo Set BMP-2 ELISA detection antibody (biotinyktenouse anti-human BMP-2):
The detection antibody was reconstituted in 1mieafgent diluent in order to create a
180pg/ml stock solution. The detection antibody walaguoted and frozen at -20°C. The

detection antibody is stable at -20°C for up todhths.

Duo Set BMP-2 ELISA standard (recombinant human BMPThe standard was

reconstituted in 0.5ml of reagent diluent in ortiercreate a 190ng/ml stock solution.

Aliquots were prepared and frozen at -20°C. Thadsed is stable at -20°C for up to 2

months.

Duo Set BMP-2 ELISA and Duo Set T@GH- ELISA streptavidin-conjugated HRP:

1ml of concentrated streptavidin-conjugated horishaperoxidase (HRP) was

included in each kit. The concentrated streptavatinjugated HRP was diluted 1:200
in reagent dilution before use.

Duo Set TGH1 ELISA block buffer: For 100ml of block buffer, @thl of sterile PBS

was supplemented with 5ml of Tween 20. The finalcamtration was 5% Tween 20 in

sterile PBS. The block buffer has to be used wiflhiihdays. For long-term storage (1-2
weeks), block buffer has to be supplemented withduitional 0.05% of NajN

Duo Set TGH31 ELISA reagent diluent: For 100ml of reagent dilyel.4ml of reagent

diluent concentrate 1 were mixed with 98.6ml of wdmiffer. The diluted reagent

diluent concentrate has to be used within 8 hours.

Duo Set TGH31 ELISA capture antibody (mouse anti-human T@EF- Capture

antibody was reconstituted in 1ml of PBS in ordecteate a 360ug/ml stock solution.
The capture antibody was aliquoted and frozen @tG2The capture antibody is stable

at -20°C for up to 6 months.

Duo Set TGH31 ELISA detection antibody (biotinylated chickerntidgmuman TGF81):

The detection antibody was reconstituted in 1mieafgent diluent in order to create a

54ug/ml stock solution. The detection antibody wabguoted and frozen at -20°C. The
detection antibody is stable at -20°C for up todhths.

Duo Set TGH31 ELISA standard (recombinant human T@B: The standard was

reconstituted in 0.5ml of reagent diluent in ortiercreate a 220ng/ml stock solution.

Aliquots were prepared and frozen at -20°C. Thadsed is stable at -20°C for up to 2
months.
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1M sulphuric acid: For 200ml, 189.3ml of MilliQ weat was mixed with 10.7ml of

concentrated sulphuric acid. The solution can beedtat room temperature for up to 1

year.

1M HCI: For 100ml, 91.67ml of MilliQ water were mad with 8.33ml of 37% HCI

(12M). The solution can be stored at room tempeedtr up to 1 year.

1.2M NaOH/0.5M HEPES: For 100ml, 50ml of 1M HEPESfér were mixed with
38ml of MilliQ water and 12ml of 10M NaOH. The stan can be stored at room

temperature for up to 1 month.

Quantakine BMP-2 Immunoassay wash buffer: For 50@fmlash buffer, 20ml of wash

buffer concentrate were mixed with 480ml of Milli@ater.

OQuantakine BMP-2 Immunoassay calibrator diluent RD&or 200ml of calibrator

diluent RD5P, 20ml of concentrate were mixed wi@®rl of MilliQ water and stirred

for at least 15 minutes.

Quantakine BMP-2 Immunoassay BMP-2 standard stoltkien (recombinant human

BMP-2): The standard was reconstituted in 1ml oflidiwater in order to create a

20 ng/ml stock solution and mixed for at least IBute before further use.

1,9-Dimethyl-methylene blue (DMMB): For 1L of reagel6mg of DMMB, 3.04g of
glycine and 2.37g of sodium chloride were dissolwedlL of MilliQ water. The

DMMB was stirred overnight in a beaker wrapped lumana foil. On the next day, pH
was adjusted to 3 with 1M hydrochloric acid. The BBl is stable, in a brown bottle at

room temperature, for up to 3 months.

Hoechst 32258 stock solution (1mg/ml): For 10mlstdck dye solution, 10mg of

Hoechst 32258 were completely dissolved in MilliGter. The solution has to be
protected from light. It can be either stored irbrawn bottle or in a Falcon tube

wrapped in alumina foil. The stock dye solutiostigble at 2-8°C for up to 6 months

DNA standard: Calf thymus DNA was dissolved in DP®Sa final concentration of

100pg/ml. Aligouts were prepared and stored atC20t long-term storage.

75% ethanol in DEPC water: For 20ml, 15mk®9.8% ethanol were mixed with 5ml

of DEPC water. The solution can be stored at roemrperature for up to 1 year.
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bFGF stock (20, 000x, 100 pa/ml): Recombinant hurbBGF was reconstituted in

sterile MilliQ water to a final concentration oflQ@/ml. Aligouts were prepared and

frozen at -20°C for long-term storage.

5M sodium chloride: For 100ml, 29.22g of sodiumattie was completely dissolved

in 100ml of MilliQ water. The solution can be stdrat room temperature for up to 2

years.

1M Tris pH 7.5: For 100ml, 12.114g of Trizma basasveompletely dissolved in 95ml

of MilliQ water. Afterwards, pH was adjusted to W&h hydrochloric acid. Finally, the
total volume was adjusted to 100ml with MilliQ wat&he solution can be stored at

room temperature for up to 1 year.

Dorsomorphin dihydrochloride stock solution (10,080 100mM): Dorsomorphin

dihydrochloride was dissolved in MilliQ water tof@mal concentration of 100mM.

Aligouts were frozen and can be stored at -20°Qufpto 1 month.

5mM TRIS pH 7.5, 150mM sodium chloride, 0.1% BSAr Eml of sterile 5mM TRIS
pH 7.5, 150mM sodium chloride, 0.1% BSA, 965ul afli® water were supplemented
with 30l 5M sodium chloride, 5ul 1M Tris pH 7.5caimg BSA. The solution was

stirred until completely dissolved and sterilisesihg a 0.22um filter.

bFGF stock (10, 000 x, 50ug/ml): The 100pg/ml bF&éck was diluted 1:1 with

sterile 5mM Tris pH 7.5, 150mM sodium chloride,%.BSA. The BSA was added in
order to prevent binding of the growth factor te tBppendorf tubes which would
decrease its actual concentration. The aliquo&)pfy/ml can be stored at -20°C for up

to 6 months. Once thawed, they are stable at 2(@&°Gp to 1 week.

TGFE$1 stock (1, 000 x, 10ug/ml): Lyophilised, recomimhduman TGH1 was
dissolved in sterile PBS containing 4mM hydrochdacid and 2mg/ml BSA to a final

concentration of 10ug/ml. The BSA was added in ofdeprevent binding of the
growth factor to the Eppendorf tubes which wouldrdase its actual concentration.
The aliquots were frozen at -20°C for long-ternrage. Once thawed, they are stable at
2-8°C for up to 1 week.
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TGF{2 stock (5, 000 x, 5uag/ml): Lyophilised, recombindruman TGH2 was

dissolved in MilliQ water to a final concentratiarf 100ug/ml. Afterwards, it was

further diluted to a final concentration of 5ug/ml sterile PBS containing 4mM
hydrochloric acid and 2 mg/ml BSA. BSA was addedider to prevent binding of
growth factor to the Eppendorf tubes which wouldrdase its actual concentration.
Aligouts were frozen at -20°C for long-term stora@ece thawed, they are stable at 2-

8°C for up to 1 week.

BMP-2 stock (1, 000 x, 100 pag/ml): Lyophilised, CHell-derived, recombinant
human BMP-2 was dissolved in sterile PBS contaidngM hydrochloric acid and

0.1% BSA to a final concentration of 100pug/ml. B®A was added in order to prevent
binding of growth factor to the Eppendorf tubes ethivould otherwise decrease its
actual concentration. The aliquots were frozen, @amd be stored at -20°C for up to 3

months. Once thawed, they are stable at 2-8°Cgddoud month.

PBS for histology (2.32mM sodium phosphate monabasinohydrate, 8mM sodium
phosphate dibasic dihydrate, 154mM sodium chlorifley 5L PBS for histology, 1.69
NaHPOs*H 20, 7.1g NaHPO,*2H,0 and 45g NaCl were completely dissolved in 5L of
MilliQ water. The solution can be stored at 2-80€ tip to 1 week.

5% (w/v) Sucrose in PBS for histology: For 100md; &6f Sucrose was completely
dissolved in 100ml of PBS for histology. The sabatican be stored at 2-8°C for up to 1

week.

Weigert’s iron haematoxyline working solution: FBOOmI, 100ml of solution A

(alcoholic haematoxyline) and 100ml of solutiontBdrochloric acid iron (Ill) nitrate)

were mixed. The solution can be stored at room &atpre for up to 1 week.

SafranirO working solution (0.1%): For 200ml, 0.2g of SairaO powder was

completely dissolved in 200ml of MilliQ water. Tkelution is intended for immediate

use.

Fast Green stock solution (1%): For 100ml, 1g okger was completely dissolved in

100ml of MilliQ water. The solution can be storead@m temperature for up to 1 year.

Fast Green working solution (0.02% Fast Green, Cat#iic acid): For 250ml, 245ml

of MilliQ water (add first!) were mixed with 5ml df% Fast Green stock solution and

250ul of glacial acetic acid. The solution is irded for immediate use.
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1% acetic acid: For 250ml, 247.5ml of MilliQ wai@dd first!) were mixed with 2.5ml

of glacial acetic acid. The solution is intendedifomediate use.

Reduction buffer (50mM Tris, 200mM NaCl, pH 7.36pr 500ml, 3.02g Trizma base
and 5.84g NaCl were completely dissolved in 450mMdliQ water. Next, pH was
adjusted to 7.35 with 1M HCI. Finally, the totallwme was adjusted to 500ml with

MilliQ water. The solution can be stored at 2-80€ tip to 1 week.

DL-Dithiothreitol (DTT) working solution (10mM DTTin reduction buffer): For
400ml, 0.617g of DTT was completely dissolved inO#0D reduction buffer. The

solution is intended for immediate use.

Alkylating solution (40mM iodoacetamide): For 400oflalkylating solution, 2.95g of

lodoacetamide was completely dissolved in 400n®BS for histology. The solution is

intended for immediate use.

PBS supplemented with 0.1% Tween 20 (PBS-T): Forlbhl of Tween 20 was mixed
with 999ml of PBS for histology. The solution cam ¢iored at 2-8°C for up to 1 week.

0.3% B0, in 100% methanol: For 100ml, 1ml of 30%®% was mixed with 99ml of
100% methanol. The solution is intended for immexdiese.

Chondroitinase AC working solution (0.025units/nfor 1ml, 10ul of chondroitinase
AC stock solution (2.5units/ml) was mixed with 990pf PBS-T. The solution is

intended for immediate use.

Hyaluronidase working solution (0.05units/ml): F@0mI, 5ul of hyaluronidase stock
solution (1unit/ul) was added to 100ml of PBS-T.eTholution is intended for

immediate use.

Normal horse serum working solution: Normal horseum was diluted 1 to 20 in

PBS-T. The solution is intended for immediate use.

Primary antibodies for immunohistochemistry: Prignantibodies were diluted in

PBS-T according to table 2-2. The primary antibsediee intended for immediate use.

Secondary antibody (biotinylated horse anti-moug8)Ifor immunohistochemistry:

Concentrated antibody was diluted 1:200 in PBS-Te Bolution is intended for

immediate use.
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Avidin-biotinylated enzyme (AB) complex: Reagent fvidin) and reagent B

(biotinylated enzyme) were diluted 1 to 50 in PBSFie complex has to be prepared at
least 30 minutes prior to use and stored at 4°@s&yuently, the solution is intended

for immediate use.

3, 3’-diaminobenzidine (DAB) working solution: Féml, 1 drop of concentrated DAB

was diluted with 1ml of diluent (included in kiffhe solution has to be protected from
direct light and can be stored at 2-8°C for up tee2ks.

Wash buffer 1 and wash buffer 2 for RayBio humatokine antibody array G-series:

The 20x concentrates were diluted in MilliQ wateicteate the 1x working solutions of
wash buffer 1 and wash buffer 2. The diluted bgffesin be stored at 2-8°C for up to 4

weeks.

Biotin-conjugated anti-cytokines for RayBio humaytakine antibody array G-series:

The concentrated liquid bead was mixed with 30Gulboblocking buffer (included in

kit). The 1x biotin-conjugated anti-cytokines candtored at 2-8°C for up to 3 days.

Streptavidin-Fluor for RayBio human cytokine antlpo array G-series:

First, the 500 x concentrate was mixed with 10Gulboblocking buffer and transferred
to a fresh Eppendorf tube wrapped in aluminium. fdiext, it was diluted to a 1x
working concentration with an additional 1.4ml ok blocking buffer. The 1x

Streptavidin-Fluor solution can be at 2-8°C forta3 days.
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2.2.2 Mesenchymal stem cell isolation.

Human bone-marrow aspirates were obtained with dtiecal approval and the
informed written consent of patients undergoin@ltbip replacement, spinal fusion or
vertebral body isolation. Bone-marrow aspiratesewkindly provided byDr. Sven
Hoppe, Dr. Lorin Benneker, (both Inselspital BeBern Switzerland), Dr. Gian
Salzmann (Universitatsklinikum Freiburg, Freibur@r@any) and Dr. Markus Loibl
(Universitatsklinikum Regensburg, Regensburg, GegnahMSCs were isolated from
BM aspirates under sterile conditions. BM aspiratese diluted 1 to 4 in DMEM
containing 5% hMSC FBS. Next, the fat layer was oeed by centrifugation for 5
minutes at 170 times gravity (g). All centrifugaticteps within this section were
conducted with the Rotanta, RP centrifuge (Hetti€attlingen, Germany). The cell
pellet was re-suspended in an amount of DMEM, domg 5% hMSC FBS, equal to
the amount used for the initial dilution step. Next6ml of room-temperature Ficoll
(Sigma, St.Louis, MO), for every 1ml of undilutedBaspirate, were added to a 5 ml
Falcon tube. The diluted BM aspirate was carefdtjded on top of the Ficoll.
Mononuclear cells were separated by centrifugati@@ minutes at 800g with
acceleration and brake on the lowest level). Therphase (see figure 2-1), which
contains the mononuclear cells, was carefully ctdie using a 2ml pipette.

CENTRIFUGE - PLASMA

4. Yy
MONONUCLEAR CELLS
by

20 MINUTES

BLOOD

'. RED CELLS

HISTOPAQUE = 1077

Figure 2-1: Phase-separation using Ficoll (Histopage 1077). After BM aspirates were centrifuged
for 20 minutes at 800g, the mononuclear cells forndean interphase between the Ficoll and the
blood plasma. Figure adapted from the standard opetion procedure document PRBT 002-04
(AO Research Institute Davos, AO Foundation, Davoswitzerland).
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Next, mononuclear cells were washed twice. For yevianl of interphase, 5ml of
DMEM containing 5% hMSC FBS were added and the mas centrifuged for 15
minutes at 400g. The supernatant was removed andethpellet was re-suspended in
5ml of DMEM containing 5% hMSC FBS for every 1ml ofterphase which was
initially harvested. The centrifugation step waseated once. Afterwards, the cell pellet
was re-suspended in 10ml of MSC growth medium. Noictear cells were counted
using a haemocytometer and an Axiovert 25 microsd@arl Zeiss AG, Oberkochen,
Germany). Therefore, 50ul of cells were mixed V@l of trypan blue. Trypan blue is
a diazo-dye that is not able to pass the cell man@iof living cells. In dead cells
however, the membrane is ruptured and trypan lsl@ablie to enter the cell. Thereby, it
iIs possible to distinguish between living and deatls and exclude the dead cells
during analyses. Only big and homogenously starel$ were counted. Four large
counting squares (consisting of sixteen small dognéquares each) were counted and
the average was calculated. The concentration afomaclear cells, per ml of cell
suspension, was calculated by multiplying the ayereell number in the four squares
by 2 (cells were diluted 1:1 with trypan blue) afh@, 000 (multiplicator for the
haemocytometer). Finally, the total cell number veadculated by multiplying the
concentration by 10 (total volume). Mononucleatscelere seeded at 13, 333 cells’cm
on tissue culture plastic. They were cultured falags in MSC growth medium in order
to allow for hLMSCs attachment. Standard conditifmmscell culture were always 37°C,
5% CQ, 90% humidity in a C@incubator. After 4 days, MSC growth medium was

changed in order to remove any non-adherent or delél
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2.2.3 Mesenchymal stem cell propagation.

MSC growth medium was changed three times per wemlce distinct colonies
formed, cells were detached using T/E. Briefly, medwas aspirated and cells were
washed two times with PBS. The washing step wasssacy in order to remove any
traces of serum which would otherwise hinder theyeratic reaction of the trypsin. A
working solution of T/E was prepared and 1ml of g@ution was used for every
30 cnf of tissue culture plastic. Cells were incubated ¥6 minutes under standard
conditions. Next, MSC growth medium was addeddast 1ml for every 1ml of T/E),
hMSCs were dispersed and pooled in a 50ml Falcbe. tNow, cells were centrifuged
for 10 minutes at 300g using the Rotanta, RP degti(Hettich, Tuttlingen, Germany).
Supernatant was removed and the cell pellet reesugal in MSC growth medium.
Cells were sub-cultured and seeded on tissue eufilastic at a density of 13, 333
cells/cnf. They are now passage (P) 1. Now, cells were durthltured in MSC growth
medium with medium changes three times per weeleusthndard conditions. Once
sub-confluent (defined as 70-80% confluency), celeye detached and counted as
described in section 2.2.2. Finally, 2 xX°1lls were suspended in 1ml of 92% sterile
hMSC FBS and 8% dimethylsulfoxide which serves agomreservant. Prior to
cryopreservation, cells were transferred to cryesufNunc, Rochester, NY). After one
day at -80°C in a freezing container (Nunc, RodredY), hMSC were transferred to
liquid nitrogen for long-term storage. hMSCs undemtva total of approximately 12.54

+ 1.22 PDs before cryopreservation.

For further propagation, 2 x 1@MSC were removed from the liquid nitrogen and
plated at cell culture plastic at a density of 66 &ells/cm. Cells were cultured under
standard conditions in MSC growth medium until safluent. Afterwards, they were
detached as described above and sub-cultured Ageén, cells were plated at 6, 666
cells/cnf and cultured under standard conditions until theyeasub-confluent. Finally,
cells were harvested and counted as describedciiose2.2.2. hMSCs underwent a
total of 541 + 1.71 PDs after cryopreservation. tital, hMSCs underwent

approximately a combined 18.08 + 1.92 PDs befoeg there used for the experiments.
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2.2.4 Articular cartilage progenitor cell propagation.

Cartilage samples were obtained from the NHS blaod tissue bank (Liverpool,
England, UK). Samples were derived from healthy alen hACPCs were isolated
through differential adhesion to fibronectin (Walins et al., 2010). hACPCs were
kindly provided by Dr. Rebecca Williams, Prof. ClearW. Archer and Dr. llyas Khan
(all University, Cardiff, Wales, UK). Clonal poptikans of hACPCs, which underwent
25.32 + 2.12 PDs, were initially plated at 1 >® Hlls on one T 75 flask in 15ml of
ACPC growth medium. This correlates to a seedingsite of 13, 333 cells/cfn
Medium was partially changed (half of the totalwok) three times per week. Once
cells were sub-confluent, they were detached usitigas described in section 2.2.3
(ACPC medium was used instead of MSC growth mediiNext, they were counted as
described in section 2.2.2 and sub-cultured. Thesgethey were again plated at 13, 333
cells/cnfand cultured under standard conditions until theyensub-confluent. The sub-
culture step had to be repeated once in order tairoBufficient cell numbers for the
experiments. Finally, they were harvested and @ulris described in section 2.2.2.
hACPCs underwent 6.63 + 2.25 PDs after cryopreservaiIn total, hACPCs
underwent a combined 33.54 + 2.60 PDs.
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2.2.5 Polyurethane scaffold preparation and steridation.

Biodegradable, cylindrical (8 x 4 mm or 8 x 2 mmmdgporous (pore size 90-300um)
PU scaffolds (figure 2-2) were prepared as desdrildsewhere (Gorna and
Gogolewski, 2002).

Figure 2-2: Porous, cylindrical PU scaffolds.

Briefly, PU was synthesised in a one-step solugpatycondensation reaction from
hexamethylene diisocyanate, poly(epsilon-caprotegtaliol and 1,4:3,6-dianhydro-D-
sorbitol. Pores were prepared using the salt-legclphase inverse technique with
sodium phosphate heptahydrate dibasic salt as eor&ubsequently, the porogen was
removed by repeated wash steps with water. PUdddafand PU rings, surrounding the
scaffolds, were cut using the water jet technidlé.scaffolds and rings were sterilised
using a cold-cycle (37°C) ethylene oxide procedserAsterilisation, the ethylene oxide
was removed, for at least 3-4 days, in an evacuatiamber at 45°C and 150 mbar. PU
scaffolds were produced by Dr. David Eglin and Markslarner, AO Research Institute

Davos, AO Foundation, Davos, Switzerland.
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2.2.6 Propagation of a recombinant adenoviral vectoexpressing
human BMP-2.

Ad.BMP-2, containing a cytomegalovirus (CMV) promgt from BiolLabs
(Philadelphia, PA) was further amplified in Ad298lls. Briefly, Ad293 cells were
cultured on tissue culture plastic in DMEM suppletee with 10% FBS until 70-80%
confluent. The cells were detached as describesgeation 2.2.3 and re-plated onto
tissue culture plastic. This step was necessaoydar to remove the ECM which would
otherwise interfere with the adenoviral transduttidd293 cells were cultured for 18-
24 hours in DMEM supplemented with 10% FBS. The inmadwas then aspirated and
replaced with 1ml of serum-free DMEM per 60 <rof tissue culture plastic.
Subsequently, cells were transduced with Ad.BMRx2cotal of 10 infectious viral
particles) for 2 hours under standard conditionsigy transduction, flasks were gently
rocked every 15 minutes in order to ensure thatbibttom of the flask was always
covered in liquid. After 2 hours, 45ml of serumdrBMEM was added. Ad293 cells
were further cultured under standard conditions segllarly monitored. Once they
started to detach, medium was collected into 50aid¢dh tubes and centrifuged for 10
minutes at 2, 000g using the Rotanta, RP centrifitgttich, Tuttlingen, Germany).
The supernatant was aspirated, the Ad293 celltpels re-suspended in 3ml of serum-

free DMEM, snap-frozen in liquid nitrogen and stbed -80°C until purification.

For purification of the Ad.BMP-2 vector, successteesium chloride gradients were
used. Briefly, Ad293 cells were subjected to tHreeze-thaw cycles (snap-freezing in
liquid nitrogenfollowed by thawing at 37°C in a water-bath) in @rdo break the cells
open. Next, 50units/ml of benzonase were addedhéo cell lysate, followed by
incubation for 30 minutes at 37°C in a water-bdthereafter, supernatant was always
kept on ice. Caesium chloride gradients (1.2g/ndral.4g/ml) were prepared in pre-
chilled polyallomer tubes (Thermo Fischer ScieqjifWaltham, MA). The viral
supernatant was carefully added on top of the caesihloride gradient. The total
volume was adjusted to 11.5ml with 10mM Tris-HCOLl@M EDTA, pH 8. Gradients
were centrifuged using the ultraspeed centrifugev@8lbdiscovery 90 SE (Hitachi,

Tokyo, Japan) and a swinging bucket rotor for 9Qutes at 34, 500 g and at 4°C.
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After centrifugation, the viral band was harvestgth an 18 gauge needle and diluted
three-fold with 10mM Tris-HCI, 0.1mM EDTA, pH 8. €hcaesium chloride density
gradient step was repeated once or twice, deperatirthe intensity of the viral band.
Finally, the viral supernatant was put into eliqatied dialysis bags (Spectrum Labs,
Rancho Dominguez, CA) and dialysed against 10mM-HCI, 200mM NaCl, 1mM

EDTA, 4% sucrose, pH 7. Dialysis was conducted might at 4°C. After the first three

hours of dialysis, the dialysis buffer was changade. On the next day, aliquots of
Ad.BMP-2 were prepared, snap-frozen in liquid rgen and transferred to -80°C for

long-term storage.

For determination of the viral titre, standard plagassay on Ad293 cells was
conducted. Briefly, Ad293 cells were seeded intwed plates in 5ml of DMEM
supplemented with 10% FBS with 5 x°1€ells per well. On the next day, cells were
transduced for 2 hours at 37°C with 10-fold dilagoof Ad.BMP-2. Dilutions ranging
between 1Dand 108° were tested. Afterwards, cells were overlaid v@thl of 1.25%
sterile low melting-point agarose in DMEM supplereehwith 10% FBS. Ad293 cells
were cultured at 37°C, 5% GGnd 90% humidity until plaques started to appear.
Plagues were counted using an Axiovert 25 microsd@arl Zeiss AG, Oberkochen,
Germany). Finally, viral titres were calculated bwltiplying the number of viral
plaques with the corresponding dilution factor. Example, five plaques at a®10
dilution would correspond to 5 x dihfectious viral particles per 1ml.
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2.2.7 Ad.BMP-2 transduction.

For the 2D transduction protocol, hMSCs were prapad) as described in section 2.2.3
until the desired cell number was reached. Nexts agere detached using T/E, as
described in section 2.2.3, counted as describegeation 2.2.2 and re-plated onto
tissue culture plastic. This step was necessaoydar to remove the ECM which would
otherwise hinder adenoviral transduction. Afteridirs, hMSCs were transduced with
Ad.BMP-2. Briefly, MSC growth medium was aspiratadd replaced with 1ml of
serum-freen-MEM per 60cni of tissue culture plastic. Then, 5 or 100 infeasioviral
particles per cell were added into the medium. Tdagesponds to a multiplicity of
infection (MOI) of 5 or 100. One MOI is defined @se infectious viral particle per cell.
Transduction was conducted for 2 hours under stdnotanditions. Tissue culture flasks
were gently rocked every 15 minutes to ensurettiebottom of each flask was evenly
covered with medium. Thereafter, 45ml of MSC growtbhdium was added and cells
were cultured overnight under standard conditi@rsthe next day, cells were detached
and counted as described in sections 2.2.2 an@.2They were then used for cell
seeding into fibrin-PU, alginate or agarose asmilesd in section 2.2.11.

For the modified 3D transduction protocol, hMSCsravéeft untreated prior to the
respective seeding procedures as described iroset2.11. The adenoviral vector was
added directly to the cell/hydrogel mix during ttedl seeding. Thereby, the vector was
encapsulated in the respective hydrogel. hMSCs hihae not been transduced were
used as controls. This decision was based on teeradtion that these cells were not
different from cells that have been transduced waithadenovirus coding for a non-
bioactive transgene, such as enhanced green fasmeprotein (Kupcsik et al., 2010).
Further, it was demonstrated that cells that haenkransduced with a control vector
do not express elevated levels of BMP-2, Tié+ IGF-1 (Steinert et al., 2009a).
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2.2.8 Retroviral transduction.

For retroviral transduction, 0.666 x °lOMSCs were seeded in a T 75 tissue culture
flask. This equals to a seeding density of 8, 88&fcnf. They were cultured in MSC
growth medium under standard conditions for 48 &owBubsequently, they were
transduced with the retroviral vectors applying tbikowing protocol. Additionally, a
mock-treated control group, where viral vectors evegplaced by 1ml of serum-free
a-MEM, was carried out. Retroviral vectors and "Rwogne" were thawed on ice.
Polybrene” was used to enhance the retroviral dnaisn efficiency. Next, 8ug/ml of
"Polybrene" was added to the retroviral vectorhw serum-free.-MEM. Now, MSC
growth medium was complete aspirated from the ¢issuture flasks and replaced with
1ml of virus (or medium)/"Polybrene” mix. Transdoct was conducted for 2 hours
under standard conditions. Flasks were gently mbakeery 15 minutes to ensure that
the bottom of the flasks was completely coveredhwiedium. After transduction, 15ml
of MSC growth medium were added and cells incub&ed®4 hours under standard
conditions. A first generation vesicular stomatitisis G protein (VSV.G) pseudotyped
retroviral vector expressing human BMP-2 (Rv.BMPaRd a first generation VSV.G
pseudotyped retroviral vector expressing enhanceehngfluorescent protein (Rv.eGFP)
were kindly provided by Dr. Martina Anton, deparmmef experimental oncology, TU
Munchen, Germany. The gene expression of bothweatovectors is driven by the

moloney murine leukaemia virus (MMLV) 5" long temal repeat (LTR).

2.2.9 hMSC seeding and culture for the effect of RBMP-2
transduction on hMSCs during monolayer proliferation study.

This experiment is part of chapter 3. One day atémoviral transduction, cells were
detached and counted as described in sections &m2l2.2.3. Now, cells were sub-
cultured in a 1:9 ratio into T 300 flasks with 50ailMSC growth medium. Cells were
cultured under standard conditions with medium glearevery 3-4 days until they were
70-80% confluent.
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For the evaluation of the effect of "Polybrene"pswonfluent hMSCs at P 3 were
seeded at 1 x P@ells per well in 6-well tissue culture platdhey were cultured in
3ml of MSC growth medium. After 24 hours, cells eexposed to 8ug/ml "Polybrene”
in 0.5ml of medium (for 2 hours under standard domas). In the control group,
medium without "Polybrene” was added instead. Afegds, 2.5ml of fresh medium
was added and cells were cultured overnight. Onnéet day, the medium was
changed. The cells were cultured for a total ofla0s with medium changes every 2-3
days. Images at day 1, day 3 and day 6 were takieig the Axiovert 25 microscope
(Carl Zeiss AG, Oberkochen Germany) and the Axionis/.4.8 software (Carl Zeiss
AG, Oberkochen, Germany). A total magnification 1df0 was used (10 x from the

microscope and 10 x from the lens).

For the evaluation of the effect of recombinant homBMP-2, sub-confluent,
untransduced hMSCs were seeded at 1 %cgls per well into 6-well tissue culture
plates. They were cultured in 3ml of MSC growth medwith or without (control) the

addition of 100ng/ml of recombinant human BMP-2lI€@ere cultured for 2 weeks

with medium changes twice a week under standarditons.

2.2.10 Sample collection effect of Rv.BMP-2 transation on hMSCs

during monolayer proliferation study.

Once sub-confluent, cells were detached and cowgetescribed in sections 2.2.2 and
2.2.3. This took between 7 and 9 days, dependinghendonor. 2 x 10cells were
harvested in TRI reagent as described in sectidrd&. Additionally, after 2 weeks, the
hMSCs that have been exposed to 100ng/ml of reatanbhuman BMP-2 or were left
as naive controls were harvested. Cells were ngesued in 1ml of TRI reagent
supplemented with 5ul of polyacryl carrier. Finalbamples were stored at -80°C for
subsequent analysis.

Furthermore, cellular phenotype was regularly nwed using an Axiovert 25
microscope (Carl Zeiss AG, Oberkochen, Germanyagies were taken using a total
magnification of 100 (10 x from the microscope at@l x from the lens) and the
Axiovision V.4.8 software (Carl Zeiss AG, Oberkooh&ermany).
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2.2.11 hMSC seeding into alginate, agarose or fibriPU.

Alginate: hMSCs were encapsulated in sterile 1.28thate at a density of 10 x 10

cells per ml. Briefly, alginate beads were prepangth a syringe and an 18 gauge
needle. First, hMSCs were suspended in alginatielf3D transduction protocol was
used, the adenoviral vector was additionally added extensively mixed. Next, the
cell/alginate/(virus) mix was slowly dropped intersle 102 mM calcium chloride that

facilitates cross-linking. Alginate beads were watal to form for 10 minutes at room
temperature. Afterwards, alginate beads were washeatder to remove excessive
calcium chloride. Briefly, beads were transferredsterile 0.9% sodium chloride and
incubated for 5 minutes at room temperature. Afeeds, a second wash step, for
another 5 minutes at room temperature, in serum-BMEM was conducted. Three
alginate beads per sample were used. This procedurelates to approximately 1.05 x

10° cells per sample.

Agarose: hMSCs were encapsulated in sterile 1%n@Ming-point agarose at a final
density of 20 x 10 cells per ml. Briefly, 2% low melting-point agassvas shortly
heated (700 watts) in a microwave until completidlyd. Afterwards, solution was
adjusted to 37°C in a water-bath. Next, cells wersuspended in sterile, pre-warmed
chondrogenic medium and mixed with an equal amotisterile 2% low melting-point
agarose. If the 3D transduction protocol was usi@ adenoviral vector was
additionally added and extensively mixed. Agarosads were formed by pipetting
35ul of cell/1% low melting-point agarose/(virus)xnmto 24-well plates and allowing
them to cool for 30 minutes at room temperaturelliige of the agarose occurs if

temperature is 35°C. One sample correlates to approximately A@xells.
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Fibrin-PU: hMSCs were embedded in a fibrin gel dfirconcentrations 17mg/ml
fibrinogen, 0.5units/ml thrombin) and seeded inboguis, cylindrical 8 x 2 mm or 8 x 4
mm PU scaffolds. Seeding densities were 2.5%c#lls per scaffold for the 8 x 2 mm
scaffolds and 5 x fecells per scaffold for the 8 x 4 mm scaffolds. fEfly, one sample
correlates to either 2.5 x 46r 5 x 16 cells. Before the PU scaffolds were used for
seeding, they have been pre-wetted in serum-fre€Mnder vacuum for at least one
hour. Afterwards, DMEM was completely aspiratedhirthe scaffolds. For the seeding
procedure the following protocol was applied. hMS@sre suspended in 15ul of
fibrinogen per 1 x 10cells. If adenoviral transduction was conducte@in Ad.BMP-2
was added to the fibrinogen/cell mix and volumesenadjusted accordingly. For each
sample, one sterile cap of an Eppendorf tube wasimia a 12-well plate. Next,
fibrinogen/cell/(virus) mix was pipetted into a s Eppendorf cap. Thrombin was
diluted 1 to 500 in dilution buffer T and 15ul perx 10 cells were added to the
fibrinogen/cell/(virus) mix. Solutions were rapidiyixed and one PU scaffold was
pressed into the mixture using a sterile forcepstirlyy the recovery of its original
dimensions, the cell/fibrinogen/thrombin/(virus)xwas absorbed into the pores of the
scaffold. Thereby, a homogeneous cell seeding whieweed. Next, PU scaffolds were
incubated for one hour under standard conditionalltaw fibrin gel formation. Fibrin
components were kindly provided by Dr. Andreas GheBaxter Biosurgery, Vienna,

Austria.
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2.2.12 hMSC culture enhanced adenoviral transductioin 3D study.

For the enhanced adenoviral transduction in 3Dys(part of chapter 3), 2 x 8 mm
scaffolds were seeded with 2.5 x°1MSCs. After fibrin gelation, scaffolds were
transferred to 6-well plates and cultured in 3m¢ladndrogenic medium under standard
conditions. Alginate and agarose beads were prépasedescribed in section 2.2.11,
and cultured in 24-well plates in 1ml of chondragemedium. Thereby, the number of
cells that conditioned 1ml of medium was similatvieen groups. For fibrin these were
0.83 x 16 cells, for alginate 1.05 x f@ellsand for agarose, 0.7 x 16ells. The cells
were cultured for 28 days, under standard conditianth medium changes three times

per week.

2.2.13 Sample collection enhanced adenoviral trangdtion in 3D

study.

Medium was changed three times per week and cetldor day 1, days 2-7, days 8-14,
days 15-21 and days 22-28. Afterwards, it was dtate-20°C for subsequent analysis.
After 28 days, samples were harvested for analysiDNA content and amount of

transgene product retained within each hydrogel.

Alginate: For quantification of cellular DNA fromganate, two samples per group were
used. Alginate beads were washed three times wéhles PBS. Next, they were
dissolved in sterile 150 mM sodium chloride andn®9 sodium citrate for 10 minutes
at 37°C. Centrifugation steps were done with thd5B% centrifuge (Eppendorf,
Hamburg, Germany). The samples were centrifugedSfaninutes at 500g. After
centrifugation, the dissolving step was repeatedeonsing the pellet. Next, the
supernatant was removed and the cell pellet wasispended in sterile 0.9% sodium
chloride. Then, samples were centrifuged for 5 t@awat 500g. The supernatant was
discarded and the cell pellet was re-suspendedmih df sterile FBS. Afterwards,
samples were centrifuged for 5 minutes at 500g.ilghe supernatant was discarded
and the cell pellet was re-suspended in 1ml of @/BrhProteinase K. Now, samples
were digested for 16 hours at 56°C. Afterwards,Rhateinase K was heat-deactivated
(10 minutes at 96°C) on a thermostat 5320 (Eppéntiamburg, Germany). Samples

were stored at -20°C for subsequent analyses.
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For quantification of BMP-2 retained within the mgdel, one sample per group was
analysed. Alginate beads were transferred into Ihlchondrogenic medium.

Afterwards, they were homogenised (3 minutes aH2Bz) using a sterile metal ball
and a TissueLyser (Retsch, Haan, Germany). In aalgellet the remnants of the
hydrogel, samples were centrifuged for 10 minuteslz, 000g using the 5417R
centrifuge (Eppendorf, Hamburg, Germany). The suggant was transferred to a fresh
Eppendorf tube and stored at -20°C for subsequeatysis.

Agarose: For quantification of DNA content from egge, two samples per group were
analysed. Agarose pellets were dissolved at 65¢Guspended in 1ml of 0.5mg/ml of
Proteinase K and incubated for 16 hours at 56°@erdirds, Proteinase K was heat-
deactivated as described for the alginate groumpgss were centrifuged for 5 minutes
at 1, 500g using the 5415D centrifuge (EppendorgmHurg, Germany). The

supernatant was collected and stored at -20°Quizsejuent analysis.

For quantification of transgene product retainethimiagarose, one bead per group was

treated as described for the alginate group.

Fibrin-PU: For quantification of cellular DNA, twscaffolds per group were analysed.
Scaffolds were put into 1ml of 0.5mg/ml Protein&&and incubated for 16 hours at
56°C. After heat-deactivation, scaffolds were regthand samples were store at -20°C

for subsequent analysis.

For quantification of BMP-2 retained within the Ho&l, one scaffold per group was

treated as described for the alginate group.
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2.2.14 hMSC seeding, Ad.BMP-2 transduction and culte timed
Ad.BMP-2 transduction study.

For the timed Ad.BMP-2 transduction study (partcbbpter 3), hMSCs were seeded
into 8 x 4 mm PU scaffolds at a density of 5 X t8lls per scaffold as described in
section 2.2.11. Three different groups, with toptes each, were investigated. Namely,
these were control, week 1 and week 2. After tharfiwas polymerised, the samples
were transferred to 6-well plates. They were celfum 5ml of chondro-permissive
medium with an additional 5ng/ml of exogenous TaF-Medium was changed three
times per week. For the delayed Ad.BMP-2 transduac¢tsamples were transduced with
Ad.BMP-2, using a MOI of 7.5, after 1 week (weekot)2 weeks (week 2) of culture.
Adenoviral titre was determined by standard plaggsay as described in section 2.2.6.
For transduction, medium was aspirated and Ad.BM&H@ted in chondro-permissive
medium to a final volume of 50ul, was added on tpthe PU scaffolds. After
incubation for 15 minutes at room temperature, Bhdndro-permissive medium with
an additional 5ng/ml of exogenous T@E-was added to each sample. Afterwards, they
were further cultured under standard conditions.nt@b samples were left

untransduced.
2.2.15 Sample collection timed Ad.BMP-2 transductio study.

Scaffolds were cultured for 3 weeks in 5ml of chaagermissive medium with an
additional 5ng/ml of exogenous TGH- The medium was changed three times per
week. During medium changes, one and a half mlashegroup was aliqouted and
stored at -20° C for subsequent analysis. The mEn@imedium was aspirated.
Afterwards, 5ml of fresh chondro-permissive mediwnth an additional 5ng/ml of

exogenous TGIB-was added to each well.

After 3 weeks of culture, PU scaffolds were transfg to an Eppendorf tube containing
1ml of 0.5mg/ml Proteinase K. Samples were incubdte 16 hours at 56°C and
afterwards heat-deactivated (10 minutes at 96°Chdhermostat 5320 (Eppendorf,
Hamburg, Germany). Scaffolds were removed and sssnpere stored at -20°C for

subsequent analysis.
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2.2.16 hMSC seeding and culture Ad.BMP-2 and loadigly.

For the Ad.BMP-2 and load study (chapter 4), hMSf@se seeded into 8 x 4 mm PU
scaffolds at a density of 5 x 46ells per scaffold as described in section 2.2HHlf of
the groups were transduced with Ad.BMP-2 in 3D wattMOI of 5 as described in
section 2.2.7 (BMP-2). The other half was left afransduced controls (control). After
fibrin polymerisation, scaffolds were transferredétwell plates and pre-cultured for 3
days under standard conditions in 5ml of chondmorgssive medium. After the pre-
culture period, PU scaffolds were embedded in Phbsriand transferred into
polyetheretherketone (PEEK) control or loading leoddcontaining a PEEK ring (figure
2-3).

Figure 2-3: Fibrin-PU composite'scaffold surrounded
by a PU ring in a PEEK loading holder.

Scaffolds were cultured, for 7 (day 7) or 28 daglay(28), in 2.5ml of chondro-
permissive medium. The medium was changed andctetlethree times per week.
Medium changes were carried out before the appmitadf mechanical stimulation.
Scaffolds were either kept as free-swelling cost(ohloaded) or subjected to complex
mechanical stimulation, as described in sectionlZ,Xor 1 hour per day during 6 days

per week (loaded).
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2.2.17 Mechanical stimulation.

Complex, mechanical stimulation (compression arehghwas applied using a custom-
built "ball-on-pin" bioreactor system (figure 2-djd a ceramic hip ball with a diameter
of 32 mm (Wimmer et al., 2004). Samples were lodded hour per day during 6 days
per week. Unconfined, dynamic compression straia sugperimposed on shear stress.
A static offset strain of 0.4mm was establishest fiunconfined, dynamic compression
strain was generated by pressing the ceramic Hipobto the cell-seeded fibrin-PU
scaffold. Sinusoidal strain (0.4mm) was superimgose the static offset strain with a
frequency of 1 hertz. The total strain amplitudplegal was 10-20% of the total scaffold
height. Shear stresses were generated by rotdenfall around an axis perpendicular
to the scaffold axis. A ball oscillation of £ 25°tlv a frequency of 1 hertz was
superimposed on the static offset strain.

Figure 2-4: Incubator-installed four station bioreactor system which is able to generate
joint-like movements. A specimen holder with a celseeded fibrin-PU scaffolds construct is
inserted into each station. Image with courtesy dbr. Sibylle Grad (AO Research Institute
Davos, AO Foundation, Davos, Switzerland).
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2.2.18 Sample collection Ad.BMP-2 and load study.

Medium was changed and collected three times pekveed pooled for days 1-7,
days 8-14, days 15-21 and days 22-28. Addition#ky,5ml of pre-culture medium was

collected. Medium was stored at -20°C for subsetaealysis.

After 7 or 28 days of culture, scaffolds were \aally cut into two halves using a sterile
scalpel. One half was used for messenger riborwaldd (MRNA) isolation and gene

expression analyses, the other half was used dochbmical analyses.

The half scaffold that was used for gene expressioalyses was transferred to a
polymerase chain reaction (PCR) clean Eppendod tdmtaining 1ml of TRI reagent.
TRI reagent is a complete ready-to-use reagerth#rsolation of RNA from biological
samples. It combines phenol and guanidine thiodgarta facilitate immediate
inhibition of RNase activity. Additionally, 5ul opolyacryl carrier were added.
Polyacryl carrier is designed for use in the isolatof small amounts of RNA from
biological samples. Next, a sterile metal ball wdded and samples were homogenised
for 3 minutes at 25 hertz using a Tissue Lyser g&tetHaan, Germany). Afterwards,
the remnants of the scaffolds were pelleted by rifgegation (4°C, 12, 000 g,
10 minutes) using the 5417R centrifuge (Eppendeainburg, Germany). Supernatant
was transferred to a fresh PCR clean Eppendorfdaundestored at -80°C for subsequent

analysis.

The half scaffold that was used for biochemical lgses was transferred to an
Eppendorf tube containing 1ml of 0.5mg/ml Proteen&s Samples were incubated for
16 hours at 56°C and afterwards heat-deactivat@anjhutes at 96°C) on a thermostat
5320 (Eppendorf, Hamburg, Germany). Scaffolds wemoved and samples were

stored at -20°C for subsequent analysis.
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2.2.19 hACPCs and load study.

For the hACPCs and load study (chapter 7), the tegsame parameters as for the
Ad.BMP-2 and load study (chapter 4) were applielde Bnly difference was the cell
type used. hACPCs were used instead of hMSCs. fdrerdghe response of both cell
populations towards adenoviral-mediated over-exgooes of BMP-2 and complex
mechanical stimulation was investigated. hACPC isgednd culture was conducted as
described for hMSCs in section 2.2.16. Complex raemal stimulation was conducted
as described in section 2.2.17. Medium samples w@tected as described in section
2.2.18. After 7 or 28 days, scaffolds were hanag$ve biochemical analyses and gene
expression analyses as described in section 2.5&8en cycles of mechanical
stimulation, in the fourth repeat of the study {etn January #2and January 31
2013) and samples harvest of the day 7 sampldseifiourth repeat of the study were
conducted by Oliver Gardner, AO Research InstilDévos, AO Foundation, Davos

Switzerland.

2.2.20 Cell labelling, cell seeding and cell culterco-culture of hMSCs
and hACPCs study.

In one of the three runs of the co-culture of h(M&8d hACPCs study (chapter 6), cells
were labelled with a fluorescent dye prior to tleeding procedure. The PKH26 dye
was used for hACPCs and the PKH67 dye was usdiM&Cs. Final dye concentration
was 6 x 10M for each dye. For each cell type, 8.5 X ¢6lls were suspended in 10ml
of serum-free DMEM. Cells were centrifuged, usinge tRotanta, RP centrifuge
(Hettich, Tuttlingen, Germany), for 10 minutes &08. Next, medium was aspirated
and the cell pellet was re-suspended in 500ul lokdt C. Further, 494ul of diluent C
were mixed with 6pl of the corresponding fluoredadye. The diluted dye solution was
mixed with the cells and incubated for 5 minutesram temperature with gentle
shaking. Cells were protected from direct lightidgrthe incubation step. Afterwards,
1ml of sterile FBS (hACPCs) or sterile hMSC FBS @®@%) was added and incubated
for 1 minute in order to stop the reaction. Nexscwere washed by adding 10ml of
ACPC growth medium (hACPCs) or MSC growth mediunM8Cs). Cells were
pelleted, using the Rotanta, RP centrifuge (Hetti€httlingen, Germany), for 10

minutes at 500 g. Then, medium was aspirated and/#sh step was repeated twice.
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Finally, cells were re-suspended in 8.5ml of chogénic medium and used for cell
seeding (final cell concentration was 1 x°Ills per ml). Cells were seeded into
96-well V-bottom plates with a total of 250, 000ls€hMSCs and hACPCs in different
ratios) per samples.

In order to form pellets, 96-well V-bottom plateserne wrapped in Parafim® and
centrifuged using the Rotanta 46 centrifuge (Hetti¢uttlingen, Germany) for 10
minutes at 500 g. Cells were cultured for a tofahcee weeks. The cell culture during
the first run of the study was done by Oliver GariAO Research Institute Davos, AO

Foundation, Davos, Switzerland.

2.2.21 Sample collection culture co-culture of hMSE and hACPCs
study.

Medium was changed and collected three times pekwaed pooled for week 1, week 2
and week 3.

For gene expression analyses, three pellets papgrere individually transferred to a
PCR clean Eppendorf tube, containing 1ml of TRpesd, 5ul of polyacryl carrier and
a sterile metal ball. Samples were homogenise@ foinutes at 25 hertz using a Tissue
Lyser (Retsch, Haan, Germany). Afterwards, the s\giant was transferred to a fresh

PCR clean Eppendorf tube and stored at -80°C fosexguent analysis.

For biochemical analyses, three pellets per groepevindividually transferred to an
Eppendorf tube containing 1ml of 0.5mg/ml Proteen&s Samples were digested for
16 hours at 56°C and afterwards heat-deactivat@danjhutes at 96°C) on a thermostat
5320 (Eppendorf, Hamburg, Germany). Samples wenedtat -20°C for subsequent

analysis.

For histological analysis, one pellet per grougefa¥? days) or two pellets per group
(after 21 days) were embedded in O.C.T compoundsaag-frozen using isopentane

and liquid nitrogen.

All samples within the first run of the study anlll lsistological samples within the
study were harvested by Oliver Gardner, AO Reselmstitute Davos, AO Foundation,
Davos, Switzerland.
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2.2.22 Cell seeding, cell culture and sample hartesecretome analysis
of h(MSCs and hACPCs.

For the secretome analysis of h(MSCs and hACPCs dpahapter 6), cells were seeded
into 12-well tissue culture plates at a density #ilwed for confluent culture from the
onset of the experiment. As hMSCs are bigger tha@RCs, seeding densities were
33, 000 cells per chifior h(MSCs, which were used at P 2, and 125, 006 pef cn for
hACPCs. Cells were initially seeded in 1ml of MS©@wth medium (hMSCs) or 1ml of
ACPC growth medium (hACPCs) and allowed to attachrioight. On the next day,
growth medium was aspirated, wells were washed WBS and 1ml of serum-free
DMEM was added to each well. Cells were grown f8rot 72 hours and afterwards
samples were harvested. The culture medium wagatetl and stored at -20°C for
subsequent analysis. Further, in order to quatitiédyDNA content, cells were digested
in 1ml of 0.5mg/ml Proteinase K. Therefore, wellerevywashed in PBS and Proteinase
K was added to each well. Next, the plate was wedpgp Parafilm and incubated for
16 hours at 56°C. Finally, the Proteinase K wasstfierred to an Eppendorf tube and
heat-deactivated (10 minutes at 96°C) on a thewrhds320 (Eppendorf, Hamburg,
Germany). Samples were stored at -20°C for subsggumalysis.

2.2.23 Cell seeding and cell culture effect of daysorphin on hMSC
hypertrophy study.

For the effect of dorsomorphin on hMSC hypertroghydy (chapter 5), hMSCs were
seeded into 8 x 2 mm PU scaffolds at a densit@.bfx 18 cells per scaffold as
described in section 2.2.11. Scaffolds were cuitdioe 2 weeks in 12-well plates. 2.5ml
of chondrogenic medium were added to each welkerAttweeks, samples were divided
into two groups; control and dorsomorphin. The omnsamples were cultured for
another two weeks in chondrogenic medium. In thesaworphin group, the
chondrogenic medium was supplemented with an ahdikilOpM of dorsomorphin.
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2.2.24 Sample collection effect of dorsomorphin dmMSC hypertrophy
study.

The medium was changed three times per week. Irsdingples for the biochemical
analyses, it was pooled for week 1, week 2, weak@week 4. In the samples of the
PCR and the histology group it was discarded imkstea

For gene expression analyses, whole scaffolds wiraresferred to a PCR clean
Eppendorf tube, containing 1ml of TRI reagent, Bfibolyacryl carrier and a sterile
metal ball. Samples were homogenised, for 3 minateé¥s hertz using a Tissue Lyser
(Retsch, Haan, Germany). Afterwards, the remnahtie scaffolds were pelleted by
centrifugation (4°C, 12, 000g, 10 minutes) usingb4l7R centrifuge (Eppendorf,
Hamburg, Germany). Supernatant was transferredfiesh PCR clean Eppendorf tube

and stored at -80°C for subsequent analysis.

For biochemical analyses and histological analys@nples were vertically cut in

halves using a sterile scalpel prior to the hamggtrocedure.

For biochemical analyses, half scaffolds were feansd to an Eppendorf tube

containing 1ml of 0.5mg/ml Proteinase K. Samplesewdtgested for 16 hours at 56°C
and afterwards heat-deactivated (10 minutes at 96AG thermostat 5320 (Eppendorf,
Hamburg, Germany). Afterwards, the half scaffoldsravremoved and samples were

stored at -20°C for subsequent analysis.

For histological analysis, half scaffolds were tixa 99.5% methanol and stored at 4°C
for subsequent analysis.
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2.2.25 BMP-2 enzyme-linked immunosorbent assay.

For the determination of BMP-2 concentration witthe cell culture supernatant, either
the Duo Set ELISA Development System for human BMér-the Quantakine BMP-2
Immunoassay was used. There exist several diffetgrgs of the ELISA. These
particular systems both use the so-called "SandclSA" method. Two different

antibodies are used, which bind to different emopf the molecule (antigen) that

should be detected. A brief summary of the prireciploutlined in figure 2-5.
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Figure 2-5: Brief summary of the "Sandwich ELISA" method. A microplate is covered with a

capture antibody. Free capture antibody is washedway and unspecific binding sites are blocked.
Then, samples or standards are added which bind tthe immobilised antibody. Unbound samples

are washed away and a second biotinylated antibodg added. This detection antibody binds to a
different epitope. Next, unbound detection antibodyis washed away and a streptavidin-conjugated
HRP solution is added, which binds to the detectiomntibody. Unbound solution is washed away
and a tetramethylbenzidine (TMB) substrate solutionis added. A blue colour develops in

proportion to the amount of antigen present withinthe sample. Colour reaction is stopped with an

acid. If sulphuric acid is used, the colour turnsmto yellow. Now, absorbance at 450nm is measured
using a spectrophotometer. Figure adapted from httg/www.rndsystems.com.

For the Duo Set ELISA Development System for hunBMP-2, first the capture
antibody (mouse anti-human BMP-2) was diluted woaking concentration of 1ug/ml
in PBS. A 96-well microplate (R&D Systems, MinnehpoMN) was coated by adding
100ul of capture antibody to each well. Plate weales] and incubated overnight at
room temperature. Next, plate was aspirated andoumb capture antibody was
removed by washing the wells three times with 406julvash buffer. After the last
wash, the plate was tapped against a clean payet o order to completely remove
the wash buffer. Now, unspecific binding sites wieliecked by adding 300ul of reagent
diluent per well. The plate was sealed and incub&de a minimum of 1 hour at room

temperature. The wash step was repeated in ordentove the reagent diluent.
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A seven-fold standard curve was created with 3pGff BMP-2 per ml as highest and
46.875pg of BMP-2 per ml as lowest standard. Readiduent was used to dilute the
concentrated standard (190 000pg/ml). A plate desigs created and 100ul of blank
(reagent diluent), standard or sample were addeardiagly. The plate was sealed and
incubated for 2 hours at room temperature. Durimagibation, BMP-2 within samples
or standards was allowed to bind to the capturibaay. The wash step was repeated to
remove unbound samples. Detection antibody (bits#tey mouse anti-human BMP-2)
was diluted in reagent diluent to a final conceaimraof 1ug/ml and 100ul were added
to each well. Again, plate was sealed and incub&ie@ hours at room temperature.
Afterwards, the wash step was repeated to removmound detection antibody.
Streptavidin-conjugated HRP was diluted 1:200 wehgent diluent and 100ul were
added to each well. The streptavidin binds to ibérb(on the detection antibody) with
high affinity. Plate was sealed and incubated fOrginutes at room temperature
protected from direct light. Afterwards, wash st®ps repeated in order to remove
unbound streptavidin-conjugated HRP. The substsaietion was prepared which
contains TMB and hydrogen peroxide. 100ul were ddde2sach well. The TMB acts as
chromogenic substrate for the enzyme HRP. HRP seddihe TMB which leads to the
formation of a blue product. The plate was incuthater 20 minutes at room
temperature protected from direct light. Finalljzgmatic reaction was stopped by
adding 50ul of 1M sulphuric acid to each well. Tigh addition of the sulphuric acid,
TMB changed its colour from blue to yellow. The iopt density at 450nm was
measured using a 1420 Multilabel counter (Perkimet| Waltham, MA). Wavelength
correction was set to 570nm in order to correctdptical imperfections of the plate.
Blank correction was conducted using the Work OJt2 software (Perkin Elmer,
Waltham, MA). Data were analysed, using softwargab#ée of 4 parameter logistics
(https://lwww.readerfit.com). If BMP-2 concentrat®omwithin the samples were higher
than the highest standard (3, 000pg/ml), the assayrepeated using the same protocol.
However, samples were diluted in reagent diluenbrpto use. Final BMP-2
concentrations were calculated by multiplying theasured concentration with the

dilution factor.
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The Quantakine BMP-2 Immunoassay uses the same lpagiciple (Sandwich
ELISA). However, a different protocol was appliebhis assay uses a pre-coated
(monoclonal mouse antibody against human BMP-2yv8B-polystyrene microplate.
First, 100ul of pre-made assay diluent RD1-19 vastded to each well. Next, a plate
design was created and 50l of blank (calibratiwedt RD5P), standard or sample, in
duplicates, were added accordingly. The plate wated and incubated for 2 hours at
room temperature on an orbital shaker set to 50@d® per minutes (rpm). During
incubation, BMP-2 within samples or standards wiéswvad to bind to the primary
antibody. Next, plate was aspirated and unboungksmvere removed by washing the
wells three times with 400ul of wash buffer. Aftee last wash, the plate was tapped
against a clean paper towel in order to completatyove the wash buffer. Then, 200ul
of BMP-2 conjugate (monoclonal antibody against BREonjugated to HRP) were
added to the plate. The plate was sealed and itexitf@r 2 hours at room temperature
on an orbital shaker set to 500rpm. Afterwards,wash step was repeated to remove
excess secondary antibody and the substrate golutas prepared. Now, 200ul of
substrate solution were added to the plate angldte was incubated for 30 minutes at
room temperature protected from direct light. HypnabOul of stop solution (1M
sulphuric acid) were added in order to stop theyeyaic reaction. Through addition of
the sulphuric acid, TMB changed its colour fromébto yellow. The optical density at
450nm was measured using a 1420 Multilabel couierkin Elmer, Waltham, MA).
Wavelength correction was set to 570nm in ordexotoect for optical imperfections of
the plate. Blank correction and calculation of tesswas conducted using the Work
Out2 V.2 software (Perkin Elmer, Waltham, MA). IM®-2 concentrations within the
samples were higher than the highest standard Qp¢ddtl), the assay was repeated
using the same protocol. However, samples werdedilin calibrator diluent RD5P
prior to use. Final BMP-2 concentrations were dal@d by multiplying the measured

concentration with the dilution factor.
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2.2.26 TGF$1 enzyme-linked immunosorbent assay.

The Duo Set ELISA Development System for human P&Rises the same basic
principle ("Sandwich ELISA") as both ELISA"s for iman BMP-2 (described in section
2.2.25). First, the capture antibody (mouse antidwa TGFB1l) was diluted to a
working concentration of 2ug/ml in PBS. A 96-wellicnoplate (R&D Systems,
Minneapolis, MN) was coated by adding 100ul of oaptantibody to each well. The
plate was sealed and incubated overnight at roonpdeature. Next, the plate was
aspirated and unbound capture antibody was remioyadashing the wells three times
with 400ul of wash buffer. After the last wash, thlate was tapped against a clean
paper towel in order to completely remove the whsfier. Now, unspecific binding
sites were blocked by adding 300ul of block bufer well. Plate was sealed and
incubated for a minimum of 1 hour at room tempea®tiihe wash step was repeated in
order to remove the reagent diluent. A seven-faahdard curve was created with
2, 000pg of TGH1 per ml as highest and 31.25pg of TEFper ml as lowest
standard. Reagent diluent was used to dilute theesurated standard (220, 000pg/ml).
Next, latent TGF{$1 within the samples was activated. 100ul of samy#es mixed
with 20ul of 1M HCI and incubated for 10 minuteheh, samples were neutralised
with 20ul or 30ul of 1.2M NaOH/0.5M HEPES. A platesign was created and 100ul
of blank (reagent diluent), standard or sample veslged accordingly. The plate was
sealed and incubated for 2 hours at room temperauring incubation, TGB1
within samples or standards was allowed to binthéocapture antibody. The wash step
was repeated to remove unbound samples. Detectibbody (biotinylated chicken
anti-human TGH1) was diluted in reagent diluent to a final coricaion of 300ng/ml
and 100ul were added to each well. Again, plateseased and incubated for 2 hours at
room temperature. Afterwards, the wash step wasatep to remove unbound detection
antibody. Streptavidin-conjugated HRP was dilutedOQ with reagent diluent and
100p! were added to each well. The streptavidirdbito the biotin (on the detection
antibody) with high affinity. Plate was sealed andubated for 20 minutes at room
temperature protected from direct light. Afterwardsish step was repeated in order to
remove unbound streptavidin-conjugated HRP. Thestsalle solution was prepared
which contains TMB and hydrogen peroxide. 100ulensatded to each well.
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The TMB acts as chromogenic substrate for the eezRP. HRP oxidises the TMB
which leads to the formation of a blue producti®laas incubated for 20 minutes at
room temperature protected from direct light. Hynaénzymatic reaction was stopped
by adding 50ul of 1M sulphuric acid to each welhrdugh addition of the sulphuric
acid, TMB changed its colour from blue to yellowh€eloptical density at 450nm was
measured using a 1420 Multilabel counter (Perkimet| Waltham, MA). Wavelength
correction was set to 570nm in order to correctdptical imperfections of the plate.
Blank correction was conducted using the Work OJt2 software (Perkin Elmer,
Waltham, MA). Data were analysed using softwareabégp of 4 parameter logistics
(https:/lwww.readerfit.com). Finally, concentratsoaobtained were multiplied by 1.4 or
1.5 (depending on if 20ul or 30ul of 1.2M NaOH/0.5MEPES were used for sample

neutralisation).
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2.2.27 Biochemical analyses.

2.2.27.1 Quantification of sulphated GAG.

The amount of sulphated GAG, within both culturedimen and scaffolds, was
quantified using the DMMB dye binding assay (Fatadat al., 1986). DMMB is a
metachromic dye for the histochemical detectionsolphated GAG. Proteinase K-
digested samples were thawed at room temperaturé-fédd standard curve was
prepared by diluting the chondroitinsulfate stodkhwPBS. The standard ranged from
2.5ug per well to 0.078ug per well. Next, a platsign was prepared and 20ul of blank
(PBS), sample or standard were added, in duplicatés a Costar 96-well assay plate
(Corning, Life Sciences, Lowell, MA). Now, 200ul BMMB was added to each well.
The absorbance at 535nm was immediately measumeg asl420 Multilabel counter
(Perkin Elmer, Waltham, MA). For quantification &AG from cell culture medium,
the protocol was slightly modified. Serum-free DMBEM&s used to create the standard
curve and used as blank. Further, 50ul of blardqgddrd and sample was used. Blank
correction and calculation of GAG concentration eveonducted using the Work Out2
V.2 software (Perkin EImer, Waltham, MA). For eaion, the GAG concentration per
ml was calculated from the concentrations obtainach either 20ul or 50ul of sample.
The measured values were multiplied by 50 (Prosainid samples) or 20 (medium
samples). Finally, the total amount of GAG in easdmple was calculated by
multiplying the concentration per ml by the corresging volume. If half scaffolds

were analysed, the obtained number was additionallyiplied by 2.
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2.2.27.2 Quantification of cellular DNA.

The total amount of DNA was analysed using the HeeB83258 dye (bisbenzimide)
binding assay (Labarca and Paigen, 1980). The assdased on the ability of
bisbenzimide to bind to the minor groove of DNA. eTlbinding results in an
enhancement of the fluorescence of the dye, whichn cbe detected
spectrophotometrically. This fluorescence is relate the AT content of the DNA
sample. Therefore, it is important to use a DNAdgad with a similar AT content as
the sample which is analysed. Calf thymus DNA wseduas standard (double-stranded
DNA with an AT content of approximately 60%). A 6ld standard curve was prepared
by diluting calf thymus DNA with DPBS. The standamarve ranged from 2, 000ng of
DNA in 40ul of volume to 62.5ng of DNA in 40ul ofolume. A plate design was
prepared and 40ul of blank (DPBS), standard or &amps added in, duplicates, to a
96-well white plate (Becton Dickinson, Franklin lesk NY). Next, a 1pg/ml Hoechst
33258 assay solution was prepared by diluting treesdock with DPBS. 160ul of dye
assay solution were added to each well. The platewrapped in alumina foil, in order
to protect it from direct light, and incubated f80 minutes at room temperature.
Afterwards, the plate was immediately measured @420 Multilabel counter (Perkin
Elmer, Waltham, MA). The following parameters warged: 360 m excitation and
465nm fluorescence emission. Blank correction addutation of DNA concentration
were conducted using the Work Out2 V.2 softwareriReElmer, Waltham, MA).
Finally, the total DNA content in the samples waalcalated. First, the DNA
concentration within 1ml was obtained by multiplyithe measured concentration (in
40ul) by 25. Now, the concentration per ml was ipliéid by the total volume in order
to obtain the total DNA content within the samplédalf scaffolds were analysed, the

obtained number was additionally multiplied by 2.
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2.2.28 Gene expression analyses.

2.2.28.1 mRNA isolation.

TRI samples were thawed at room temperature angd|X#d-Bromo-3-chloro-propane
was added, for every 1ml of TRI reagent initialsed. Samples were mixed vigorously
for 15 seconds and, afterwards, stored for 12 ragat room temperature on an orbital
shaker (Heidolph Instruments, Schwabach, Germany)h wgentle agitation.
Centrifugation steps during mRNA isolation were dwocted using the 5417R
centrifuge (Eppendorf, Hamburg, Germany). Samplesewentrifuged at 12, 000g and
4°C for 15 minutes. This process facilitates phasparation into a lower phenol-
chloroform phase, an interphase and an upper agy#gwmse. The mRNA remains in the
aqueous phase, whereas DNA and proteins are serpeb$ito the organic phase and
interphase. The aqueous phase was transferredrésta Eppendorf tube and mRNA
was precipitated by addition of 250ul of isopropaared 2501 of high salt precipitation
solution, for every 1ml of TRI reagent initially es. Now, samples were stored for 10
minutes at room temperature on an orbital shakerdgiph Instruments, Schwabach,
Germany) with gentle agitation and afterwards c¢rrged for 8 minutes at 4°C and
12, 000g. The high salt precipitation solution wased in order to prevent
contamination of mMRNA samples with polysaccharidesl proteoglycans. After
centrifugation, the supernatant was removed andmRNA pellet was washed by
adding 1ml of 75% ethanol in DEPC water and subsetjcentrifugation for 5 minutes
at 7, 600g and 4°C. Now, the mRNA pellets can beestat -20°C for up to 1 year or
immediately further processed.

Next, mRNA was solubilised. The ethanol was remcaed pellets were allowed to air-
dry for 5 to 10 minutes. Afterwards, mRNA pelletere dissolved in 40ul of DEPC
water by passing the solution through a pipetteTihpen, the mRNA was incubated for
15 minutes at 56°C to achieve complete dissoluti®inally, mMRNA content was
quantified using a ND-1000 spectrophotometer (N&mop, Wilmington, DE). The
purity was assessed by measuring the 260/280 &an2i6®/230 ratio. The 260/280 ratio
was expected to be higher than 1.9. Lower valuesacgginate from contaminating
protein. The 260/230 ratio is expected to be highan 1.6. Lower values can originate

from reagents used during isolation or purificatisuch as chaotropic salts or phenol.
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2.2.28.2 Reverse transcription.

Reverse transcription (RT) was carried out usinggMan reagents (Applied
Biosystems, Carlsbad, CA). These reagents are &xey screened to be RNAse free.
First, a master mix was prepared. It contains 2ul@fold PCR buffer, 4.4ul of
magnesium chloride, 4ul of deoxynucleotide triphadp (ANTP) mixture, 1pl random
hexamers, 0.4ul of RNAse inhibitor (equals to 8s)néind 0.5ul of reverse transcriptase
(equals to 25units). 12.3ul of master mix were ddtie 200ul thermowell tubes
(Corning Incorporated, Corning, NY). Next, 1ug oRMA was added and the final
volume was adjusted to 20ul using DEPC water. Tuféeb provides the pH and ionic
strength which is optimal for RT. Magnesium chleridct as cofactor for the enzyme
reverse transcriptase. The random hexamers areé shgonucleotides of random
sequences that anneal randomly to complementay sit DNA or RNA. They act as
primer for the enzyme reverse transcriptase. Th&RINixture provides the enzyme
reverse transcriptase with the four dNTPs (deoxyasi@e triphosphate,
deoxythymidine triphosphate, deoxycytosine triplh@gp and deoxyguanine
triphosphate) in equimolar ratios. The RNAse infoibivas added to inhibit the activity
of any contaminating RNAse (enzyme that cleaves RNally, the enzyme reverse
transcriptase synthesises cDNA, using the RNA aplte. For RT, a 5700 sequence
detector system (Applied Biosystems, Carlsbad, @Ah the following program was
used: 10 minutes at 25°C for primer incubation, Bhutes at 48°C for RT and
5 minutes at 95°C for inactivation of the enzymeerse transcriptase. Finally, samples
were diluted with 60ul of TE buffer and stored 20>C for long-term storage. If less
than 1pg of mRNA had to be used for RT, the volumhelE buffer was adjusted
accordingly. For example, if only 600ng of RNA wersed for RT, 36ul of TE buffer

were used to dilute the cDNA.
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2.2.28.3 Real-time polymerase chain reaction.

PCR is a technique in molecular biology which igdigo amplify DNA in several
orders of magnitude. It is even possible to stath wne single molecule of DNA as
template. PCR was first described in 1986 by KMuflis (Mullis et al., 1986). Almost
all PCR applications use thermostable DNA polymesas order to amplify DNA
sequences. Further, the four nucleotides (adenotigmidine, cytosine and guanine)
and a short primer sequence are needed. A pringesh®rt sequence of complementary
RNA that binds to the DNA and acts a starting p&ntDNA replication.

Real-time PCR (RT-PCR) is a technique which is ablquantify the initial amount of
template specifically and sensitively. It is bagedthe detection and quantification of
fluorescent reporter dyes. The intensity of thefiscent signal is directly proportional
to the amount of PCR product present within thetiea. The fluorescent signal can be
measured at the end of every PCR cycle and it isitored when it crosses a certain
threshold level, the so-called @alue. Some oligonucleotide primers and probesd us
within this study (see table 2-1), were previoushgigned and validated with our group
using the primer express oligo design software 5/(Applied Biosystems, Carlsbad,
CA). They were synthesised by Microsynth (Balg&hitzerland). For detection of the
remaining genes, the commercial pre-developed Tagiagents (Applied Biosystems,
Carlsbad, CA) were used.

[83]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 2: Materials and Methods

Gene Primer forward Primer reverse Probe (SFAM/3'TAMRA)
human ColIA1 5'-CCC TGG AAA GAA | 5-ACT GAA ACC 5'-CGG GCA ATC CTC GAG
TGG AGA TGA T-3' TCT GTG TCC CTT | CAC CCT-3'
CA-3'
human CollIA1 5'-GGC AAT AGC AGG | 5'-GAT AAC AGT 5'-CCT GAA GGA TGG CTG
TTC ACG TAC A-3' CTT GCC CCA CTT | CAC GAA ACA TAC-3'
ACC-3'
human ColXAl 5'-ACG CTG AAC GAT | 5-TGC TAT ACC 5'-ACT ACC CAA CAC CAA
ACC AAA TG-3' TTT ACT CTT TAT | GAC ACA GTT CTT CAT
GGT GTA-3' TCC-3'

human Aggrecan

5'-AGT CCT CAA GCC
TCC TGT ACT CA-3'

5'-CGG GAA GTG
GCG GTA ACA-3'

5'-CCG GAA TGG AAA CGT
GAA TCA GAA TCA ACT-3'

human Runx2

5'-AGC AAG GTT CAA

5-TTT GTG AAG

5'-TGA AAC TCT TGC CTC

(cbafl) CGA TCT GAG AT-3' ACG GTT ATG GTC CAC TCC G-3'
GTC AA-3'
human Sp7 5'-CCT GCT TGA GGA | 5'-GGC TAG AGC 5'-TCC CCT GGC CAT GCT
(Osterix) GGA AGT TCA-3' CAC CAA ATT GAC GG-3'
TGC-3'
human BMP-2 5'-AAC ACT GTG CGC | 5'-CTC CGG GTT 5'-CCA TGA AGA ATCTTT
AGCTTC C-3' GTT TTC CCA C-3' | GGA AGA ACT ACC AGA
AAC TG-3'

Table 2-1: Self-designed forward primers, reverse nimers and probes used for RT-PCR. The
primers and probes were designed and validated with our group using the primer express design
software V.1.5 and were synthesised by Microsynth.

The self-designed probes contain a fluorescent(Ef®1) at the 5' end and a quencher
dye (TAMRA) at the 3' end. When the probe is intdbe fluorescent dye and the
guencher dye are in close proximity. Therefore, wexcited, the fluorescence of FAM
is guenched by a phenomenon called fluorescenoeaase energy transfer. The probe
binds to the DNA between forward and reverse pram@&uring amplification of the
DNA, the DNA polymerase cleaves the probe throdglh'i exonuclease activity. Now,
the fluorescent dye at the 5' end is released fr@DNA and thereby separated from
its quencher. Hence, the fluorescent dye is nove &blemit fluorescence and this
fluorescence can be detected. For RT-PCR, a magtevas prepared first. For every
reaction, 10ul of TagMan gene expression masterwmais mixed with 1ul of 20-fold
pre-developed TagMan assay reagent or 2ul of ID-fwimer/probe mix and 7ul
(TagMan reagents) or 6ul (self-designed primers @rubes) of DEPC water. Final
concentrations, for self-designed primers and mplere 900nM for forward primer
and reverse primer and 250nM for probe. 18ul ofterasx was added to a thermo-fast
96 PCR detection plate (Thermo Fischer ScientiigJtham, MA).
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Afterwards, 2ul of cDNA was added resulting in aafireaction volume of 20ul. The
plate was covered with absolute QPCR seal (Thensahér Scientific, Waltham, MA)
and briefly centrifuged (impulse up to 800g) usthg Rotanta 46 centrifuge (Hettich,
Tuttlingen, Germany). RT-PCR was conducted usiregg #6500 real time PCR system
(Applied Biosystems, Carlsbad, CA). The followingpgram was used: 95°C for 10
minutes to activate DNA polymerase, followed by cy@les of amplification at 95°C
for 15 seconds (denaturation) and 60°C for 1 mirfatenealing and extension). Gene
expression was detected at the end of every c§¢halues were automatically derived
using the 7500 system software V. 1.4 (Applied Bstsms, Carlsbad, CA). Gene
expression analyses were conducted using the cathmaAAC; method. Eighteen s
ribosomal RNA (18s rRNA) was used as internal cadnffor evaluation, first thaC;
value for each sample was calculated by subtra¢tiagcorresponding (@alue of the
house keeping gene (18s rRNA) from thev@lue of the gene of interest. Next, the
AAC; value was calculated. Therefore, the v@lue of the reference sample was
subtracted from the\C; value of each sample. Finally, the n-fold changegyéne
expression, relative to the reference sample, waieilated using the formula 2.

2.2.29 Histology and Immunohistochemistry.

2.2.29.1 Cryo-sectioning of fibrin-PU scaffolds (ked).

First, scaffolds were transferred to 5% SucroseB% and incubated overnight at 4°C.
This step allows the replacement of methanol afilfration of the porous scaffold with

the viscous, isoosmolar solution. On the next dagffolds were transferred to O.C.T
compound and incubated for at least 20 minutes@nrtemperature. Now, they were
placed centred on a specimen holder, embeddedGrnr@ompound and frozen in the
HM 560 cryostat microtome (Carl Zeiss AG, Oberkoth&ermany). Once the

scaffolds were completely frozen, sections were therefore, the specimen was put
behind a N35HR microtome blade. Samples were trichi@®pum) until a smooth

scaffold surface was visible. Now, 12um sectionsewait. Consequently, the sections
were placed on superfrost plus microscope slides $ections per slide). Finally, slides

were stored at -20°C until histological or immurstbchemical analysis.
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2.2.29.2 Cryo-sectioning of pellets (unfixed).

For harvesting (section 2.2.21), pellets were dnagen in O.C.T compound and stored
at -80°C. For sectioning, they were directly placemtred on a specimen holder and
sections were cut as described in section 2.2.Biéfly, the specimen was put behind
a N35HR microtome blade and samples were trimmédr® until a smooth surface
was visible. Afterwards, 10um sections were cut sextions were placed on superfrost
plus microscope slides (two sections per slide)aly, slides were stored at -20°C until
histological or immunohistochemical analysis. S&utig of pellets was done by Oliver

Gardner, AO Research Institute Davos, AO Foundafl@mvos, Switzerland.
2.2.29.3 Safranin-O/Fast Green staining.

Safranin-O is a cationic dye that can be usedato sicidic proteoglycans. When bound
to proteoglycans, it shows an orange colour. FaseGis used as contrast stain for
Safranin-O. It is an acidic substrate that contairgilphate group, which binds to the
amino group of proteins and stains them greent,Figles were allowed to acquire
room temperature. Now, unfixed samples were fix@dlf minutes in 70% methanol.

For already fixed samples, O.C.T compound was rexhdwy washing the sample in
distilled water for 10 minutes. The water was cleghgvery 2-3 minutes. Afterwards,
the nuclei of the cells were stained black with yéei’s iron haematoxyline (for 12

minutes). Consequently, a step called "blueing" ttabde conducted as they dye itself
does not develop a colour unless it has reacted wms. Therefore, slides were
incubated in normal tab water (contains ions) forminutes. The water was changed
every 2-3 minutes. Subsequently, slides were rirveildl distilled water and sections

were stained for 6 minutes in the Fast Green wgrkmiution. Next, slides were briefly

put (10-15 seconds) in 1% acetic acid. Afterwartie, sections were stained for 6
minutes with the Safranin-O working solution. Thaoar ratio between the two dyes
was differentiated by incubating the slides in 968#tanol for two minutes. Now, slides
were completely dehydrated by incubation in 100#aetl for a minimum of two

minutes and subsequent transfer to fresh 100% eitf@mat least another 2 minutes.
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For cover-slipping, slides were transferred tormdlthood and incubated in xylene for a
minimum of two minutes. Then, they were transfertedfresh xylene and again
incubated for a minimum of two minutes. Sectionsem@ounted using Eukitt® quick-
hardening mounting medium. A crucible was useddeec pellets or scaffolds with
mounting medium. Next, they were carefully covepsd. Polymerisation of the
mounting medium was induced by incubation for 1 rhat 37-40°C on a heated
stretching table (Medite Medizintechnik GmbH, Buoggd Germany). Next, the
polmyerisation process was allowed to finish byulmating the samples for a minimum

of 12 hours at room temperature.

Technical assistance during Safranin-O/Fast Gréamiisg was provided by Nora
Goudsouzian, AO Research Institute Davos, AO FatimlaDavos, Switzerland.

2.2.29.4 Immunohistochemistry.

For immunohistochemistry, three different primanyilbodies were used (see table 2-2).
Namely, these were the 1-C-6 antibody for the agayrgorotein, the CIICI antibody for
the Col Il protein and the Col-10 antibody for t@Gel X protein. The 1-C-6 antibody
detects the hyaluronic acid binding region at theeiinal end of proteoglycans. The
CIICI antibody detects the Col Il protein in hyalaidase-treated samples. The Col-10
antibody specifically detects native and denat@ebX protein.

Antigen Blocking reagent Primary antibody Secondaryantibody

[N

1-C-6, monoclonal | Concentrated, biotinylate
Hyaluronic acid 1:20 diluted IgG2a mouse anti-rat,| horse anti-mouse IgG,

binding region normal horse | cross-reacts with human, diluted to 7.5ug/mi

serum 8.167ug/mi in PBS-T
CIICI, monoclonal IgG | Concentrated, biotinylated
1:20 diluted mouse anti-chicken, horse anti-mouse IgG,
Col ll normal horse | cross-reacts with human, diluted to 7.5ug/mi
serum 1.67pg/ml in PBS-T

o

Col-10, monoclonal IgM Concentrated, biotinylate
Native and 1:20 diluted mouse anti-porcine, horse anti-mouse IgG,
denatured Col X  normal horse | cross-reacts with human, diluted to 7.5ug/ml

serum 0.5pg/ml in PBS-T

Table 2-2: Overview of the primary antibodies, seawdary antibodies and the blocking reagent
which were used for immunohistochemistry.
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Before immunohistochemical analysis, sections vpeeetreated as described in section
2.2.29.3 (fixation or removal of O.C.T compoundprFeach group, one section was
treated with the corresponding primary antibodyttlver, one sections per group was
treated as negative control. As the CIICI and th@-1D antibody have the same

enzymatic pre-treatment and the same secondaiyodyti the negative control section

could be used for both antibodies. For the 1-Cifbady (reduction and alkylation step

plus a different enzyme pre-treatment), an addai@ection per group was treated and
used as negative control. For detection of the exgggr protein, samples had to be
reduced and alkylated (breaks and stabilises digigpbonds) prior to the treatment
with the primary antibody. This was necessary ieorto expose the epitope which is
recognised by the 1-C-6 antibody. Pre-treated estwere first incubated for 2 hours
at 37°C in 10 mM DTT (reduction step). Afterwardisey were transferred to 40 mM

iodoacetamide and incubated for 1 hour at 37°Cs ®iep alkylates and thereby
stabilises the reduced (broken) disulphide boukdwlly, slides were transferred to a

"moist chamber" and stored overnight at 2-8°C.

For immunohistochemical labelling, slides were \ald to acquire room temperature.
Next, they were incubated for 30 minutes in 0.3%opielase in 100% methanol. This
step is necessary to block endogenous peroxidéséyawhich could otherwise lead to
false positive results (the DAB detections systesnpéroxidase based). Then, slides
were allowed to completely air-dry and a Dako paswsed to draw a hydrophobic
border around the scaffolds/pellets. This procedianees material and prevents drying
of the sections. Now, slides were washed for 2 mibutes in PBS-T. PBS-T was
always changed in between washes. This step retegithe section and further
reduces the surface tension on the slides. Allbatian steps (with enzyme, blocking
reagent, antibodies, AB complex and DAB solutiongrev conducted in a "moist
chamber". Subsequently, sections were treated3@minutes at 37°C, with either
0.025units/ml of chondroitinase AC (1-C-6) or 0.@ks/ml of hyaluronidase (CIICI
and Col-10).
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The chondroitinase AC degrades chondroitines A @rehd exposes the epitope onto
which the 1-C-6 antibody binds. The hyaluronidagérblyses linkages in hyaluronate,
chondroitin and dermatan. This dissociates the EGfvhative tissue and tissue-
engineered constructs and is a requirement fobitnding of the CIICI and the Col-10

antibody. After enzyme treatment, slides were wddioe 3 x 5 minutes in PBS-T in

order to remove enzyme and thereby stop the enaymeatction. Up next, slides were
blocked, for a minimum of 1 hour at room temperatuvith 150ul diluted normal horse
serum. This step masks non-specific binding sites$ thereby prevents non-specific
binding of the secondary antibody. The appropridteking diluent always has to be
chosen according to the species in which the sesgnéntibody was raised.

Afterwards, serum was removed (no wash step) amdltdes were treated with 150ul
of diluted primary antibody or PBS-T (negative coig) and incubated for 30 minutes
at room temperature. Now, slides were washed fér rBinutes in PBS-T in order to

remove any non-specifically bound primary antibo@ligen, slides were incubated with
150 pl of diluted secondary antibody for 30 minudésoom temperature. Again, slides
were washed for 3 x 5 minutes in PBS-T in ordertoove any non-specifically bound

secondary antibody.

The "Vectastain elite ABC kit mouse IgG" and thenthPACT DAB peroxidase
substrate" were used as detection system. Slidestveated with 150ul of AB complex
and incubated for 30 minutes at room temperatune dvidine in the AB complex
binds with high affinity to the biotinylated secarg antibody. Further, the AB
complex contains biotinylated HRP. Avidine has landing sites for biotin and can
thereby enhance signal intensity. After the 30 n@nmcubation step, the antigen is
effectively labelled with HRP. Now, the slides wevashed for 3 x 5 minutes in PBS-T
in order to remove any excess AB complex. ThereafteOul of DAB working solution
were added to each slide and they were incubated foinutes at room temperature,
protected from direct light. The "ImmPACT DAB perdase substrate” is a new
diaminobenzidine based peroxidase substrate whocmsf a brown substrate in a
reaction which is catalysed by the enzyme HRP.okWolflg incubation with DAB, the
slides were washed for a minimum of 10 minutesistilted water. The distilled water

was changed every 2-3 minutes.
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Now, the cell nuclei were counterstained for 1508€s with haematoxyline according
to Mayer. The haematoxyline was filtered prior ®euSubsequently, "blueing” was
conducted for a minimum of 5 minutes as describeserction 2.2.29.4. Before samples
were ready for cover-slipping, sections were dehtgdf in a graded series of ethanol
with increasing concentrations (50%, 70%, 96%, 1088d again 100%). Minimum

incubation time for each ethanol concentration ®awinutes. Finally, samples were

transferred to xylene and cover-slipped in a furmedhas described in section 2.2.29.3.

Technical assistance during immunohistochemistry pravided byNora Goudsouzian,
AO Research Institute Davos, AO Foundation, Dag%egizerland.
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2.2.30 Microscopy.

Image acquisition was conducted with the Axioplam&roscope, the AxioCamHR
camera and the Carl Zeiss AxioCamHR V.5.07.03 swoftw(all Carl Zeiss AG,

Oberkochen, Germany). For visualisation of fluoesgclabels in the co-culture of
hMSCs and hACPCs experiment, images were takenanitital magnification of 12.6
(0.63 x from the camera and 20 x from the lensk Td¢llowing channels were used;
DAPI (for cell nuclei stained with DAPI), FITC (fd?PKH67-labelled hMSCs) and Cy3
(for PKH26-labelled hACPCs). Before image acquisifi cell nuclei were labelled,
using the ProLong® antifade reagent with DAPI, amaver-slipped. This step was
conducted by Nora Goudsouzian, AO Research Instidatvos, AO Foundation, Davos,

Switzerland.

In the effect of dorsomorphin on hMSC hypertrophydy, for visualisation of
Safranin-O/Fast Green staining, aggrecan proteimunolabelling, Col Il protein
immunolabelling and Col X protein immunolabellirig bne donor? age 24), images
were taken with a total magnification of 3.15 (068om the camera and 5 x from the
lens). In the same experiment, for visualisatiol©of X protein immunolabelling in the
other two donors, a total magnification of 6.3 @x6from the camera and 10 x from the
lens) was used. For visualisation of Safranin-Q/areen staining, aggrecan protein
immunolabelling, Col Il protein immunolabelling ai@bl X protein immunolabelling,
in the co-culture of hMSCs and hACPCs experimengges were taken with a total
magnification of 6.3 (0.63 x from the camera andxlffom the lens). Images were
taken by Dr. Martin Stoddart, AO Research InstitD#@vos, AO Foundation, Davos,

Switzerland.
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2.2.31 RayBio human cytokine antibody array G-sere

In order to analyse the secretome of hMSCs and I@SCEhe RayBio human cytokine
antibody array G-series was used. With this assay,possible to detect 174 different
cytokines (secreted cell-cell signalling proteifie)n medium samples at the same time.
The assay uses three different sub-arrays named&-A, G-Array 7 and G-Array 8.
Each array is able to detect 60 (G-Array 6 and GxAi7) or 54 (G-Array 8) different
cytokines in one well. The different array maps banfound in the appendix (section
A 3). For analysis, only the 48 hours samples waken. This decision was based on
the observation that cells started to change tpkenotype (they rounded up) and
further began to die between the 48 and the 72 hiow-point, under serum-free
conditions. The basic principle of the RayBio huntgtokine antibody array G-series
assay is similar to a "Sandwich ELISA" and sumneatis figure 2-6.

o~ c
Array support ' A Bbhx Samples
—_—

‘ ®
Incubation of Sample

W’\I with arrayed antibody
— supports

Cocktail of >

Biotin-Ab x’( ’( ‘

XX
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—
streptavi 8
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o' d labeled-Streptavidin
—
Lo w7 re-amu
‘ signals

— Data analysis
— and graph

Figure 2-6: Basic principle of the RayBio human cytkine antibody array.

The array is pre-coated with different primary antibodies against specific
cytokines. Samples are incubated and the respectiaytokine, within the

sample, binds to its corresponding primary antibody Then, a mix of
biotinylated specific secondary antibodies is addednd they bind, using a
different epitope, to their respective cytokine (wkch is bound to the
primary antibody). Next, labelled (HiLyte Plus Fluor 532) streptavidin is

added which specifically binds to the biotin on thesecondary antibody.
Finally, the signal can be obtained by a laser scaer using the Cy3
channel. Image adapted from the official user manuaprovided by

RayBiotech.
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First, sub-arrays were allowed to acquire room &apire and subsequently air-dried
for 2 hours in a laminar-flow hood. Next, 100ul bf blocking buffer was added to
each well and incubated for 30 minutes at room tFatpre. All incubation and wash
steps were conducted with gentle agitation (30rpm)an orbital shaker (Heidolph
Instruments, Schwabach, Germany). In the meantsamples were centrifuged for
10 minutes at 12, 000rpm using the 5417R centrifiggoendorf, Hamburg, Germany).
The blocking buffer was completely removed and 10ffpsample was added to each
sub-array. Now, chambers were covered with adhdseand incubated overnight at
4°C with gentle agitation. On the next day, samplese completely removed and
chambers were washed. Therefore, 150ul of waskeblifivere added to each well and
incubated for 2 minutes at room temperature. Wasdfebwas changed and fresh wash
buffer was added to each well. This procedure wagated once for a total of three
washes. Now, chambers were transferred to a clgaette tip box and completely
submerged in wash buffer 1. They were washed fomiifutes at room temperature.
The wash buffer was changed and the wash stepepaated once. Next, the chambers
were transferred to a new clean pipette tip boxthedwo 10 minute wash steps were
repeated using wash buffer 2. Afterwards, washebuffas completely removed and
70ul of Biotin-conjugated anti-cytokines were addecach well on the corresponding
sub-arrays. Chambers were covered with adhesiwe ditd incubated for 2 hours at
room temperature. Now, Biotin-conjugated anti-cytels were completely aspirated
and the wash steps (using both wash buffer 1 awie®® repeated as described above.
Subsequently, 70ul of 1x Streptavidin-Fluor wereletl to each well, the chambers
were covered with adhesive film, wrapped in alunfwif and incubated for 2 hours at
room temperature. Next, 1x Streptavidin-Fluor wampletely removed and the wash
steps were repeated as described above. After mggdthie glass slides were removed
from their frames and transferred to a 30ml Faltedre containing glass slide holders
(included in the kit). The tube was filled with waduffer 1 and incubated for
10 minutes at room temperature. The wash buffer demsinted and replenished with
fresh wash buffer 1. Again, the slides were incebafor 10 minutes at room
temperature. Hereafter, slides were gently rinsid MilliQ water and transferred to a
new 30ml Falcon tube containing glass slide holdersrder to remove water droplets,
the slides were centrifuged for 3 minutes at 1rP@80using the Rotanta, RP centrifuge
(Hettich, Tuttlingen, Germany).
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The slides were protected from direct light andwéd to air-dry (at least 30 minutes)
in a laminar-flow hood. Finally, they were sentTelP Medical Products Vertriebs
GmbH (Vienna, Austria) for laser scanning and pssogy of the raw data. Background
normalisation was conducted by subtracting the oredsvalue of the negative control
sample from each sample. The negative control spogs printed with a protein
containing buffer and detect unspecific binding @fher biotin-conjugated anti-
cytokines and/or Streptavidin-Fluor. The data wafeerwards expressed as n-fold
signal intensity compared to positive control sasp{know amount of biotinylated
IgGs which are printed directly onto each arraygy. final analysis, one medium sample
of the 48 hour time-point for each donor was uddte processed raw data, obtained
from THP Medical Products Vertriebs GmbH (Viennas&ia), were normalised to the
DNA content of the respective sample. The averdd®th samples was calculated for
both the hMSC and the hACPC group. In order towtated n-fold differences between
both groups, the average of the hMSC group was aled to the average of the
hACPC group. As suggested by the manufacturer)chdbanges higher than 2 were
considered as higher cytokine content in hMSCs mfiold changes lower than 0.5

were considered as lower cytokine content in hMSCs.
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2.2.32 Statistical analyses.

Statistical analysis was performed with the SPS8wsace package V.19 (IBM,
Armonk, NY).

For the enhanced adenoviral transduction in 3Dys{pdrt of chapter 3), normality of

each group was tested with the Shapiro-Wilk testvene's Test of equality of error
variances was conducted to test for equal variabeggeen groups. The significance of
differences between the groups was tested withnergk linear model and repeated
measures analysis of variance with a Games Howmdt-Roc analysis for unequal

variances. These particular analyses were carngdbg Dr. Martin, AO Research

Institute Davos, AO Foundation, Davos, Switzerland.

For the effect of Rv.BMP-2 transduction on hMSCsimy monolayer proliferation

study, the timed Ad.BMP-2 transduction study (bp#nt of chapter 3) and the effect of
dorsomorphin on hMSC hypertrophy (chapter 5) studymality of each group was
tested with the Shapiro-Wilk test. Levene's Testeqtiality of error variances was
conducted to test for equal variances between gtolipe significance of differences

between the groups was determined with an indeperséenples t-test.

For the Ad.BMP-2 and load study (chapter 4) and&A6®C and load study (chapter 7),
normality of each group was tested with independsnhples Kruskal-Wallis test.
Levene's Test of equality of error variances wasdoeated to test for equal variances
between groups. The significance of differencesveen the groups was determined
with a general linear model analysis of variancthvai Games Howell Post-hoc analysis
for unequal variances. For the gene expressiorysaml data transformation by natural
logarithm was applied to normalise skewed data.

For the co-culture of hMSCs and hACPCs study (@raP}, normality of each group
was tested with the independent samples Kruskali$\takt. Levene's Test of equality
of error variances was conducted to test for egaslances between groups. The
significance of differences between the groups determined with a general linear
model analysis of variance with a Games Howell fhost analysis for unequal

variances.

For each chapter, all descriptive results are eittisplayed as mean * standard
deviation or mean + standard deviation. Signifieawas defined gs< 0.05.
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Chapter 3: Viral gene transfer.

3.1 Effect of Rv.BMP-2 transduction on hMSCs duringmonolayer
proliferation — introduction.

Retroviruses (family:retroviridea) belong to the so-called RNA viruses. As a
consequence, their genome has to be converted £oliaffore it can be integrated into
the host genome. This process is mediated by thgmenreverse transcriptase. Figure

3-1 outlines the life-cycle of a wild-type retrovs.

Infectious
Virus

Fusion
and Entry

Reverse Transcription

Figure 3-1: Life-cycle of a wild-type retrovirus. The life-cycle starts with the receptor-mediated
entry of the retrovirus into the cytoplasm of the tost cell. Now, viral RNA is reverse transcribed
into DNA. This process is mediated by the viral erarled enzyme reverse transcriptase. Next, the
DNA copy enters the nucleus and is integrated intthe host genome. This process is mediated by
the viral encoded enzyme integrase. The transcripihal and translational machinery of the host cell
then produces viral RNA and proteins. Finally, newviral particles are formed in the cytoplasm
which then leave the host cell through budding fromthe cell membrane. Figure adapted from
http://www.home.ncifcrf.gov.
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The life-cycle starts with the entry of the retma into the cytoplasm of the host cell.
This entry is mediated through interaction of vieavelope proteins and a receptor on
the membrane of the host cell. Now, the genoméefvirus is converted into DNA.

This process is mediated through the viral encaeletyme reverse transcriptase. The
DNA copy enters the nucleus of the host cell antélgrates into the host genome. Once
integrated, the viral genome is steadily transmiitte subsequent cell generations. This
so-called provirus exploits the host cells tramd@rnal and translational machinery for

the production of viral RNA and proteins. Finalhgw viral particles are assembled in

the cytoplasm and leave the host cell through mgltfom its membrane.

Early retroviral vectors, for gene therapy applmas, were based on the MMLV. This
kind of virus is only able to infect dividing cellas it cannot cross the nuclear
membrane (Miller et al., 1990). In retroviral gerensfer vectors, almost all viral genes
are deleted. Only genes necessary for packaginqRiiv& genome into the capsid,
reverse transcription and integration remain. A-reepiisite for the production of
retroviral vectors is the so-called packaging célie packaging cell provides crucial
viral genes (gag, pol, env) tnans. Thus, no infectious viral particles can be prastic
in the absence of the packaging cell. This featnoeeases the safety of retroviral
vectors for gene therapy applications. Howevetthase viruses are integrated into the
host genome, the risk of insertional mutageneseves present. Once cells have been
transduced with most first generation retrovirattees, the expression of the transgene
product is constitutively active. It is permanenglyoduced, at a certain rate. Its
production cannot be exogenously controlled (with ¢éxception of inducible retroviral
vectors) and is neither dependent on its concémtrator on a specific physiological
demand. Retroviral vectors are frequently usedgtae transfer in basic research and
represent an effective way to provide the sustaidelivery of bioactive factors
(explicitly reviewed in: (Hu and Pathak, 2000)).eTmaximum packaging capacity of
these vectors is 8 kilo-bases (kb) (Thomas e2@03).
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For basic research applications, cells that haes beansduced with retroviral vectors
ex vivo are usually further amplified for a period of timEhis amplification step is
carried out in order to obtain sufficient cell nuend for the given experimental setup.
The gene of interest generally encodes for a hwmadactor and control cells are
usually transduced with a retroviral vector expirggs non-bioactive factor, such @s
galactosidase or enhanced green fluorescent pr(eiroda et al., 2006; Salzmann et
al., 2009). As most retroviral vectors are constily active, the cells are already
exposed to the transgene product during the initimnolayer proliferation step.
However, its effect on the cells during this steprarely, if ever, investigated. It is
natural to assume that bioactive transgene produdlsinfluence the cells during
proliferation. Further, stem/progenitor cells arartjgularly sensitive to bioactive
stimuli. Therefore, the current study wanted to estigate if transduction with
Rv.BMP-2 influences the gene expression profile dfISCs during monolayer
proliferation. Rv.eGFP was used as control vecitie transgene expression of both
vectors was driven by the MMLV 5°LTR. Further, itasv evaluated if retroviral
transduction or exposure to 8ug/ml of "Polybrendtera the phenotype or the
proliferation rate of hMSCs. "Polybrene" is routyneused to enhance retroviral
transduction efficiency. Therefore, cells exposed 8ug/ml of "Polybrene” were
compared to naive cells. Further, Rv.BMP-2 and 8FR transduced cells were
compared to mock-treated cells. Finally, the effe€texposure to 100ng/ml of
exogenous BMP-2, on the gene expression profilehfSCs during monolayer
proliferation, was investigated. This work was psiéd in the Electronic Journal of

Biotechnology (Neumann et al., 2013b).
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3.2 Effect of Rv.BMP-2 transduction on hMSCs duringmonolayer

proliferation — results.

The experiment was independently repeated withs deim 4 donors { age 81,
Q age 55 age 56 and’ age 54). Three samples for every treatment groene wsed.
The mock-treatment control has only been condugtgd cells from three donors
(? age 55,4 age 56 and? age 54). Population doublings after cryopreseovatiere

not tracked within this experiment.

Additionally, the effect of recombinant human BMPe2 exposure to 8ug/ml of
"Polybrene”, on monolayer-expanded hMSCs, was maedtin one donord{ age 56).
Triplicate samples were carried out in each group.

In two out of four donors{ age 56 and'age 54), 1ml of medium was collected on day
2, 4, 6 and 7 after transduction with Rv.BMP-2. Thedium was stored at -20°C for

subsequent quantification of BMP-2 concentration.
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3.2.1 Exposure to 8ug/ml of "Polybrene" for 2 hourshas no effect on

hMSC phenotype or confluency.

In order to exclude the possibility that exposwr&jig/ml of "Polybrene™ has a negative
effect on hMSCs (such as an altered phenotyperedaced confluency), cells in the
treated group were exposed to 8ug/ml of "Polybreime0.5ml of medium, for 2 hours.
Control cells were cultured in 0.5ml of medium with addition of "Polybrene".
Afterwards, an additional 2.5ml of medium was added cells were cultured overnight
under standard conditions. Next, the medium wasgdé and cells were cultured for a
total of 10 days with additional medium changesday 3 and day 6. Cells were
regularly monitored and images were taken at dayd gnd 6 after exposure to
"Polybrene”. For image acquisition, an Axiovert Bticroscope (Carl Zeiss AG,
Oberkochen, Germany), the Axiovision V.4.8 softw@@arl Zeiss AG, Oberkochen,
Germany) and a total magnification of 100 (10 xrirthe microscope and 10 x from the
lens) were used. There were no obvious differemcplenotype or confluency between
both groups. At day 1, cells were about 90% comfia the side of the wells and about
60% confluent in the middle of the wells. At dayaBd day 6, cells were 100%
confluent in both groups. The cells exposed to 8jigif "Polybrene” showed the
normal elongated, fibroblastic phenotype of hMSO#ere were no detectable
differences between the side and the middle ofwhk#s. Images of representative
samples can be found in the Appendix (section AAfder 10 days, cells were still
100% confluent and there were no obvious differsrimsween conditions. As a result,

the experiment was stopped and samples were destard
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3.2.2 Neither hMSC phenotype nor confluency is aftéed by retroviral

transduction.

Next, the effect of retroviral transduction on hM$®@enotype and confluency was
examined. Hence, Rv.eGFP transduced hMSCs, Rv.BMfisduced hMSCs and
mock-treated hMSCs were compared. The cells wagelady monitored and images
were taken at day 3, 5, 7 and 8 after treatment.irkRage acquisition, an Axiovert 25
microscope (Carl Zeiss AG, Oberkochen, Germanyg, Alxiovision V.4.8 software
(Carl Zeiss AG, Oberkochen, Germany) and a totaymifigation of 100 were used.
After 8 days, cells were sub-confluent and hande$be gene expression analyses. In
three out of four donorsp(age 553 age 56 and age 54), no obvious differences in
phenotype or confluency, between the different gspwas observed. Albeit, cells of
one donor ¢ age 81) responded differently after retrovirahg@duction. Within this
particular donor, the cellular phenotype was chdnged they were less confluent,
when compared to control cells. Representative @safyjom the three matching donors,
can be found in the Appendix (section A 2).
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3.2.3 BMP-2 production, in the two Rv.BMP-2 transdged hMSCs
donors that were investigated, starts between day 4nd day 6 of

culture.

Moreover, it was essential to confirm that Rv.BMRransduced hMSCs produced
detectable amounts of BMP-2 during monolayer peadifion. Therefore, 1ml of
medium was collected at day 2, 4, 6 and 7 afteBRW¥R-2 transduction and the
concentration of BMP-2 was quantified using the [3& ELISA Development System
for human BMP-2. Cells from two different donors reveused for this analyses
(& age 56 [Pat 28] and age 54 [Pat 34]). Results are displayed in fig#& Control

cells, which were transduced with Rv.eGFP, did paoiduce detectable levels of

BMP-2. Therefore, they were not included in figGe&.

4 ~
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Figure 3-2: BMP-2 concentration within the culture medium of Rv.BMP-2 transduced hMSCs.
hMSCs were transduced with Rv.BMP-2 and, subsequelgt cultured in monolayer until they
reached 70-80% confluency. The medium was changedae, after 3 days. One ml of medium
was collected at day 2, 4, 6 and 7 after Rv.BMP-2ansduction. BMP-2 concentration within the
culture medium was determined using a quantitativeELISA kit for human BMP-2. The
experiment was conducted with cells from two donorgmale age 54 [Pat 28] and male age 56
[Pat 34]). Results are derived from single samplgger time-point, as only one tissue culture flask
per donor was cultured.

During the first four days of culture, medium BMRe¥els were below 0.05ng/ml for
both donors (Rv.BMP-2 transduced). After day 4, tbacentration of the transgene
product started to rise. It peaked at 3.19ng/mt @aon day 6) respectively 4.28ng/mi
(Pat 28 on day 7).
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3.2.4 The gene expression profile of Rv.BMP-2 tradsced hMSCs is

altered during monolayer proliferation.

Next, it was determined if Rv.BMP-2 transductioteed the gene expression profile of
hMSCs during monolayer proliferation. Therefores gene expression of Rv.eGFP and
Rv.BMP-2 transduced hMSCs was compared. Gene esipresvas monitored using
RT-PCR and the comparative\C; method. 18s rRNA was used as endogenous control.
The gene expression of Rv.BMP-2 transduced cells warmalised to the gene
expression of Rv.eGFP transduced cells. N-fold gharin gene expression, between
groups, were calculated for the genes Col I (fitastic marker), Col X (hypertrophic
marker), aggrecan (chondrogenic marker) and Ruog&@genic marker) (figure 3-3).

Col I message was not detected and, thereforenolitded in figure 3-3.
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Figure 3-3: Relative gene expression of Rv.BMP-2 ansduced hMSCs after monolayer
proliferation. Gene expression analyses were condigd using the comparativeAAC,; method for
genes Col I, Col X, aggrecan and Runx2. 18s rRNA waused as an internal control. Rv.eGFP
transduced hMSCs were used as calibrator. Results) n-fold changes in gene expression compared
to Rv.eGFP transduced cells, are displayed as aveya + standard deviation. The experiment was

repeated with cells from four donors with n =3k ignificantly different from Rv.eGFP transduced
hMSCs (p <0.05).
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Col | expression and Runx2 expression were alngesttical in both cell populations.
The hypertrophic marker Col X displayed a trendamig a down-regulation in gene
expression (45.98% + 29.43%), when compared to G™fetransduced hMSCs. Yet,
this trend did not reach significance. On the otend, the chondrogenic marker gene
aggrecan was the only gene investigated that wasgidated in Rv.BMP-2 transduced
cells. Its expression level was significantly eledaalmost 9-fold (864% + 365%,

p=0.004), when compared to Rv.eGFP transduced cells.

3.2.5 Exposure to 100ng/ml of recombinant human BMR alters the

gene expression profile of hMSCs during monolayerrpliferation.

Finally, the effect of exposure to 100ng/ml of egongus recombinant human BMP-2,
on the gene expression profile of hMSCs during neyey proliferation, was

examined. hMSCs were cultured for two weeks in Ms@vth medium. Additionally,

cells were either exposed to 100ng/ml of recomkihaman BMP-2 or left as untreated
controls. After 2 weeks, cells were harvested inl TEagent and gene expression
analyses were conducted using the comparativMe; method. 18s rRNA was used as
endogenous control. The gene expression of hMS&ppsed to 100ng/ml of

recombinant human BMP-2, was normalised to the gepeession of untreated control
cells. N-fold changes in gene expression, betwedm ¢ell populations, were calculated
for the genes Col | (fibroblastic marker), Col Xygertrophic marker), aggrecan
(chondrogenic marker) and Runx2 (osteogenic maskiggre 3-4). Col Il message was

not detected and, therefore, not included in figgwe
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Figure 3-4: Relative gene expression of hMSCs whiclhnave been exposed to 100ng/ml of
recombinant human BMP-2 for 14 days, during monolagr proliferation. Gene expression analyses
were conducted using the comparativdA C; method for genes Col I, Col X, aggrecan and Runx2.
18s rRNA was used as an internal control. Control alls cultured in hMSCs growth medium,
without exogenous BMP-2, were used as calibrator. d8ults, in n-fold changes in gene expression
compared to control cells, are displayed as average standard deviation. The experiment was
conducted with cells from one donor with n=3k sigificantly different from Rv.eGFP transduced
hMSCs (p <0.05).

For the genes Col | and Runx2, no significant défees between hMSCs, which have
been exposed to 100ng/ml recombinant human BMmR@ cantrol cells were detected.
The gene Col X was significantly down-regulatedthiese cells. Its expression level
reached only 41% + 2.5% of control cells=0.001). By contrast, aggrecan gene
expression was markedly and significantly increasetiIMSCs exposed to 100ng/ml
recombinant human BMP-2, when compared to contlié.cCAn up-regulation of over
1000-fold (1029 + 45-foldp=0.001) was detected.
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3.3 Effect of Rv.BMP-2 transduction on hMSCs duringmonolayer

proliferation — discussion.

First, it was confirmed that the harsh conditionsiry retroviral transduction (exposure
to 8ug/ml of "Polybrene” and a small volume of atdtmedium) had no negative effect
on hMSCs phenotype or confluency . Therefore, hM&E® either exposed to 8ug/mi
of "Polybrene” in 0.5ml of medium (for 2 hours undg¢andard conditions) or left as
controls. In the control group, 0.5ml of medium haitit additional "Polybrene" was
used. Over the course of ten days, no obviousrdiifees (confluency and phenotype)
between both cell populations were detected. Agebel, this result confirmed that the
conditions during retroviral transduction were hairmful for hMSCs. "Polybrene” is
commonly used to enhance transduction efficiencyetroviral and lentiviral vectors
(Morgenstern and Land, 1990; Wubbenhorst et alLDR0

It was further investigated if retroviral transdoat negatively influenced hMSCs.
Rv.eGFP and Rv.BMP-2 transduced cells were comparetbck-treated control cells.
In three out of four donors, it was confirmed thainsduction with a retroviral vector
was not harmful for hMSCs. The cells did not showclenge in phenotype or
confluency, after transduction with either vectorhén compared to mock-treated
hMSCs). However, hMSCs from the fourth donér &ge 81) responded differently
towards retroviral transduction. Within this pamer donor, the cellular phenotype was
changed and the cells were less confluent, if coethéo mock-treated hMSCs. The
reason for these conflicting observations cannaddfaitively determined. There exist
several possible explanations, the most likely dpelme age of this particular donor.
When working with hMSCs, donor variation is a widkhown phenomenon. Further, it
has been demonstrated that hMSCs from old donees &@iminished proliferation rate
and survival when compared to cells from youngenads (Veronesi et al., 2011).
These features might make them more susceptibtettoviral transduction. Another
possible explanation might be that the viral vedalmse was different within this
particular experiment. Both Rv.eGFP and Rv.BMP-2 #rst generation retroviral
vectors based on the plasmid pBullet. This ve@okd an antibiotic resistance gene. As
a consequence, it is not possible to quantify timael vitre by means of the colony
forming unit assay. Thus, it was not 100% posdiblguarantee that comparable vector

doses were used, in the different repeats of tperaxent.
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Further, the question if transduction with Rv.BMRwv2I change the gene expression
profile of hMSCs, during monolayer proliferation,asv addressed. hMSCs were
transduced with Rv.eGFP or Rv.BMP-2. They were thein-cultured and allowed to
grow until sub-confluent (70-80% confluency). Orggb-confluent, gene expression
analyses were conducted using M2eC; method with 18s rRNA as internal control. The
gene expression of Rv.BMP-2 transduced cells washalcssed to the gene expression
of Rv.eGFP transduced cells. Thereby, any diffezenaf the monitored genes (Col |,
Col X, aggrecan and Runx2), were detected. Addillgn1ml of culture medium was
harvested at day 2, 4, 6 and 7 after transductrah analysed using a quantitative
ELISA for human BMP-2. Thereby, it was confirmedatthRv.BMP-2 transduced
hMSCs, from the two donors that were investigatetdyted to secrete detectable
amounts of BMP-2 by day 4 of monolayer cultureetastingly, the gene expression
profile of both cell populations was different fmNing monolayer proliferation. The
expression level of the fibroblastic marker Colndathe osteoblastic marker Runx2
were comparable between both cell populations. Aypertrophic marker gene Col X
showed a trend towards a down-regulation (by apprately 50%), yet this trend did
not reach significance. On the other hand, the agesef the chondrogenic marker gene
aggrecan was significantly elevated around 9-fold.

Finally, it was examined how hMSCs respond towaesposure to 100ng/ml of
recombinant human BMP-2. For this purpose, hMSCeeveeiltured for 14 days in
monolayer. Control cells were grown in regular hMSfLowth medium. Treated cells
were exposed to an additional 100ng/ml of exogermegsmbinant human BMP-2.
After 2 weeks, cells were harvested and gene esioresinalyses were conducted. The
gene expression of BMP-2 treated cells was norewli® the gene expression of
control cells. Interestingly, the genes Col | anechiR2 were not influenced by exposure
to exogenous BMP-2, even at the higher dose. Tieetebn the chondrogenic marker
gene aggrecan was massive, in this experimentgb skt hMSCs, exposed to 100ng/mi
of recombinant BMP-2, aggrecan message was elevaved 1, 000-fold, when
compared to control cells (significant). Intereghn the decrease in hypertrophic
marker expression (Col X) was almost identical et both experimental setups.
Again, its message was approximately halved, whempared to control cells

(significant).
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The combined results of both experiments make nipteng to speculate that the
aggrecan response is dose-dependent, while th¥ €sponse appears to be threshold-
dependent. This assumption is based on the observitat exposure to 25-times
higher concentrations of BMP-2 (100ng/ml vs. 3-4my/resulted in a massive up-
regulation of the gene aggrecan. Yet, the gene XCoésponded similarly to both
concentrations of the bioactive factor. Summarisieel PCR data showed that exposure
to human BMP-2 influenced the hMSCs population myrihe initial monolayer
proliferation step. This is not surprising as BMRs2a known bioactive factor, with
several distinct biological functions. In reseatiths, among other things, used for
maintaining the articular chondrocyte phenotype wadl as for chondrogenic or
osteogenic induction of stem/progenitor cells (@oggn et al., 2004; Majumdar et al.,
2001; Meinel et al., 2006; Sailor et al., 1996; @&ith et al., 2003). It, therefore,
indicates that, when using integrating vectors exjghnding the cells after transduction,
controls need to be carefully planned to ensuretti&results obtained during the 3D
experiments are not due to artefact created inoresp to the different growth
conditions (exposure to a bioactive factor), emetbyinitially, one aim of the thesis
was to investigate the effect of retroviral media®ver-expression of BMP-2 and
mechanical stimulation on the chondrogenesis of alayer-expanded hMSCs.
Rv.eGFP transduced hMSCs were planned to servenaiols within this experimental
setup. Yet, as the gene expression between Rv.a@@&Rv.BMP-2 transduced hMSCs
already differed after monolayer proliferationisitnot possible to ascribe differences in
gene expression, after 3D culture, to the differexpperimental conditions applied.
Further, it is difficult to analyse how the comltioa of over-expression of BMP-2 and
mechanical stimulation influence the chondrogenetisBMSCs during 3D culture, as

these cells were already conditioned during theatay®r expansion phase.
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In conclusion, the effect of Rv.BMP-2 transduction monolayer-expanded hMSCs
was monitored. Rv.eGFP transduced cells and meelitad hMSCs served as controls.
The harsh conditions during retroviral transducijerposure to 8ug/ml of "Polybrene”
and small amount of medium) had no negative effaet hMSCs phenotype or
confluency. Also, in three out of four donors, narrhful effects, such as an altered
phenotype or a decrease in confluency, were deteafiier transduction with either
retroviral vector. Albeit, the investigated transgeproduct (BMP-2) itself had a
pronounced effect on hMSCs. The gene expressidilepod Rv.BMP-2 and Rv.eGFP
transduced cells differed markedly. These obsearmativere confirmed in an additional
experiment, where the effect of exposure to recoarti BMP-2 on hMSC during
monolayer proliferation was investigated. Agaire tfene expression profile of hMSCs,
exposed to exogenous recombinant BMP-2, was diltidiéferent, when compared to

the gene expression profile of untreated hMSCs.
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3.4 Enhanced adenoviral transduction in 3D - introdction.

The adenovirus (familyadenoviridae) is a non-enveloped DNA virus. Its genome
contains of linear, double stranded DNA. The genameurrounded by a protein
capsid, containing a penton base and a fiber kiRiglwre 3-5 outlines the life-cycle of a
wild-type adenovirus.
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Figure 3-5: Life-cycle of a wild-type adenovirus. e life cycle starts with the binding of the

virus to the host cell. Next, the adenovirus is ietrnalised by endocytosis. This process is
mediated by the coxsackie-adenovirus receptor (CAR3s well as member of the integrin family.

The viral genome is released and enters the nuclewd the cell via the nuclear pores. The

adenoviral genome does not integrate into the hogenome but stays episomal. The viral DNA is
replicated and viral proteins are produced within the cytoplasm. Finally, assembly of viral

particles takes place and the new adenoviral parties are releasedvia lysis of the host cell.

Figure adapted from http://www.ssg-adenovirus.blogsot.ch/.

The life-cycle of an adenovirus starts with théiahibinding of the virus to the host cell,
followed by its internalisationvia endocytosis. The process of internalisation is
mediated by CAR and by binding of the penton basaeémbers of the integrin family.
Subsequently, the protein coat is destroyed anédeaoviral genome is released into
the cytoplasm of the host cell. The adenoviral geaenters the nucleus of the host cell
through the nuclear pores. As opposed to retroeguthe genome of the adenovirus
does not integrate into the host genome but stpigomal. The nuclear machinery of
the host cell is used for viral DNA replication avidal mRNA is translated within the
cytoplasm of the host cell. Viral proteins entez thucleus of the host cell and new viral
particles are assembled. They accumulate withircybe@plasm of the cell. Finally, the
host cell is lysed and, thereby, the adenovirdiigdas leave the cell and are able to start
over with the viral life-cycle.
[110]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 3: Viral gene transfer

Adenovirus can be used as a gene transfer vectonusculoskeletal regeneration
research (Gelse et al., 2003; Hao et al., 2008n#&let al., 2006; Palmer et al., 2005;
Steinert et al., 2009a; Steinert et al., 2009be Maximum size of cDNA that can be
inserted depends on the specific kind of adenowvieator. It covers a range of 7.5 kb
(first generation vectors), over 14 kb (second garen vectors) and up to 37 kb for
gutless vectors (Danthinne and Imperiale, 2000nmdirus, as a gene transfer vector,
possesses several advantages. Namely, these aabiliheto infect both dividing and
non-dividing cells, a high level of transgene esgien, a high efficiency of
transduction and its simple and relatively cheapdpction. Furthermore, adenoviral
vectors, where the DNA does not integrate intoltbst genome, are considered to be
safer in comparison to integrating viruses. Last, ot least, adenoviral vectors have

already been approved for clinical trials (Pend@2@®Penny and Hammond, 2004).

Gene transfer, using adenoviral vectors, can bd asean effective way to provide a
local, albeit transient, production of bioactivettars. It might be particularly helpful in

the treatment of musculoskeletal defects, wherg arbcalised and short-term (up to
weeks) expression of a desired therapeutic fastogquired, in order to induce a repair
response or to enhance the endogenous repairthéeprotocols which are currently
available require further optimisation. Especialfythey are to be transferred into the
clinic. One major improvement would be a more &fi¢ transduction protocol. Hence,
the amount of adenoviral vector needed for a gaygplication could be reduced. This is
desirable, as the adenovirus itself and transducells can be immunogenic.

Furthermore, adenovirus is cytotoxic when usedigih loses (Brunetti-Pierri et al.,

2004). Thus, an improved adenoviral transductiaigmol might help to overcome the
safety concerns which are present, when applyieg@dral vectors, especially for the

treatment of non-lethal diseases.

Regarding a clinical application, the developmdra transduction protocol that can be
conducted directly within the operating theatréhighly desirable. Consequently, this
would eliminate the need for a cell culture steputthely, adenoviral transduction takes
place on cell culture plastic (2D environment) &ekt al., 2001; Hao et al., 2008;
Meinel et al., 2006; Palmer et al., 2005; Steirral., 2009a; Steinert et al., 2009b;
Zachos et al., 2007).
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In TE and regenerative medicine, hydrogels are coninused to encapsulate and
culture different cell types, such as chondrocyed MSCs (Ho et al., 2010; Huang et
al., 2004; Li et al., 2009a; Steinert et al., 2008eisser et al., 2001). A possible
approach might be to apply the adenovirus at tineestame the cells are encapsulated
within the 3D hydrogel. It is hypothesised thatstiprocedure will not only enhance
gene transfer efficiency but also reduce the amotiairal vector necessary to generate
the desired amount of transgene product. Furthermobmakes the procedure quicker

and easier to apply.

The present study aimed to directly compare theieffcy of standard 2D versus 3D
adenoviral-mediated transduction of hMSCs. For lagthroaches, different commonly
used hydrogels, namely alginate and agarose, veen@ared. Furthermore, a clinically
relevant composite scaffold, consisting of cellsbedded in a fibrin hydrogel and
seeded into a biodegradable PU scaffold, was iigaetd. Ad.BMP-2 was used at a
MOI of 5 or 100. The transgene expression of teistar is driven by a CMV promoter.
The efficiency of the different transduction prattecwas compared by measuring the
concentration of transgene product within the geltmedium and calculating the
amount of transgene product produced per cell.hEurtore, the amount of transgene
product (BMP-2) that was retained within the hydrisgwas quantified. Finally, the
DNA content of the different groups was determin@&tis study was published in

Molecular Biotechnology (Neumann et al., 2013c).

[112]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 3: Viral gene transfer

3.5 Enhanced adenoviral transduction in 3D - resust

For this study, five groups were tested. Namelgséh were untransduced control,
2D 5 MOI, 2D 100 MOI, 3D 5 MOI and 3D 100 MOI. Treamples were prepared per
hydrogel and group. The experiment was indepengamgbeated with cells from
4 different donors{ age 812 age 55/ age 712 age 67).

3.5.1 Transgene product production is enhanced wheapplying the 3D

transduction protocol.

First, the efficiency of 3D transduction versus #fciency of routine transduction in
2D was investigated. Therefore, hMSCs were trarsdluc either 2D or 3D with a MOI
of 5 or 100. Control cells were left untransduceéditerwards, the cells were
encapsulated in alginate, agarose or fibrin-PU amite scaffolds. Subsequently, the
samples were cultured for 28 days in defined chageeitic medium. The medium was
changed three times a week, pooled and collectefivi® time-points (day 1, day 2-7,
day 8-14, day 15-21 and day 22-28). The amountrarisgene product within the
culture medium was quantified using a quantitatsldSA for human BMP-2. For
evaluation, the BMP-2 content within the medium wafculated by multiplying the
transgene product concentration per ml with thal tatedium volume for each group.
Next, the total BMP-2 content was normalised to ¢b# number within each group
(2.5 x 16 for fibrin, 1.05 x 16 for alginate and 0.7 x fGor agarose). Thereby, the
skewing effect of different cell numbers betweeaups was eliminated, allowing for a
better comparison between groups. Results for gtirdgels are displayed in
figures 3-6, 3-7 and 3-8. Statistical significana@® included within the text and

omitted from the figures in order to increase tiutarity.
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Figure 3-6: Quantitative comparison of the amount 6BMP-2 produced in hMSCs, after applying
2D or 3D Ad.BMP-2 transduction, in alginate. The BMP-2 production was monitored for 28 days
and quantified from cell culture medium using a BMR2 ELISA kit. Results are shown as average
+/- standard deviation from 4 donors with n=3. Stating from day 2-7, the 3D transduction
protocol showed an increased efficiency, when compmal to the standard 2D transduction
protocol. This result is true for transduction with both the lower (5 MOI) and the higher (100
MOI) amount of adenoviral vector. Statistical signficant differences between groups are
described within the text.

In alginate, the transgene product production wase$t among all hydrogels
investigated. Its expression peaked between dag @D 100 MOI), day 15-21 (2D
100 MOI, 3D 5 MOI) or day 22-28 (2D 5 MOI) and &t to decline thereafter.
Transduction in 3D, using a MOI of 5, led to a ttéowards an increased peak BMP-2
expression (17.3 £ 6.1 v 67 £ 60fg per cell), witempared to routine transduction in
2D. This increased efficiency of 3D vs. 2D trangdcwas even higher at 100 MOI.
Here, a 7.4-fold increase in peak expression wastored (456 + 139 v 3380 + 947fg
per cell,p=0.000). Each of the groups were significantly differémteach other, except
for 2D 5 MOI and 3D 5 MOI where the trend towardsreased efficiency did not reach
statistical significance. However, when applying thigher vector dose (100 MOI),
hMSC generated significantly more transgene proditetrr transduction in 3D, when

compared to transduction in 2D.
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Figure 3-7: Quantitative comparison of the amount 6BMP-2 produced in hMSCs, after applying

2D or 3D Ad.BMP-2 transduction, in fibrin. The BMP-2 production was monitored for 28 days
and quantified from cell culture medium using a BMR2 ELISA kit. Results are shown as average
+/- standard deviation from 4 donors with n=3. Stating from day 2-7, the 3D transduction

protocol showed an increased efficiency, when compmal to the standard 2D transduction

protocol. This result is true for transduction with both the lower (5 MOI) and the higher (100

MOI) amount of adenoviral vector. Statistical signficant differences between groups are
described within the text.

In the fibrin-PU composite scaffold, BMP-2 prodactiwas higher than in alginate but
lower than in agarose. The transgene expressiatedtdo decline after day 2-7
(2D 5 MOI), day 8-14 (2D 100 MOI, 3D 100 MOI) orya5-21 (3D 5 MOI). Within
the fibrin-PU composite scaffolds, the 3D transguctprotocol led to an increased
transgene product production, when compared tan®utansduction in 2D. This was
true for both vector doses tested. 3D transductdm MOI led to a 77.66-fold increase
in peak BMP-2 expression (24 + 9.8 v 1865 * 640ég qell, p=0.048). At 100 MO,
the increase was only 4.52-fold (933 + 523 v 4211®20fg per cellp=0.016). For both
vector doses investigated, the enhanced transdueticiency in 3D reached statistical
significance p < 0.048). Interestingly, the control and the 2D 5 M§doup were
significantly different from the other groupp € 0.048). Further, 3D 5 MOI was not
significantly different from either the 2D 100 MOt the 3D 100 MOI group.
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Figure 3-8: Quantitative comparison of the amount 8BMP-2 produced in hMSCs, after applying
2D or 3D Ad.BMP-2 transduction, in agarose. The BMF2 production was monitored for 28 days
and quantified from cell culture medium using a BMR2 ELISA kit. Results are shown as average
+/- standard deviation, from 4 donors with n=3. Stding from day 2-7, the 3D transduction
protocol showed an increased efficiency, when compal to the standard 2D transduction
protocol. This result is true for transduction with both the lower (5 MOI) and the higher (100
MOI) amount of adenoviral vector. Statistical signficant differences between groups are

described within the text.
In agarose, the transgene product production gewas highest between all hydrogels
investigated. Additionally, the BMP-2 productionaied sooner. All groups reached
their peak production at day 2-7 except for the BMOI group. This group peaked
later on day 15-21. Again, in agarose, transdudtio8D was superior, when compared
to standard 2D transduction. At 5 MOI, it led tola3-fold increase in BMP-2
expression (35 + 5.8 v 3944 + 2600fg per ceh;0.048). Contrary to alginate,
transduction with 100 MOI only led to a 3.28-fofttiease (1898 + 508 v 6231 +3335fg
per cell,p=0.016) in BMP-2 production. Yet, absolute expression wes to four times
higher in agarose, when compared to alginate. Bwltontrol group and the 2D 5 MOI
group were significantly different from the otherogps 6 < 0.048). While 3D 100
MOI was significantly higher than 2D 100 MOp €0.016), there was no significant
difference between 3D 5 MOI and 2D 100 MOI or 3D6I and 3D 100 MOI.
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3.5.2 Transgene product production reaches concermtions higher

than 100ng/ml.

Next, it was investigated when transgene produciceotration, within the culture
medium, generally peaked between the different ggotiherefore, the different time-
points were compared between groups and the BM&a2entrations, in ng/ml within
the culture medium, were used for evaluation. Itsved particular interest if the
transgene product production crossed a certaigtibte level. This level was chosen to
be 100ng/ml as it is a concentration commonly wgleein applying recombinant human

BMP-2 exogenously.
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Figure 3-9: Quantitative comparison of the amount 8BMP-2 produced in hMSCs, after applying
2D or 3D Ad.BMP-2 transduction in alginate, fibrin and agarose. The transgene product
production was monitored between days 8-14 and quéfied from cell culture medium using a
BMP-2 ELISA kit. Results are shown as average +/4tandard deviation from 4 donors with n=3.
The BMP-2 concentrations were higher than 100ng/mih all 3D 5 MOI groups (except for alginate)
and in all 100 MOI groups. The black line indicatesa concentration of 100ng/ml. This
concentration is commonly used when BMP-2 is applieexogenously.
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Generally, most groups reached a peak in transgesduct production by day 8-14
(figure 3-9). Yet, the concentration of BMP-2, wiiththe culture medium, varied
depending on the group investigated. Starting fday 2-7 (data not shown), and even
more pronounced from day 8-14 (fibrin and agaro88),5 MOI (except in alginate)
and both of the 100 MOI groups reached a BMP-2 entnation higher than 100ng/ml,
a concentration commonly added exogenously in studivolving the BMP-2 protein.

3.5.3 After 28 days of culture, only a small propdion of the transgene

product is retained within the hydrogels.

Furthermore, the amount of BMP-2 retained withiche&tydrogel, after 4 weeks of
culture, was quantified. This was done in ordeensure that any differences seen in
media BMP-2 concentration were not a result of vayyrotein retention (figure 3-10).
The hydrogels were homogenised and the amount oPRMretained within each
hydrogel, was quantified using a quantitative ELIf&A human BMP-2. Subsequently,
the total transgene product production (medium ewamretained within the hydrogels)
was calculated. Finally, the percentage of BMP4ained (in comparison to the total

amount produced) within each hydrogel was deterdiine
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Figure 3-10: The amount of BMP-2, retained within ach hydrogel, after 28 days was quantified.
Therefore, hydrogels were homogenised and the amouof BMP-2 retained in each hydrogel was
quantified using a quantitative ELISA for human BMP-2. Subsequently, this amount was used to
calculate the percentage of transgene product reta¢éd in comparison to the total amount (medium
+ hydrogel) of transgene product produced. Resultare displayed as average +/- standard deviation
from 4 donors with n=1. For most groups, less tha0% of the total BMP-2 produced was present
within the hydrogels. There were two exceptions; 3Qransduction in fibrin with a MOI of 100
(14.9% + 7.4%) and 3D transduction in alginate witha MOI of 5 (20.8% + 11.4%)

In most cases, the amount of BMP-2 retained wagut@% of the total amount of
BMP-2 produced. There were two exceptions. The G0 MIOI group in fibrin (14.9%
+7.4%) and the 3D 5 MOI group in alginate (20.8%1+4%). When each of the groups
was monitored individually, the amount of transgeneduct retained lay in a range of
2.2% + 0.6% to 8.2% * 3.9% in agarose, 2.8% =* 2t8%4.9% + 7.4% in fibrin and
4.2% £ 1.3% to 20.8% £ 11.4% in alginate.
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3.5.4 In fibrin and agarose, Ad.BMP-2 transductionin 3D with a MOI
of 5 is more efficient than Ad.BMP-2 transduction n 2D with a MOI of
100.

To further verify the increased efficiency of thedlified 3D transduction protocol, it
was investigated how efficient 3D transduction watMOI of 5 is, when compared to
2D transduction with a MOI of 100. Therefore, faregy time-point investigated, the
BMP-2 medium concentration obtained using the ZDdduction protocol with a MOI
of 5 was divided by the BMP-2 medium concentratiobtained using the 2D
transduction protocol with a MOI of 100. Conseqglierthe results of this calculation
were multiplied by one hundred in order to obtdie efficiency, in per cent, of 3D
transduction with a MOI of 5, when compared to 2&8nsduction with a MOI of 100.
Results are displayed in figure 3-11.
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Figure 3-11: The efficiency of adenoviral transduction in 3D usig a MOI of 5 was compared to
adenoviral transduction in 2D using a MOI of 100. Br each time-point, the medium BMP-2
concentration of the 3D 5 MOI group was divided bythe corresponding BMP-2 medium
concentration of the 2D 100 MOI group. Subsequentlythese results were multiplied with one
hundred in order to obtain the efficiency, in percat, compared to transduction in 2D with a MOI
of 100. Results are displayed as average +/- stamdaleviation from 4 donors with n=3. In alginate,
3D transduction with only 5% of the viral vector failed to generate similar amounts of transgene
product, when compared to the 2D 100 MOI group. Forthe other two hydrogels investigated,
starting from week 1 (agarose) or week 2 (fibrin)efficiency of 3D transduction with a MOI of 5
was comparable or even superior, when compared teansduction in 2D using a MOI of 100. The
black line indicates 100% efficiency, when comparetb 2D transduction with a MOI of 100.
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In the alginate hydrogel, it was not possible toegate comparable amounts of
transgene product, when transduction was condunt&D with only 5% of the viral
vector dose. The efficiency of 3D transduction w&hMOI of 5 was lower, when
compared to routine transduction in 2D with a M®I1100. It reached only between
5.4% + 2.2% and 7.9% + 0.8% of 2D 100 MOI. For agarand fibrin, starting from
week 1 (agarose) or week 2 (fibrin), 3D transductiwith a MOI of 5 was more
efficient, when compared to 2D transduction usif MOI. The efficiency was more
than 2-fold elevated (226% + 92%) in fibrin and mdhan 3-fold (318% * 227%)
elevated in agarose.

3.5.5 DNA content does not change significantly a&ft 2D or 3D
transduction with Ad.BMP-2.

In order to determine whether transduction withBMP-2 influences cell viability or
cell growth, DNA content was quantified after 28/slaising the Hoechst 33258 dye
binding assay (figure 3-12). The values obtaingéra?D or 3D transduction with
Ad.BMP-2, for both vector doses investigated, warmpared to untransduced controls.
Furthermore, the DNA content on day 0 was quaatifiethin the control group and
compared to the control group after 28 days ofucalt This was done in order to
investigate if pronounced changes in total cell hemoccured during the 4 weeks of

culture.
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Figure 3-12: The DNA content after 28 days within each hydrogelThe Hoechst 33258 dye binding
assay was used to quantify the total DNA content. he Ad.BMP-2 transduced groups were
compared to untransduced controls. Furthermore, theuntransduced control group on day 28 was
compared to the untransduced control group on the ay of seeding (day 0). Results are displayed as
average +/- standard deviation from 3 donors with s2. There were no significant differences in
DNA content within the control between day 0 and da 28. In the fibrin hydrogel, a trend towards a
decline in DNA content, after adenoviral transductdn, was observed. Yet, this trend did not reach
statistical significance. The DNA content in alginee and agarose was rather equal and statistically
not different between groups.

Between day O (day of seeding) and day 28, nostitati significant differences in
DNA content were observed within the control gréopeach hydrogel. The reason for
the initial differences in DNA content, between thiferent hydrogels, is that in fibrin
more cells (2.5 x 19 were seeded, when compared to alginate (approsiyna
1,05 x 16) and agarose (approximately 0.7 x°{10n the fibrin hydrogel, a trend
towards a decline in DNA content after adenovirahsduction was detected. This trend
was more pronounced, when cells were transducddavivlOl of 100. Yet, this trend
was statistically not significant. After 28 daysetDNA content within the fibrin group
was 10.11ug + 2.43ug (control), 9.04ug + 1.62ug &B0I), 6.29ug £ 2.61ug (2D
100 MOI), 6ug £ 2.37ug (3D 5 MOI) and 5.9ug £ 3.39@D 100 MOI).
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In the alginate and agarose hydrogels, the DNAamdntvas rather similar between
groups and no significant differences were detechdusolute values were 3.3ug +
2.23ug (control), 4.1ug £ 2.03ug (2D 5 MOI), 3.69u.34ug (2D 100 MOI), 3.35ug
+ 1.26ug (3D 5 MOI) and 3.29ug £ 1.04ug (3D 100 M@F alginate and 3.95 ug +
1.03ug (control), 4.58ug + 0.55ug (2D 5 MOI), 4.86u1ug (2D 100 MOI), 3.43ug £
0.46pg (3D 5 MOI) and 2.56ug + 1.45ug (3D 100 Mfoh)agarose.
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3.6 Enhanced adenoviral transduction in 3D - discisson.

The combination of a hydrogel and a gene trangjentoffers an attractive approach
for TE applications. Their combination in a waytthlows for a single rapid procedure
would provide a further advantage. Viral vectormaen the most effective tools for
gene transfer as non-viral vectors still fail toowhcomparable efficiency. Yet, their
application in gene therapy is still impeded. Twotlee main hurdles remaining are
safety issues and specificity of transgene deli@tyomas et al., 2003). Adenoviral
vectors possess the highest efficiency but alschitleest immunogenicity of all viral

vectors. Nevertheless, it has been suggested tB&sMare immunosuppressive, which
may counteract any negative effect of the adens\iBeyth et al., 2005; Maitra et al.,
2004). Possible approaches to tackle adenoviralunagenicity could be, for instance,
the development of less-immunogenic vectors, theeldpment of alternate viral

serotypes, which are able to circumvent the exjstimmune responses or the

development of a more efficient transduction protoc

This study focussed on the last option. 2D versbstransduction with adenoviral
vectors was conducted, in order to assess whichsomere efficient. Using hMSCs in
monolayer (2D), or during encapsulation within thtifferent hydrogels (3D), different
vector doses were tested. The cells which weresdizced in 2D were then later
encapsulated. In the 3D system, all components mexed together at the same time.
Afterwards, all groups were cultured for 28 daysdefined chondrogenic medium.
Subsequently, an analysis of transgene conceniratithin both the culture medium

and the hydrogels was conducted.

It was demonstrated that the application of the tBihsduction protocol led to a
markedly enhanced production of the transgene ptodd significantly enhanced
expression was reproducibly seen in all three hyelso This would suggest the
response is independent of cell density or geeréstingly, for agarose and fibrin-PU
composites, transduction in 3D with the lower veadose was comparable or more
efficient than transduction in 2D with the higherctor dose, whereas this was not the
case for alginate. However, even in alginate, 3&nhdduction led to an enhanced
expression, when compared to 2D transduction. THewkngs suggest that the
efficiency of adenoviral transduction is enhancedhen conducted in a 3D
environment. There are several possible explamafamthese observations.
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First of all, in the 3D environment, adenoviralnsduction takes place in a smaller
volume, leading to a higher local concentrationtlud vector. This might increase
transduction efficiency. Also, fibrin scaffolds lewalready been demonstrated to be
efficient delivery systems for viral vectors (Schekal., 2004; Teraishi et al., 2003).
Furthermore, in 2008 and 2009, Breen et al., wble @ demonstrate that fibrin is able
to retain adenoviral vectors at the wound sitedilga to an enhanced exposure of
infiltrating cells to the viral vector (Breen et,a2009a; Breen et al., 2008). In the 3D
system, this feature will also lead to enhancechadeal transduction efficiency. The
findings in the current study indicate that alg;mand agarose also might have the
potential to retain the adenoviral vector and, éf@e, enhance adenoviral transduction

efficiency.

It is generally accepted that adenovirus type blireg the presence of CAR as well as
aV integrins for entry into the cell. However, it khown that hMSCs do not express
CAR but do expressV integrin (Olmsted-Dauvis et al., 2002). Even witacking CAR,

a transduction efficiency of 83% was obtained, whemg type 5 adenovirus, albeit
with low levels of expression (Olmsted-Davis ef 2002). The 3D transduction method
described here led to an increased expression tgieg5 adenovirus. It is possible to
re-target vectors by substituting the fiber protefnrAd5 with one from an adenovirus
which infects cells in a CAR-independent fashiamghsas type 35 (Shayakhmetov et
al., 2000). This would, in itself, lead to a mofagent transduction and, hence, further
minimise the dose of vector. As the 3D transductizethod is likely to function by
maintaining a longer physical presence betweervitlus and the cell, this will provide

an advantage independent of the receptor usectlioiar access.

The concentration obtained within the medium with 3 MOI and all the 100 MOI
groups was greater than 100ng/ml, a concentrattoonnonly added exogenously in
studies involving the BMP-2 protein (Majumdar et @001; Sailor et al., 1996; Toh et
al., 2007). This would suggest that, within certhydrogel carriers, a viral dose lower
than 5 MOI could be used to obtain clinically relav expression levels. This finding
also had direct implications for further work withthe thesis. This feature allowed
using a MOI of 5, instead of the planned MOI of 1fa® the Ad.BMP-2 and load study
(chapter 4) and the hACPCs and load study (chapter
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The results further demonstrated that the reledstheo transgene product from the
hydrogels was very effective. After 28 days, theoant of transgene released was
generally high (over 90% for almost all groups)isTproperty is particularly important

if transduced cells should produce a paracrinedbioafactor.

The cytotoxic effect of adenoviral vectors is doependent and only occurs once a
certain threshold level is crossed (Morral et @002; Thomas et al., 2001). As
expected, the DNA data indicated that adenovieaidduction of hMSCs, using a MOI
of 5 or 100, did not reach this threshold level,ahdrefore, did not lead to a significant

decline in total cell number.

In addition to its increased efficiency, the progas3D transduction protocol for
adenoviral vectors has further benefits. It is lldsour-intensive, when compared to
transduction in 2D. Further, a whole monolayer pgsgy step can be conserved. This
feature is beneficial, while working with hMSCscirased passage number of MSCs
has been associated with reduced potential for sedhmactivation and differentiation
(Crisostomo et al., 2006; Kretlow et al., 2008)rtRar, as 3D transduction takes place
during cell encapsulation, it is no longer necesdar perform the transduction in
advance or within a cell culture laboratory. Thestiire makes it, in theory, possible to
perform transduction in 3D directly within the openg theatre. A time- and money-
consuming cell culture step is no longer obligatdrlyis represents a desirable feature
for a possible application within clinical practibet would require the transduction of
freshly isolated cells, as opposed to monolayeraedpd cells. The feasibility of this
approach has already been demonstrated by trangduabbit whole marrow clots
intra-operatively with adenoviruses encoding fortaie marker genes. The cells were
successfully transduced and the transgene cousgdre within an osteochondral defect
(Pascher et al., 2004).
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In conclusion, the present study aimed to directynpare 2D and 3D adenoviral
transduction protocols in several hydrogels releyanTE and regenerative medicine.
The 3D protocol was shown to be more efficient the adenoviral-mediated
transduction of hMSCs, in every experimental caaditinvestigated. This was
indicated by higher amounts of transgene produadyred per cell. Within agarose or
fibrin-PU composite scaffolds, cells that were s@duced in 3D were able to generate
comparable or even higher amounts of transgené, anity 5% of the vector dose used
for standard 2D transduction. These results sugbastit might be possible to further
decrease the amount of viral vector needed, inraal@enerate clinically significant
amounts of transgene product. In summary, the gegp@D transduction protocol, for
adenoviral vectors, has many benefits and might telincrease its administration in
TE and clinical applications. Further, this procexddoes no longer rely on a cell culture

step and, in theory, can be conducted within treraipg theatre.
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3.7 Timed Ad.BMP-2 transduction — introduction.

The effect of many bioactive factors is dependenaduge number of variables. Some
of these variables can be, for instance, the tyfpeeb that responds to the specific
factor, the concentration of the specific factasn@entration gradients of the factor,
interplay with other factors and, further, timindg ibs application. In anin vitro
experiment, the aspect of timing can be easily estdrd, if the desired factor is applied
exogenously. For instance, factors can be addéuetoulture medium or omitted from
the culture medium (following medium changes), radteertain amount of time. If gene
transfer is used in am vitro setup, it is usually more complicated to addrbssaspect
of timing. Most viral vectors (both integrating andn-integrating) are constitutively
active. This means that the transduced cell pra&itle transgene product independent
of necessity or concentration. In other words,gtauction of the desired factor cannot
be controlled. Inducible viral vectors are an exticepto this rule. With this kind of
vector system, it is possible to control the prdotuncof the transgene product. Usually,
a specific factor has to be added to, or removenh fithe culture medium to induce or
repress the expression of the transgene. Yet, tmders are usually more expensive
than constitutively active vectors. Further, forrmaandidate gene products inducible
vectors are commercially not available. In thisegathe choice is either limited to
constitutively active vectors or they have to bedwuced using commercially available
kits. Yet, this procedure is very time- and monewsuming and, therefore, not

applicable for every experimental design.
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In a previous study, it was demonstrated that 3@hdduction of hMSCs during
encapsulation in different hydrogels (section 3.8.6; (Neumann et al., 2013c)) is
possible. The 3D transduction of cells was perfatngdeiring encapsulation in the
respective hydrogels (alginate, agarose or fibriarev mixed with hMSCs and
Ad.BMP-2). If the adenoviral vector is able to peate the respective hydrogel, it
should be possible to conduct Ad.BMP-2 transducéiiar encapsulation of the cells.
The current study focussed on the clinically refgvfédorin-PU composite system. It was
hypothesised that Ad.BMP-2 transduction can be goredl after cells have already
been encapsulated in fibrin and seeded into thes@lffold. Therefore, hMSCs were
seeded into fibrin-PU scaffolds at a density of Bk cells per scaffold. Scaffolds were
cultured in 6-well plates, for a total of 3 weeksith 5ml of chondro-permissive
medium supplemented with an additional 5ng/ml afgenous TGH1 per sample. The
medium was changed three times per week and cadléot each individual time-point.
Cells were transduced with Ad.BMP-2 (by dripping tector on top of the scaffold),
using a MOI of 7.5. Transduction was conductedrafténveek 1) or 14 (week 2) days.
Control cells were left untransduced. After 21 daammples were harvested in PK for
guantification of cellular DNA. Furthermore, the BM2 content in the culture medium
was determined, for each of the individual timerp®i

[129]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 3: Viral gene transfer

3.8 Timed Ad.BMP-2 transduction — results.

This experiment was separately repeated with ¢edta 3 different donorsy{ age 40,
©Q age 65 and? age 55). The control group was only included iou2 of 3 donors
(? age 40,9 age 65). The number of population doublings wastracked for this

short experiment.
3.8.1 DNA content is not influenced by timed Ad.BMF2 transduction.

First, it was of interest to confirm that timed B#§1P-2 transduction does not change
total cell number. Therefore, the DNA content withhe scaffolds, after 21 days of

culture, was quantified using the Hoechst 33258ligding assay (figure 3-13).
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Figure 3-13: DNA content after timed Ad.BMP-2 transluction. For each sample, 5 x TthMSCs
were seeded into fibrin-PU composite scaffolds. Tlhavere cultured for 3 weeks, in 5ml of chondro-
permissive medium with an additional 5ng/ml of exognous TGF$1. After 7 (week 1) or 14 (week
2) days, cells were transduced with Ad.BMP-2 using MOI of 7.5, by dripping the viral vector on
top of the scaffold. Control cells were left untrasduced. DNA content, after 3 weeks of culture, was
determined with the Hoechst 33258 dye binding assaRResults are shown as average +/- standard
deviation from 2 donors (control group) or 3 donors(groups week 1 and week 2) with n=3.

There were no significant differences in DNA conitbetween the three groups. The
total DNA content, after 3 weeks of culture, was2Bfig + 7.03ug (control), 23.75ug +
5ug (week 1) and 25.57ug + 4.96ug (week 2).
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3.8.2 A rapid onset of BMP-2 production is monitord following timed
Ad.BMP-2 transduction.

Next, it was investigated if cells produced an@askd BMP-2 into the culture medium,
following timed Ad.BMP-2 transduction (figure 3-14Medium was changed three
times per week and collected for each individuaktipoint (day 2, day 4, day 7, day 9,
day 11, day 14, day 16, day 18 and day 21). The BMi®ncentration within the

culture medium was quantified using a quantitaB4SA for human BMP-2.
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Figure 3-14: Quantitative comparison of the amountof BMP-2 produced after timed Ad.BMP-2
transduction of hMSCs, seeded into fibrin-PU compadte scaffolds. For each sample, 5 x $BMSCs
were seeded into fibrin-PU composite scaffolds. Tlevere cultured for 3 weeks in 5ml of chondro-
permissive medium with an additional 5ng/ml of exognous TGFf1. After 7 (week 1) or 14 (week
2) days, cells were transduced with Ad.BMP-2 using MOI of 7.5 by dripping the viral vector on
top of the scaffold. Control cells were left untrasduced. The BMP-2 production was monitored for
21 days and quantified from cell culture medium usig a BMP-2 ELISA kit. Results are shown as
average +/- standard deviation from 2 donors (contil group) or 3 donors (groups week 1 and week
2) with n=3. The BMP-2 concentration in the controlgroup was always below the detection level of
the assay (46.875pg/ml). In order to increase clayi of the figure, BMP-2 values of the control
group were set to 0.1ng/ml. For both the week 1 gup and the week 2 group, the BMP-2 medium
levels were below the detection level of the assdefore timed Ad.BMP-2 transduction was
conducted. In order to increase clarity of the figue, BMP-2 values were set to 0.2ng/ml (week 1)
respectively 0.4ng/ml (week 2). After timed Ad.BMP2 transduction, BMP-2 was detected within
the cell culture medium and the measured concentrains were used for the figure.
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In the control group, the BMP-2 concentration withine culture medium was always
below the detection level of the assay (46.875pg/ile same observation was made
for the groups week 1 and week 2, in the time-gero®fore timed Ad.BMP-2
transduction was conducted. In order to increasetyglof figure 3-14, the BMP-2
values were set to 0.1ng/ml (control), 0.2ng/mldlwé) and 0.4ng/ml (week 2). For the
control group, this was done for each time-poinestigated. For the week 1 group and
the week 2 group, this was done for the time-point®r to timed Ad.BMP-2
transduction (day 2, day 4 and day 7 in the wegkolip and day 2, day 4, day 7, day 9,
day 11 and day 14 in the week 2 group). After dndel.BMP-2 transduction, a fast
onset (2 days after transduction) of BMP-2 produrctivas monitored in both groups
and detectable BMP-2 medium concentrations werergéed. For the week 1 group,
the BMP-2 medium concentration was 37.8ng/ml + a§/é\l of BMP-2 on day 9. For
the week 2 group, the BMP-2 medium concentratios #&6ng/ml + 30ng/ml of BMP-

2 on day 16. Afterwards, the BMP-2 medium conceiatmaincreased in both groups.
The peak concentrations generated were 355.7ng/848&ng/ml (group week 1) and
271.1ng/ml £ 57.5ng/ml (group week 2). In the weelgroup, the BMP-2 medium
concentration started to plateau after day 16 (9sdafter timed Ad.BMP-2
transduction). In the week 2 group, this phenomemas not observed.
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3.9 Timed Ad.BMP-2 transduction — discussion.

The effect of many bioactive factors is, among mtheependent on the timing of its
administration (Balcom et al., 2012; Kim et al.,12). Viral vectors are generally
constitutively active. That means that the targedd after it has been transduced with
the viral vector, constantly produces the respectransgene product. This process
cannot be regulated, with the exception of ind&ilkctors, such as tetracycline-
regulated lentiviral vectors (Wubbenhorst et al1@). Yet, inducible vectors possess
other disadvantages, such as low expression leyelse or availability. As a
consequence, it is difficult to address the isduming, when viral vectors are used in
studies which aim to investigate the effect of @abtive factor. For some experimental
designs, it is necessary to analyse the effectsplegific bioactive factor after a definite
period ofin vitro culture. Usually, for this kind of experiment, tagplication of a
constitutive active viral vector is not a valid mpt. Therefore, it was investigated if a
timed transduction with a constitutively active aderal vector is theoretically
possible. In the current study, hMSCs were seedidfibrin-PU composite scaffolds.
They were cultured for 3 weeks in chondro-permiessmedium with an additional
5ng/ml of exogenous TGPL. The cells were either left as untransduced otsior
transduced with Ad.BMP-2, using a MOI of 7.5 (bypging the viral vector on top of
the scaffolds), after 7 or 14 days. The culture inmadwas changed three times per
week and collected for single time-points. Aftew8eks, the scaffolds were harvested
in PK. Outcome measurements were DNA content an&-8Moncentration within the

cell culture medium.

The DNA content, after 3 weeks of culture, was caraple between all groups
investigated. No significant differences were detec after timed Ad.BMP-2
transduction was conducted. This was true if theugs week 1 and week 2 were
compared to the control group and, also, if theupsoweek 1 and week 2 were
compared to each other. This indicates that, asaed, neither timed Ad.BMP-2
production nor the presence of the BMP-2 protemtkie medium of the transduced
groups) had an effect on total cell number. Thega dere consistent with the data that
were generated when the 3D Ad.BMP-2 transductiootopol was established
(enhanced adenoviral transduction in 3D study sec3i4 — 3.6 and (Neumann et al.,
2013c)).
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In the control group, the BMP-2 medium concentratias always below the detection
level of the assay (46.875pg/ml). The same was foughe week 1 group and the
week 2 group, at all time-points prior to timed BMP-2 transduction. Afterwards,
there was a fast onset of BMP-2 production. Alrebwdy days after timed Ad.BMP-2
transduction, BMP-2 was detected within the celltwwe medium. A BMP-2
concentration of 100ng/ml or above was generated @heased into the culture
medium. This is a concentration commonly used wégplying BMP-2 exogenously
(Majumdar et al., 2001; Sailor et al., 1996; Tolalet2007). It is worth noticing that, in
the week 1 group, BMP-2 concentration seemed tteglaaround day 16 (nine days
after Ad.BMP-2 transduction). In the week 2 grospmples were already harvested
7 days after Ad.BMP-2 transduction. Therefore, tiservation could not be confirmed

within this group.

The possibility to transduce hMSCs, after encapsuiawithin a hydrogel, after a
certain time inin vitro culture, represents an useful tool for certainidbassearch

applications. It opens the possibility to investegthe effect of a timed administration
of a certain factor without the need to apply ibgenously. Yet, the feasibility of this
approach has only been demonstrated for the Ad.BMieetor and hMSCs within a
fibrin-PU composite scaffold. The question if tisgpossible for other cells types, viral
vectors and hydrogels was beyond the scope ofsthidy and, therefore, will have to
remain open. Based on the findings that 3D Ad.BMiPaBsduction is also possible in
alginate and agarose (Neumann et al., 2013c), likeéty, but not certain, that this

approach will also work for these hydrogels.
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The timed Ad.BMP-2 transduction protocol still remsme limitations that should not be
concealed. First, as the investigated Ad.BMP-2 arerst constitutively active, it is not
possible to stop transgene product production dfireed transduction has been
conducted. For some studies, this might be desirabdl for this kind of study it would
be preferable to use an inducible vector or to yappé desired factor exogenously.
Secondly, as already discussed, the feasibilitytra$ approach will have to be
confirmed for other commonly used viral vectors;tsas AAV, retrovirus or lentivirus,
other cell types, such as chondrocytes or ostespcwied other hydrogels or synthetic
scaffolds, such as collagen, hyaluronic acid oyetblylene glycol. Last, but not least,
the application of this procedure would prove diift in anin vivo setup.

In conclusion, the current study wanted to invedgdf a timed Ad.BMP-2 transduction
is possible within the fibrin-PU composite systermherefore, hMSCs were
encapsulated in fibrin-PU composite scaffolds aadsduced with Ad.BMP-2, using a
MOI of 7.5, after 1 week or 2 weeks of culture. @ohcells were left untransduced. It
was demonstrated that this procedure does noeimdle total cell number, as evidenced
by measurement of cellular DNA content. Furthenvéts shown that hMSCs did not
produce any BMP-2 before Ad.BMP-2 transduction wamducted. After timed
Ad.BMP-2 transduction, a fast onset of BMP-2 praducwas monitored. Biologically
relevant amounts of BMP-2 (100ng/ml or above) wereduced. In conclusion, the
timed Ad.BMP-2 transduction protocol representsiserful tool to investigate the effect

of a timed administration of a bioactive factomimin vitro setup.
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Chapter 4. Ad.BMP-2 and load study.

4.1 Ad.BMP-2 and load study — introduction.

Hyaline, articular cartilage covers the osseous endliarthrodial joints. Its function is
to absorb forces, generated through loads andeliiemllowing for a smooth, near
frictionless motion between the articulating suefsc Once articular cartilage is
damaged, it possesses a limited intrinsic repamacity. Currently, several different
approaches are applied in clinical practice in ptdetreat articular cartilage defects.
Examples are microfracture (Steadman et al., 2088jt-tissue grafts, such as
periosteum or perichondrium (Homminga et al., 199@psaicplasty (Szerb et al.,
2005), and ACT (Brittberg et al., 1994). Unfortuwlgt no procedure can yet
demonstrate an ability to reproducibly regeneratiécidar cartilage and, thereby,

provide a long-term solution for every patient (§etd et al., 2009).

TE is believed to be a promising alternative foe tiheatment of articular cartilage
defects. It consists of three major building blgckslls, a scaffold and stimulating
factors. hMSCs are a favourable cell source fotilage TE. They can be isolated from
several different tissues, such as adipose tisdule €t al., 2002), BM (Friedenstein et
al., 1976), muscle (Kuroda et al., 2006) or synovi(De Bari et al., 2001), and it is
possible to differentiate them into different céjipes, for example chondrocytes
(Johnstone et al., 1998).

A scaffold should mimic the 3D environment in whicélls normally reside. In TE of
articular cartilage, a plethora of different scédfeystems are applied (reviewed e.qg. in:
(Balakrishnan and Banerjee, 2011; Frenkel and Ba@e 2004; Stoddart et al., 2009)).
Our group focuses on a composite scaffold, comgjsdf a fibrin hydrogel and a PU
porous scaffold (Lee et al., 2005; Li et al., 20094is system combines the advantages
of a natural hydrogel cell carrier (e.g. homogerseceil encapsulation, preservation of
the cellular phenotype and nutrient exchange) asyhthetic, porous sponge (resilience

and mechanical stability).
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In TE of articular cartilage, stimulating factoroutd have different scopes of
application They can be used to preserve the clogty phenotype, to induce,
chondrogenesis of hMSCs or enhance the chondrogesponse of hMSCs, which was
induced by another bioactive factor. The most comgnapplied stimuli are bioactive
factors and mechanical forces. Bioactive factorachs as growth hormones,
transcription factors or differentiation factorsayplpivotal roles in embryogenesis and
they influence a variety of functions within thenman body. For cell-based cartilage
TE, the most routinely applied factors include IGK&Gelse et al., 2003; Madry et al.,
2013), fibroblast growth factors (Weisser et adQ2), SOX9 (Kupcsik et al., 2010) and
members of the transforming growth factor beta fansiuch as TGB1 (Yeoh and de
Haan, 2007; Yoo et al., 1998), TGR-(Jin et al., 2008) or TGB3 (Fan et al., 2008;
Miyanishi et al., 2006) and different bone morphuogje proteins (Majumdar et al.,
2001; Salzmann et al., 2009; Sekiya et al., 2005).

Gene transfer is an attractive alternative to tk@genous application of recombinant
bioactive factors. The concept is based on theveigliof cDNA (encoding a specific
transgene) to a target cell. This procedure enathiescell to produce the desired
transgene. As the half-life of most bioactive fastois short, their repeated
administration is usually necessary. This featgregpecially obstructive in a clinical
environment and can be circumvented by the apmicaif gene transfer. Generally,
gene transfer vectors can be separated into tworneigsses; viral vectors and non-
viral vectors. Non-viral vectors are relatively esafo apply. However, they are
considered to be less efficient, when comparediral vectors (Dinser et al., 2001,
Steinert et al., 2008; Thomas et al., 2003). Ondtter hand, viral vectors are much
more efficient but their application raises safetyicerns (Steinert et al., 2008; Thomas
et al., 2003). Adenoviral vectors, which do noegrate into the host genome, can be
used as effective tools to provide a local, allb@hsient, production of a bioactive
factor. This might be particularly helpful for tieeatment of musculoskeletal defects,
where only a localised and short-term expressiagqdo weeks) of a therapeutic factor

is needed, in order to initiate a repair respomge enhance the endogenous repair.
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Although, adenovirally transduced cells have thdepimal to be immunogenic,

adenovirus has many advantages for proof of pr@cgpudies. These include; low
production cost, high transduction efficiency, thability to infect both dividing and

non-dividing cells, high levels of transgene pradut and increased safety, when
compared to integrating viruses (e.g. retrovirusés)st, but not least, adenoviral
vectors have already been approved for clinicahlgri(Peng, 2005; Penny and
Hammond, 2004).

Healthy articular cartilage is subjected to mecbanforces on a daily basis, and, it is
widely accepted that they play a pivotal role fastho the maintenance and the
development of this tissue. Therefore, the conogfpanctional TE implies mechanical
stimulation (e.g. compression (Angele et al., 2@dschmann et al., 1995), fluid-flow
(Freed et al., 1998), shear stress (Frank et @Q)Yor hydrostatic pressure (Miyanishi
et al., 2006)) as additional stimuli. The physiabad movement of the joint is
kinematically very complex. Thus, the applicatioh @ single stimulus will not
adequately reflect the compléxvivo situation For that reason, a bioreactor that is able
to reproduce the kinematics of the joint more melgi was designed (Wimmer et al.,
2004). With this bioreactor system, several différstimuli (compression, shear and
flexion) can be applied solely or simultaneousliiisTinnovative system has been used
in several studies that showed promising resultgpgsik et al., 2010; Li et al., 2009b;
Li et al.,, 2009c; Schatti et al., 2011). It alscs Heeen demonstrated that retroviral-
mediated over-expression of BMP-2, in combinatioithwmechanical stimulation,
synergistically enhanced the re-differentiatiordetdifferentiated bovine chondrocytes
(Salzmann et al., 2009).
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These encouraging results led to the developmerthefpresent study where it was
opted to investigate the effect of mechanical skaton and adenoviral-mediated over-
expression of BMP-2, alone and in combination, lom differentiation of monolayer-
expanded hMSCs. No exogenous growth factor wasieahpwhich makes the
procedure easier to apply in clinical practice,itadoes not depend on the repetitive
administration of an exogenous factors or the dsandntegrating viral vector. It was
hypothesised that mechanical stimulation will erdgarthe paracrine production of
TGF$1 which will induce chondrogenesis (Li et al., 2BP9Transduction with
Ad.BMP-2 will lead to a temporary production of BMP This production was
hypothesised to further enhance chondrogenesis. deVi&ere encapsulated in a
clinically relevant fibrin-PU composite scaffoldh@y were transduced with Ad.BMP-2
in 3D (using a novel protocol for enhanced adermdviransduction (Neumann et al.,
2013c)) or left as untransduced controls. Afterqukiture, they were either subjected to
mechanical stimulation, for 7 or 28 days, or leftfieee-swelling controls. Production of
biologically relevant amounts of transgene prod{BMP-2) was validated using a
quantitative BMP-2 ELISA. Biochemical analyses (GABNA and the amount of
GAG normalised to the DNA content (GAG/DNA)) anchgeexpression analyses were
conducted. This work was published in Tissue Ergying (Neumann et al., 2013a).
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4.2 Ad.BMP-2 and load study — results.

In total, eight different groups were analysed ngirthe study (table 4-1). Triplicate
samples were done per group. The experiment wasaefy repeated with cells from
5 different donors¢ age 65% age 787 age 552 age 73 and age 41).

Group Viral Transduction Mechanical Time in 3-D culture
(in 3D with 5 MOI) stimulation (+ 3 days of preculture)
1 - No 7
2 - Yes 7
3 - No 28
4 N Yes 28
5 Ad.BMP-2 No 7
6 Ad.BMP-2 Yes 7
7 Ad.BMP-2 No 28
8 Ad.BMP-2 Yes 28

Table 4-1: Overview of the eight different experimental groupsof the Ad.BMP-2 and load study.
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4.2.1 Transduction of hMSCs, in 3D with a MOI of 5,leads to the

production of biologically relevant amounts of BMP2.

The feasibility of Ad.BMP-2 transduction in 3Bithin the fibrin-PU composite system
has already been demonstrated (see enhanced a@értoansduction in 3D study
(section 3.4 — 3.6) and (Neumann et al., 2013cgvexthelessit was of fundamental
interest to confirm that biologically relevant anntsiof BMP-2 were generated over the
course of the study. Hence, BMP-2 concentratiorhiwitthe culture medium was
guantitatively determined using an ELISA kit forrhan BMP-2. In all untransduced
samples, under both loaded and unloaded condit®lhd?-2 medium concentrations

were below 0.1ng/ml. Thus, these groups were robaded in figure 4-1.
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Figure 4-1: BMP-2 concentration within the cell culure medium of Ad.BMP-2 transduced hMSCs,
which were cultured in fibrin-PU composite scaffold. hMSCs were transduced with Ad.BMP-2 in
3D (5 MOI). Subsequently, they were cultured for upto 28 days. Either static culture conditions
were applied (unloaded) or cells were cultured wittapplication of 1 hour of mechanical stimulation
each day for 6 days per week (loaded). Medium wafhanged and collected three times per week.
Additionally, the medium of the 3 day pre-culture period was collected. Transgene concentration
within the culture medium was determined using a gantitative ELISA for human BMP-2. Results
are displayed as average + standard deviation ofiglicates from three donors.
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There were no significant differences in BMP-2 camtcation, within the culture
medium, between the unloaded and the loaded glauihe unloaded group, BMP-2
concentrations stayed relatively constant overdberse of the study. In the loaded
group, a trend towards increasing medium levels descted. Yet, this trend failed to
reach statistical significance. The peak BMP-2 eom@tions were 130ng/ml +
37.3.4ng/ml in the unloaded group and 339.8ng/m8&ng/ml in the loaded group. It is
worth noting that, starting from week 1, BMP-2 centrations were above 100ng/ml (a
concentration commonly used in studies applyingmaznant BMP-2 exogenously) for

all groups, except BMP-2 unloaded at week 1.

4.2.2 Mechanical stimulation leads to an up-regulan of chondrogenic
genes, when compared to free-swelling controls. Tingduction with
Ad.BMP-2 is the predominant stimulus for the gene ggrecan and it
leads to an up-regulation of SOX9 message at theratime-point.

The effect of mechanical stimulation and transaurctivith Ad.BMP-2, on the gene
expression profile of hMSCs, was investigated. Gex@ression analyses were
conducted using the comparati¥&Cr method with 18s rRNA as internal control. The

unloaded control group at day 7 was used as naeratnd, therefore, set to 1
(figure 4-2).

[142]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 4: Ad.BMP-2 and load study

n-fold up-regubtion of gene Collagen | compared
to control day 7 unloaded

Collagen|

-

Control Control

o

n-fold up-regulation of gene Collagen Il compared
to control day 7 unloaded

Collagenll N

Control

n-fold up-regultion of gene Collhgen X compared
to control day 7 unloaded

Control BMP-2 BMP-2 Control BMP-2 BMP-2 Control BMP-2 BMP-2  Control  Control ~ BMP-2 BMP-2
Day7 Day7 Day7 Day7 Day 28 Day 28 Day 28 Day 28 Day7 Day7 Day7 Day7 Day 28 Day 28 Day 28 Day 28
Unloaded  Loaded  Unloaded  Loaded  Unloaded  Loaded  Unloaded  Loaded Unloaded Loaded Unloaded Loaded Unloaded Loaded Unloaded Loaded
b Runx2 e Aggrecan s
—>
60 100000
7 : %
>
g T
5 50 10000
N3 /,
i3 %
ERE 3 1000 7 /—
' T
1 34 ]
i H /
o230 <5 100 /
03 * FE
Y PR SN ¥ 7
382 5= 10 /—
38 2
ge I 7 E /
¢ o / LI /—
3
: y 7 0
: / o o : o -]
3 01
Control  Control BMP-2 BMP-2 Control  Control BMP-2 BMP-2 & Control ~ Control ~ BMP-2  BMP-2  Control  Control  BMP-2 BMP-2
Day7 Day7 Day7 Day7 Day 28 Day 28 Day 28 Day 28 £ Day7 Day7 Day7 Day7 Day 28 Day 28 Day 28 Day 28
Unloaded ~ Loaded  Unloaded  Loaded  Unloaded  Loaded  Unloaded  Loaded Unloaded  Loaded Unloaded Loaded Unloaded Loaded  Unloaded  Loaded
¢ Collagen X N f SOX9

Control
Day7
Unloaded  Loaded  Unloaded

Control
Day7

BMP-2
Day7

BMP-2  Control  Control BMP-2
Day7 Day 28 Day 28 Day 28
Loaded Unloaded Loaded  Unloaded

BMP-2
Day 28
Loaded

n-fold up-regulation of gene Sox9 compared
to control day 7 unloaded

Control Control

Control BMP-2 BMP-2 Control BMP-2 BMP-2
Day7 Day7 Day7 Day7 Day 28 Day 28 Day 28 Day 28
Unloaded  Loaded  Unloaded  Loaded  Unloaded  Loaded  Unloaded  Loaded

Figure 4-2: Relative gene expression of hMSCs, whichave been cultured in fibrin-PU composite
scaffolds for 7 or 28 days. They have been transded with Ad.BMP-2 in 3D with a MOI of 5
(BMP-2) or were left untreated (control). Subsequetly, they were either cultured under static
conditions (unloaded) or 1 hour of mechanical stimiation per day was applied for 6 days per week
(loaded). Gene expression analyses were conducteding the comparativeAACt method, for genes
Col I (a), Runx2 (b), Col X (c), Col Il (d), aggrean (e) and SOX9 (f). 18s rRNA was used as internal
control. The unloaded control group at day 7 was sl as calibrator and therefore set to 1. Results
are displayed as average + standard deviation of iplicates from five donorsk Significantly
different in the control vs. the Ad.BMP-2 transducea group (p < 0.05);® significantly different in the
unloaded vs. the loaded groupf < 0.05); asignificantly different in the control unloaded vs. the
Ad.BMP-2 transduced loaded group f < 0.05).
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The genes Col | (figure 4-2 a) and Runx2 (figurg #) were almost un-responsive
towards both stimuli, with slight variation due @osmall response seen in one of the
five donors @ age 65). The only significant changes observe warup-regulation for
both genes in Ad.BMP-2 transduced vs. control samplithin the day 7 unloaded
group 0=0.041 for Col | andp=0.006 for Runx2) and an up-regulation for Col | on
day 7 0=0.017), when both stimuli were simultaneously applietheTgene Col X
(figure 4-2 c) was significantly up-regulated thgbumechanical stimulation in all
groups p=0.000 for control on day 7p=0.000 for control on day 28 anp=0.000 for
BMP-2 on day 28), except the Ad.BMP-2 transducemligron day 7. Interestingly, at
the early time-point, if both stimuli were combine@ol X expression was not
significantly different from the unloaded contrabbgp. The gene Col Il (figure 4-2 d)
was massively up-regulated through mechanical $tiom in all groups g=0.014 for
control on day 7p=0.000 for control on day 28 ang=0.000 for BMP-2 on day 28),
except the Ad.BMP-2 transduced group on day 7hénAd.BMP-2 transduced groups,
a statistically significant up-regulation in Col mhessage was only detected in the
unloaded group at day Pp<0.001). Further, a synergistic effect of both stimulisva
detected on day 7. The n-fold up-regulation in ICalessage was 2655 + 7417 (control
loaded,p=0.014), 936 = 1785 (BMP unloade@=0.001) and 29878 + 86410 (BMP-2
loaded, p=0.000). The response of the gene aggrecan (figure 4-@as) the most
complex. At the early time-point (day 7), both loge0.050) and transduction with
Ad.BMP-2 (=0.000) led to a significant increase in aggrecan messagd,
transduction with Ad.BMP-2 seemed to be the predemt stimulus, as aggrecan
message was significantly elevated in the BMP-2idoavs. the control loaded group
(p=0.000). Further, the combination of both stimuli did he&d to an elevated response
in comparison to the unloaded Ad.BMP-2 transduaedig At the late time-point (day
28), the same general response was detected. heetapplication of mechanical
stimulation had no significant influence on aggrecgene expression. Further,
transduction with Ad.BMP-2 only led to a signifitgnhigher aggrecan message in the
unloaded grouppE0.000). Finally, at the early time-point, transductioittwAd.BMP-2
led to a significant up-regulation of SOX9 mességgire 4-2 f). This was true in both
the unloadedp=0.000) and the loaded group<£0.000).
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4.2.3 The DNA content did not differ statisticallybetween groups.

The DNA content was quantified using the Hoechs2583 dye assay. Neither
transduction with Ad.BMP-2 nor mechanical stimwatihad a statistically significant
effect on total DNA content (figure 4-3). Figuredddisplays the average of day 7 and
day 28 samples for each group. These values werd 8 the calculation of the
GAG/DNA values in section 4.2.5.

25

20 I |

7
7%
7
_

Control Control BMP-2 BMP-2 Control Control BMP-2 BMP-2
Day 7 Day 7 Day 7 Day 7 Day 28 Day 28 Day 28 Day 28
unloaded loaded unloaded loaded unloaded loaded unloaded loaded

Figure 4-3: Total DNA content of hMSCs after 7 or 8 days. hMSCs were cultured in fibrin-PU
composite scaffolds and either transduced with Ad.BIP-2 in 3D with a MOI of 5 (BMP-2) or left
untreated (control). Subsequently, they were eithecultured under static conditions (unloaded) or 1
hour of mechanical stimulation per day was appliedor 6 days per week (loaded). DNA content was
guantified from scaffolds using the Hoechst 33258y& assay with calf thymus DNA as standard.
Results are displayed as average + standard deviati of triplicates from five donors.

As already mentioned, there were no significantedéinces in DNA content between
the groups. Total DNA content for each group was33dg + 6.27ug (control day 7
unloaded), 13.59ug * 4.44ug (control day 7 load#d)92ug + 5.15ug (BMP-2 day 7
unloaded), 12.27ug = 3.91ug (BMP-2 day 7 loadedl} aug + 5.35u9g (control day 28
unloaded), 16.72ug £ 4.71ug (control day 28 loadél)81ug + 3.83ug (BMP-2 day
28 unloaded) and 14.69ug * 6.38ug (BMP-2 day 28dda
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Figure 4-4: Average DNA content (calculated from dga 7 and day 28 samples) of hMSCs. hMSCs
were cultured in fibrin-PU composite scaffolds anceither transduced with Ad.BMP-2 in 3D with a
MOI of 5 (BMP-2) or left untreated (control). Subse&juently, they were either cultured under static
conditions (unloaded) or 1 hour of mechanical stimiation per day was applied for 6 days per week
(loaded). DNA content was quantified from scaffoldaising the Hoechst 33258 dye assay with calf
thymus DNA as standard. Further, the average betweethe day 7 and the day 28 samples was
individually calculated for each donor and sample Results are displayed as average + standard
deviation of triplicates from five donors.

Again, when the average DNA content (independeomfrthe time-point) was

calculated, there were no significant differencedMeen the different groups. Total

values measured were 14.41ug + 4.79ug (controladeld), 14.92ug + 3.97ug (control
loaded), 13.36ug + 3.3ug (BMP-2 unloaded) and 383884.05ug (BMP-2 loaded).
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4.2.4 The bulk amount of synthesised GAG is releagénto the culture

medium.

The cumulative amount of released GAG, over thesmwof 28 days, was quantified
using the DMMB dye binding assay. Furthermore,ah®unt of GAG retained within
the scaffolds was measured after 28 days. Therabirix production of hMSCs was

tracked (figure 4-5).
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Figure 4-5: Total amount of GAG synthesised after & days. hMSCs were cultured in fibrin-PU
composite scaffolds and either transduced with Ad.BIP-2 in 3D with a MOI of 5 (BMP-2) or left
untreated (control). Subsequently, they were eithecultured under static conditions (unloaded) or 1
hour of mechanical stimulation per day was appliedor 6 days per week (loaded). Medium was
changed and collected three times per week. It wamoled for weeks 1, 2, 3 and 4. Additionally, the
medium of the 3 day pre-culture period was collectt GAG content was quantified (both within the
scaffold and within the culture medium) using the MMB dye binding assay with chondroitin-4-
sulfate as standard. Results are displayed as aveya + standard deviation of triplicates from five
donors Significantly different from the control loaded group @ < 0.05).
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A large proportion of synthesised GAG was releassathe culture medium. After 28
days of culture, only 92.5ug £ 46.5ug (control @ded), 88.6ug + 45.2ug (control
loaded), 89.1ug = 37.6pg (BMP-2 unloaded) or 99.568.9ug (BMP-2 loaded) of
GAG was retained within the scaffolds. On the othand, during the same period of
time, a total of 438.4ug = 196ug (control unload@&®0ug + 177.7ug (control loaded),
346.5ug = 97.2ug (BMP-2 unloaded) or 429.4ug + 2j08.(BMP-2 loaded) of GAG
was released into the culture medium. In summadg,amount of synthesised GAG,
retained within the scaffolds, was in a range betw&2.1% + 5.6% (control loaded)
and 21.75% * 3.6% (BMP-2 unloaded). A trend towadsncreased GAG release in
loaded vs. unloaded groups was detected. This teahed statistical significance only
in the control group and not in the BMP-2 grouprtker, the total amount of GAG
produced in the loaded control group was highestrgmall groups and significantly
different from the other group$£0.028 vs. control unloadedp=0.000 vs. BMP-2
unloaded ang=0.011 vs. BMP-2 loaded).

4.2.5 The GAG/DNA ratio is highest in the controldaded group.

Finally, in order to normalise the amount of GAGoguced to total cell number
(figure 4-6), the GAG/DNA ratio was calculated. Téfere, the total amount of GAG
(scaffolds + medium over 4 weeks) was divided by #verage DNA content (from

day 7 and day 28 samples) for each of the fourpggou
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Figure 4-6: Total amount of GAG (scaffold + mediumover the course of 4 weeks) normalised to
average DNA content (of day 7 and day 28 samplesgtwveen the different groups after 28 days.
hMSCs were cultured in fibrin-PU composite scaffold and either transduced with Ad.BMP-2 in 3D

with a MOI of 5 (BMP-2) or left untreated (control). Subsequently, they were either cultured under
static conditions (unloaded) or 1 hour of mechanidastimulation per day was applied for 6 days per

week (loaded). Total amount of GAG and amount of DN was quantified. Subsequently, GAG

production was normalised to DNA content. Resultsra displayed as averages + standard deviation
of triplicates from five donorsx Significantly different from the control loaded group ( < 0.05).

GAG/DNA ratios (in pg/pg) were 37.3 + 10.8 (conturiloaded), 53.3 + 19.3 (control

loaded), 33 + 12.1 (BMP-2 unloaded) and 41.4 + 1BNIP-2 loaded). A trend towards

higher GAG/DNA ratios in control vs. Ad.BMP-2 trahsed and loaded vs. unloaded
groups was detected. This trend reached statidigaificance in the control loaded
group only, where the GAG/DNA ratio was highest agall groups investigated

(p=0.048 vs. control unloaded ang-0.014 vs. BMP-2 unloaded).
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4.3 Ad.BMP-2 and load study — Discussion

During everyday life, cartilage is subjected to heeucal forces. It is widely accepted
that they play an important role in both developtreard maintenance of this tissue. The
concept of functional TE implicates mechanical siemtion and, thereby, mimics the
prevailingin vivo situation more precisely. The present study optethvestigate the
combined effect of complex mechanical stimulatiging a custom-built bioreactor
system (Wimmer et al., 2004) and adenoviral-mediateer-expression of BMP-2 on
chondrogenesis of monolayer-expanded hMSCs. hM3£s encapsulated in a fibrin-
PU composite scaffold system and cultured for u@8odays. A chondro-permissive
medium, which has the exact same composition aslatd chondrogenic medium but
lacks any exogenous growth factor, was used. ThnfPU system used compares
favourably to pellet culture, particularly with pesct to a lower expression of genes
associated with endochondral ossification (Li ef @D09a). The two stimuli were
applied alone or in combination. In the fibrin-PlWntposite system, mechanical
stimulation is known to enhance the paracrine peodn of TGFf1, inducing
chondrogenesis of hMSCs (Li et al., 2009b). Furtitehas been demonstrated that
shear plays an important role during hMSC chondregis (Schatti et al., 2011). After
transduction with Ad.BMP-2, hMSCs are able to ermysly produce BMP-2. This
bioactive factor is widely utilised for both chondenic induction and enhancement of
chondrogenesis in hMSCs (Majumdar et al., 2001 n#itret al., 2003). In the present
study, BMP-2 over-production was believed to furtenhance chondrogenesis.
Outcome parameters measured were concentration MP-B within cell culture
medium, biochemical analyses (GAG, DNA and GAG/DN&)d gene expression
analyses.

After Ad.BMP-2 transduction in 3D, hMSCs were altite generate high levels of
transgene product over the course of 4 weeks. &tpsession was far more prolonged,
when compared to standard 2D Ad.BMP-2 transductifalmer et al., 2005).
Furthermore, BMP-2 concentrations of 100ng/ml oowab were generated. This
concentration is commonly used when BMP-2 is appdieogenously and is considered
to be biologically relevant (Majumdar et al., 20@Hijlor et al., 1996; Toh et al., 2007).
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It is worth mentioning that the application of maafcal stimulation led to a trend
towards higher BMP-2 medium concentrations. Yag ttend failed to reach statistical
significance. The most likely explanation for tlibservation is that, in the unloaded
group, the synthesised BMP-2 can leave the scaftolly by means of passive
diffusion. In the loaded group however, applicatminmechanical forces will likely

squeeze out most of the BMP-2 which is retainedhiwithe scaffold. Interestingly, a
similar trend was seen for GAG concentration witttie cell culture medium within

this study and in previous work from our group €Lial., 2009c; Schatti et al., 2011).

The DNA content did not change significantly oviee time course of the experiment.
Further, there was no significant change in DNA teaoh when both stimuli were

applied solely or in combination. This indicatestttihe total cell number stayed
relatively constant and that cell numbers were infiuenced by either Ad.BMP-2

transduction in 3D or mechanical stimulation. lhestwords, neither proliferation nor
cell death dominated the cellular response towdnes culture environment. These
observations have already been demonstrated iareiiff studies using the fibrin-PU
composite scaffold system (Li et al., 2009b; Lakt 2009c; Neumann et al., 2013c).

Gene expression analyses revealed that mechatimallaion led to an up-regulation

of chondrogenic marker genes (Col Il and aggrebanh)plso to an up-regulation of the
hypertrophic marker gene Col X. This suggests thathanical stimulation enhanced
hMSCs chondrogenesis but also their progressioarsvhypertrophy. Interestingly, at
the early time-point, this hypertrophic responsghhihave been inhibited, or at least
delayed, through adenoviral-mediated over-exprassidBMP-2 (as Col X message in
the control unloaded group was not different fréve Ad.BMP-2 transduced and loaded
group). For the gene Col Il, a synergic effect wiasected when both stimuli were
simultaneously applied. However, this was significanly for the early time-point at

day 7. After 28 days, supraphysiological dosesMPR2 did not seem to synergistically
enhance Col Il gene expression, if combined witlelmaical stimulation. Interestingly,

for the gene aggrecan, both stimuli led to an m®eein gene expression, if applied
solely. However, when cells were subjected to sitinuli, the increase induced by
Ad.BMP-2 transduction was not further enhanced ®cmanical load. This suggests
that over-expression of BMP-2 is the predominamh@us for the gene aggrecan and
that aggrecan is differently regulated, when comgaio the other genes that were

investigated in this study.
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The same observation was made by Kupcsik et al20tt0 (Kupcsik et al., 2010).
Finally, transduction with Ad.BMP-2 led to a sigoént increase in SOX9 (master
transcription factor for chondrogenesis) expressifter 7 days. This finding indicates

that Ad.BMP-2 transduction was beneficial for theiation of chondrogenesis.

Interestingly, the gene expression results withims tstudy conflicted with the
GAG/DNA data where a trend towards a negative efie&d.BMP-2 transduction was
detected. An up-regulation in gene expression dumesalways correlate to elevated
protein levels. Our group and others have alreadgciibed this lack of direct
correlation between aggrecan gene expression ard &Mthesis for MSC (Barry et
al., 2001; Kisiday et al., 2008). In previous warkour group, this lack of correlation
was investigated using the DMMB assay, Safranin-Qaingl)g and
immunohistochemistry for the aggrecan protein (Kupet al., 2010; Schatti et al.,
2011). It was also tested if the cells have themmdl to produce negative regulators of
GAG expression, such as interleukif-but no significant changes were detected. It
was proposed that some required co-factor, preésenature chondrocytes, is lacking in
chondrogenically induced MSCs (Kupcsik et al., 201Gene expression of Col |
(fibroblastic marker) and Runx2 (osteoblastic markeas almost unaffected by both
stimuli. The few detected statistically significamp-regulations in gene expression,
after transduction with Ad.BMP-2, were so smalltthi@ey are most likely not to be

biologically relevant.

The quantification of total GAG revealed that thdkbamount of GAG was released
into the culture medium and did not stay within soaffolds. Further, a trend towards
an increased GAG production and release in mechalasitmulated samples, when
compared to free-swelling controls, was observedthie control group, this trend

reached statistical significance. Again, this Hasaaly been described in previous work
using this culture system (Li et al., 2009c). Imgeal, the amount of GAG that can be
retained depends on the scaffold, the mechanicakagmment and the pericellular

matrix. The observed results suggest that, under dbserved conditions, the
pericellular matrix was not well enough developedrétain most of the synthesised
GAG. This task was further complicated by the hyghbrous structure, the relative

large pore size of the scaffold and by the appboabf mechanical stimulation.
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By normalising the total amount of GAG producedtite total DNA content it was
demonstrated that the control loaded group hadjlaehiGAG/DNA ratio than its free-
swelling counterpart. For the Ad.BMP-2 transducedugs similar observations were
made. Yet, the increase in the loaded group wasstaiistically significant. This
observation is consistent with previously publistieda within our group using both
hMSCs (Li et al., 2009c) and bovine chondrocytedZi®ann et al., 2009). As synthesis
of GAG is a qualitative measurement of hMSCs mabriaduction, this suggests that
mechanical stimulation is beneficial for hMSC chmgknesis. Comparison between
Ad.BMP-2 transduced groups and untransduced centevealed an unexpected result.
The GAG/DNA ratio in the untransduced control aoaded group was highest, among
all groups investigated. This was a surprisingifigdas over-expression of BMP-2 was
believed to enhance chondrogenesis of hMSCs, a&adrdemonstrated by other
investigators in different culture systems withi€é&om different species (Majumdar et
al., 2001; Palmer et al., 2005; Schmitt et al.,20®ekiya et al., 2005). However, the
reason for the conflicting results between genaesgion analyses (aggrecan) and the

GAG/DNA ratio will require further investigation.

This study and further experiments with the bioteasystem might help to develop a
one-step protocol, which can be conducted withendperating theatre, with the aim to
treat cartilage defects. Theoretically, a surgeonld harvest bone-marrow during
operation, isolate the mononuclear fraction, contg hMSCs, through centrifugation,
transduce these cells with an adenovirus expressogsired transgene and implant the
cells immediately into the defect. The feasibilitythis approach has already been
demonstrated in 2004 by Pascher et al., by tramsglwabbit whole bone-marow clots
intra-operatively (Pascher et al., 2004). Furtiterould require the direct transduction
of hMSC in 3D. This has been demonstrated by resgmk within our group using
monolayer-expanded cells (Neumann et al., 2013w Juggested protocol would no
longer rely on a time-consuming and money-consunaelt) culture step and would
remove the need for a second operation. A potdiriéhtion to the proposed approach
would involve the release of BMP-2 from modifiedigewithin the defect into the
surrounding joint compartment, which might lead adverse effects within tissues
proximal to the defect (e.g., osteophyte formatidrjis would have to be investigated

in anin vivo model to determine the concentration and effeeinyfBMP-2 release.
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In summary, the present study aimed to investifaecombined effect of mechanical
stimulation and adenoviral-mediated over-expressioh BMP-2 on hMSC
chondrogenesis. It was demonstrated that mechastinallation led to an up-regulation
of chondrogenic genes. Load also led to a smaltease in expression of the
hypertrophic marker Col X. This hypertrophic resp@seemed to be diminished, or at
least delayed, when cells were transduced with BdPE. Furthermore, mechanical
stimulation increased the GAG/DNA ratio in this tcwé system which is an indicator
for improved chondrogenesis. The effect of Ad.BMR&hsduction in 3D on hMSC
chondrogenesis was not as clear. On one hand,esxypeession of BMP-2 increased
aggrecan and SOX9 gene expression and, furthereaksd Col X gene expression in
the loaded group which suggests a positive effectlmondrogenesis and a negative
effect on progression towards hypertrophy. Furtheechanical stimulation and
transduction with Ad.BMP-2 had a synergistic effect Col Il message at the early
time-point (day 7). On the other hand, transductrath Ad.BMP-2 led to a trend
towards decreased GAG/DNA ratios, suggesting ismigay be limited.
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Chapter 5: Effect of dorsomorphin on hMSC hypertrophy.

5.1 Effect of dorsomorphin on hMSC hypertrophy — inroduction.

MSCs are a commonly used cell source for cartilEeigepplications. These cells can be
harvested relatively easily and in a less-invasimanner, when compared to
chondrocytes. MSCs can be differentiated into sdvesll types which belong to the
mesenchymal lineage (Pittenger et al., 1999). Tisé study, demonstrating successful
in vitro chondrogenic induction of MSCs, was conducted bfitén and co-workers in
1980 (Ashton et al., 1980). In 1998, Johnstone @ndorkers were able to establish a
3D micromass culture model that allows for the arogenic differentiation of MSCs,
under defined serum-free conditions (Johnstonel.et1898). Within this so-called
pellet culture modelin vitro chondrogenesis of MSCs is driven by dexamethasonde a
TGF1.

One of the main drawbacks of MSCs, as a cell sotoceartilage TE, is that their
stablein vitro chondrogenic induction is still not possible. &al, these cells advance
to their terminal phenotype, the hypertrophic choogte (Bosnakovski et al., 2006;
Yoo et al., 1998). Additionally, after subcutaned@splantation into SCID mice, pre-
differentiated hMSC pellets underwent mineralisati@’elttari et al., 2006). These
observations resemble the sequence of events dkas tplace during endochondral
ossification. If TE of articular cartilage using @S as cells source should become
reality, it is absolutely necessary to block theogpession towards hypertrophy.
Currently, several approaches exist to prevent liyigertrophic differentiation. For
instance, exogenous application of PTHrP (Kim gt24108; Lee and Im, 2012; Mueller
et al., 2013) or co-culture of MSCs and articulaordrocytes (Fischeat al., 2010).
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In recent work of Hellingman et al., a new and resting approach was taken
(Hellingman et al., 2011). The group postulated thath phosphorylated SMAD 2/3-
mediated TGH signalling and phosphorylated SMAD 1/5/8-mediaBdP signalling
are essential for early chondrogenic induction. iludater stages of chondrogenesis
however, the group was able to demonstrate thakislg of BMP signalling, using the
small molecule dorsomorphin, led to a reductionCal X, matrix metalloproteinase
(MMP)-13 and ALP expression.

The effect of dorsomorphin on BMP-2 signalling viiast described in 2008 by Yu and
co-workers in a screening study which involved okes00 molecules (Yu et al., 2008).
The aim of the screening study was to detect snbsgathat perturb dorsoventral axis
formation in zebrafish embryos. Dorsomorphin isicturally identical to compound C,
which already has been shown to antagonise theitgatif adenosine monophosphate-
activated kinase (Zhou et al., 2001). Yu et almdestrated that dorsomorphin acts by
selective inhibition of the BMP type | receptorgida receptor-like kinase (ALK)2,
ALK3 and ALK6 (Yu et al., 2008). Thereby, phosphation of SMAD 1/5/8 was
inhibited and BMP signalling was selectively blodke

As already described in section 1.5.2, BMPs and -p&bind to different sub-types of
type | and type |l serine/threonine kinase receptburther, their downstream signalling
is mediated by phosphorylation of different receatctivated SMADs (SMAD 2/3 for
TGF{ signalling and SMAD 1/5/8 for BMP signalling). Yethe corresponding
phosphorylated receptor-activated SMADSs, of bottihways, form a complex with the
same co-SMAD (SMAD 4). This SMAD complex then triaeates into the nucleus and

activates transcription of target genes (figure.5-1
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Figure 5-1. Schematic display of the BMP and the T&-p signal transduction pathway. Both
pathways use different kinds of type | and type liserine/threonine kinase receptors. Their down-
stream signalling is mediated by phosphorylated SMB 1/5/8 (BMP) or phosphorylated SMAD 2/3
(TGF-B). In both signalling pathways, the phosphorylated/SMADs form a complex with SMAD 4.
Afterwards, this complex translocates into the nu@us and activates target gene expression. Signal
transduction can be blocked by the inhibitory SMADs6 (BMP only) and 7 (BMP and TGF§).
Image with courtesy of Dr. Martin Stoddart (AO Research Institute Davos, AO Foundation, Davos
Switzerland).

As a counter to the previous study, which investidaover-expression of BMP-2, the
current study aimed to investigate the effect ofsdmorphin and thus inhibition of
BMP signalling, on the chondrogenesis and progoessowards hypertrophy of
hMSCs. As opposed to the study of Hellingman et (#ellingman et al., 2011),
hMSCs were cultured in fibrin-PU composite scaffolthd not as pellet cultures. First,
chondrogenesis of hMSCs was induced in "classgziim-free chondrogenic medium,
containing exogenous TGFE. After two weeks of culture, scaffolds were deaddinto
two groups and cultured for another two weeks.hi ¢ontrol group, scaffolds were
further cultured under identical conditions. In thdorsomorphin group, the
chondrogenic medium was supplemented with an adaiti1OpuM of dorsomorphin.
After four weeks, scaffolds were harvested. Biocicaimanalyses (GAG, DNA and
GAG/DNA) and gene expression analyses, for genkdeck to chondrogenesis and
progression towards hypertrophy, were conductedhEy scaffolds were subjected to
histological (Safranin-O/Fast Green staining) amchuinohistochemical (for the matrix
proteins aggrecan, Col Il and Col X) analysis, mlep to track chondrogenic and

hypertrophic matrix protein production.
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5.2 Effect of dorsomorphin on hMSC hypertrophy — reults.

In this experiment, triplicate samples were carpatfor each group and each outcome
measurement (biochemical analyses, histology ante gexpression analyses). The
experiment was independently repeated with cellsnfrthree donors { age 49,

d age 24 an@ age 20).

5.2.1 Exposure to 10uM of dorsomorphin significanyl reduces DNA

content.

First, it was tested if exposure to 10uM of dorsgohan influences the DNA content
(indicator for total cell number) of h(MSCs seedetbifibrin-PU scaffolds and cultured
in chondrogenic medium. Therefore, total DNA comhtemas determined, from
PK-digested scaffolds, using the Hoechst 33258 ligding assay (figure 5-2). The
control group (cultured for 4 weeks in standardndvogenic medium) was compared
to the dorsomorphin group (cultured for 2 weekstandard chondrogenic medium and
then for another 2 weeks in standard chondrogerediim supplemented with an

additional 10uM of dorsomorphin).
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Figure 5-2: Total DNA content of hMSCs after 4 week of culture. hMSCs were seeded into fibrin-
PU composite scaffolds. During the first two week®f culture, both groups were cultured in

chondrogenic medium. Subsequently, they were culted for another two weeks in either

chondrogenic medium (control) or in chondrogenic mdium supplemented with an additional

10uM of dorsomorphin (dorsomorphin). DNA content wa quantified from scaffolds using the

Hoechst 33258 dye assay with calf thymus DNA as stiard. Results are displayed as average *
standard deviation of triplicates from three donors Significant difference between the control
group and the dorsomorphin group ¢ = 0.001).

The total DNA content in the dorsomorphin group veagnificantly lower, when
compared to the control group=0.001). Absolute values measured were 21.44ug +
4.67ug (control) and 14.22ug + 1.87ug (dorsomonphin
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5.2.2 The bulk amount of synthesised GAG is releagento the culture
medium. Significantly more GAG is produced in the ontrol group,

when compared to the dorsomorphin group.

Next, the total amount of GAG (culture medium + amtoretained within the scaffolds)
was quantified using the DMMB dye binding assayuyfe 5-3). Thereby, matrix
production in the two experimental groups was carghaAdditionally, to gain more
information about how matrix production changesimyrthe individual time-points
(week 1, week 2, week 3 and week 4), figure 5-#ldis the amount of GAG released

into the culture medium from both groups, overcdharse of 4 weeks.
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Figure 5-3: Total amount of GAG synthesised after  days. hMSCs were seeded into fibrin-PU
composite scaffolds. During the first two weeks ofculture, both groups were cultured in
chondrogenic medium. Subsequently, they were culted for another two weeks in either
chondrogenic medium (control) or in chondrogenic mdium supplemented with an additional
10uM of dorsomorphin (dorsomorphin). Medium was chaged and collected three times per week.
It was pooled for weeks 1, 2, 3 and 4. The GAG cait was quantified (both within the scaffold and
within the culture medium) using the DMMB dye binding assay with chondroitin-4-sulfate as
standard. Results are displayed as average + stamda deviation of triplicates from three
donors.k Significant differences between the control group and the dorsomorphin
group (p = 0.006).

Cells in the control group produced significantlpne GAG, when compared to cells in
the dorsomorphin group£0.006). The Total amount of GAG produced (medium +
scaffolds) was 621.9ug + 63.8ug (control) and 416.4 122.2ug (dorsomorphin).
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Figure 5-4: Total amount of GAG, released into theculture medium after 28 days. hMSCs were
seeded into fibrin-PU composite scaffolds. Duringhie first two weeks of culture, both groups were
cultured in chondrogenic medium. Subsequently, theywere cultured for another two weeks in
either chondrogenic medium (control) or in chondrognic medium supplemented with an
additional 10puM of dorsomorphin (dorsomorphin). Medum was changed and collected three times
per week. It was pooled for weeks 1, 2, 3 and 4. @/ GAG content was quantified (from the culture
medium) using the DMMB dye binding assay with chontbitin-4-sulfate as standard. Results are
displayed as average * standard deviation of triptiates from three donorsk  Significant difference
in total GAG content after 4 weeks of culture < 0.05), [a] significantly different from the control
week 1 group p < 0.05), [b] significantly different from the dorsomorphin week 3 group (p < 0.05),
[c] significantly different from the dorsomorphin week 4 group p <0.05).

During the first two weeks of culture, no signifitadifferences were detected. In the
control group, the GAG release increased with tame was significantly higher during
week 3 p=0.04) and week 4 [{g=0.000), when compared to week 1. For the
dorsomorphin group, the GAG release was higheswvesk 3 (significantly higher,
when compared to week p=0.031) and week 4p=(0.017)) and lowest at week 4
(significantly lower, when compared to week [2=0.045) and week 3 §=0.017)).
During the fourth week of culture, the GAG prodaoatiin the control group was
significantly higher, when compared to the dorsgohor group p=0.001). After 4
weeks of culture, the cumulative amount of GAG askxl was significantly higher in
the control group, when compared to the dorsomarghoup p= 0.008). In the control
group, the total amount of GAG, released into th#uce medium, was 75.69ug +
25.62ug (week 1), 103.89ug = 41.03ug (week 2),8518) + 28.84ug (week 3) and
132.46pug £ 20.47ug (week 4).
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In the dorsomorphin group, the total amount of GA€eased into the culture medium,
was 78.45ug + 23.67ug (week 1), 96.28ug + 21.23yaeK 2), 104.06ug + 22.21ug
(week 3) and 64.23ug = 38.9ug (week 4).

5.2.3 The GAG/DNA ratio is not significantly different between the

control and the dorsomorphin group.

In order to finalise biochemical analyses, the GBRA ratio for both groups was
calculated (figure 5-5). This procedure normali€&sG content (matrix production) to
DNA content (indicator for total cell number) anthereby, allows for a better
comparison of matrix production between groups. litth groups, the total amount of
synthesised GAG (medium + scaffolds) was dividedthry total DNA content after

4 weeks of culture.
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Figure 5-5: Total amount of GAG (scaffold + mediumover the course of 4 weeks) normalised to
DNA content. hMSCs were seeded into fibrin-PU comsite scaffolds. During the first two weeks of
culture, both groups were cultured in chondrogenianedium. Subsequently, they were cultured for
another two weeks in either chondrogenic medium (cdrol) or in chondrogenic medium
supplemented with an additional 10uM of dorsomorphi (dorsomorphin). The total amount of
GAG and the amount of DNA was quantified. Next, GAGproduction was normalised to DNA
content. Results are displayed as averages + stamdaleviation of triplicates from three donors.

When matrix production was normalised to DNA contaro significant difference
between the groups was detected. The GAG/DNA r@iqug/png) was 30.19 + 7.17
(control) and 33.22 = 5.75 (dorsomorphin).
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5.2.4 Exposure to 10uM dorsomorphin significantly educes the
expression of genes collagen I, collagen Il, collag X and aggrecan,

when compared to the control group.

Subsequently, the effect of exposure to 10uM o$adimorphin, on the gene expression
profile of h(MSCs, was investigated. Gene expresaimalyses were conducted using the
comparativeAACr method with 18s rRNA as internal control. The cohgroup was
used as normaliser and, therefore, set to 1. Thewing genes were tested; Col II,
aggrecan, SOX9 and BMP-2 (figure 5-6) and Col I, XXand Runx2 (figure 5-7).
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Figure 5-6: Relative gene expression of hMSCs. Cglhave been cultured in fibrin-PU composite
scaffolds for 28 days. During the first two weeks foculture, both groups were cultured in
chondrogenic medium. Subsequently, they were culted for another two weeks in either
chondrogenic medium (control) or in chondrogenic mdium supplemented with an additional
10uM of dorsomorphin (dorsomorphin). Gene expressio analyses were conducted, using the
comparative AAC; method, for genes Col Il (a), aggrecan (b), SOXZ)Y and BMP-2 (d). 18s rRNA
was used as internal control. The control group wasised as calibrator and, therefore, set to 1.
Results are displayed as average + standard deviati of triplicates from three
donors>k Significant differences between the comtl group and the dorsomorphin group ( < 0.05).
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Figure 5-7: Relative gene expression of hMSCs Cellmave been cultured in fibrin-PU composite
scaffolds for 28 days. During the first two weeks foculture, both groups were cultured in
chondrogenic medium. Subsequently, they were culted for another two weeks in either
chondrogenic medium (control) or in chondrogenic mdium supplemented with an additional
10uM of dorsomorphin (dorsomorphin). Gene expressio analyses were conducted, using the
comparative AACr method, for genes Col | (a), Runx2 (b) and Col Xcj. 18s rRNA was used as
internal control. The control group was used as c#lrator and, therefore, set to 1. Results are
displayed as average + standard deviation of triptiates from three donorsk  Significant differences
between the control group and the dorsomorphin grop (p < 0.05).

0.001

Generally, the expression of most genes investigatas down-regulated in cells
exposed to 10uM of dorsomorphin, when comparedeits én the control group.
Exceptions were the genes Runx2, SOX9 and BMP-8xRand SOX9 message were
comparable between the control and the dorsomorgtonp. For the gene BMP-2,
there was no significant difference between thetrobrand the dorsomorphin group.
Yet, a trend towards an up-regulation in the dorsqiin group (4.34-fold + 3.68-fold
elevated, when compared to the control group) vedsoctied.
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The other four genes (Col I, Col I, Col X and aggan) investigated were significantly
down-regulated in the dorsomorphin group, when cexgb to the control group. There
gene expression reached only 48.3% * 59.3% (Cp£iD,019), 46.1% + 52.1% (Col X,
p=0.007), 43.1% + 35.3% (Col Ip=0.001) and 8.6% + 12.5% (aggrecaws 0.000) of

the control group.

5.2.5 On the protein level, exposure to 10uM of deomorphin leads to
a reduction in chondrogenic and hypertrophic matrix protein

production.

In order to finalise the evaluation for this expeent, scaffolds were cryo-sectioned and
histological and immunohistochemical analyses wereducted. This was done to track
and visualise differences in matrix production kestw the groups on the protein level.
The sections were stained with Safranin-O/Fast Gteedetect negatively charged
proteoglycans (figure 5-8). Further, immunohistonlel detection of the
chondrogenic matrix proteins aggrecan and Col ¢l #re hypertrophic matrix protein
Col X were conducted. The experiment was indepahdeeapeated with cells from
three donors. Negative controls were similar betwegperiments and representative
sections are shown. All three donors displayed shee trend towardsn vitro
chondrogenesiginduced by 10ng/ml of exogenous TGE)} and towards exposure to
10pm of dorsomorphin. There were only slight vasiad in Col X protein labelling.
Yet, the magnitude of their response was differ€ells from one donor (Pat 52, age
24) hardly responded towards the chondrogenic &tisn®ne donor (Pat 5%, age 49)
showed a "normal" (moderate) chondrogenic resporise.third donor (Pat 53, 20)
underwent massivin vitro chondrogenesis. For immunohistochemical deteaifaine
matrix proteins aggrecan (figure 5-9), Col Il (figub-10) and Col X (figure 5-11), only
the images of Pat 51 were shown in the resultsiosecFor this donor ("normal
responder") it was easiest to detect differenceBAB labelling between the groups.

The results of the remaining two donors are showthe Appendix (section A 5).
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Figure 5-8: Safranin-O/Fast Green staining of hMSCs Cells have been cultured in fibrin-PU
composite scaffolds for 28 days. During the firstwto weeks of culture, both groups were cultured in
chondrogenic medium. Subsequently, they were culted for another two weeks in either
chondrogenic medium (control) or in chondrogenic mdium supplemented with an additional
10puM of dorsomorphin (Dorso). Scaffolds were fixedn 99.5% methanol and cryo-sectioned.
Negatively charged proteoglycans were stained redithh Safranin-O. Fast Green was used as
counterstain to stain proteins green. Representatesimages for donor Pat 519 age 49, control [a],
Dorso[b]), donor Pat 52 § age 24, control [c], Dorso [d]) and donor Pat 53{( 20, control [e], Dorso
[f]) are shown.
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In the control group (10ng/ml of exogenous T@&H; production and deposition of
negatively charged proteoglycans into the ECM (om &and on the side of the PU
scaffolds) was evidenced by Safranin-O stainingg.5Raand Pat 53 showed an abundant
proteoglycan production and deposition. Pat 52, @y hardly produced and
deposited any proteoglycans. In the dorsomorphoumr(additional application of
10uM of dorsomorphin during week 3 and week 4 difuca), proteoglycan production
and deposition was completely blocked (Pat 51 aatdbR) or significantly diminished
(Pat 53).
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Figure 5-9: Aggrecan immunohistochemistry of hMSCdgrom donor Pat 51 (@ age 49). Cells have
been cultured in fibrin-PU composite scaffolds for28 days. During the first two weeks of culture,
both groups were cultured in chondrogenic medium. @sequently, they were cultured for another
two weeks in either chondrogenic medium (control) oin chondrogenic medium supplemented with
an additional 10uM of dorsomorphin (Dorso). Scaffals were fixed in 99.5% methanol and cryo-
sectioned. Aggrecan immunohistochemistry was condted using the 1-C-6 antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.

Representative images (control [a], Dorso [b] andegative control [c]) are shown.
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The result of the immunohistochemistry for the a&ggn protein confirmed the results
of the Safranin-O/Fast Green staining (figure 5#hd figure 5-8 b). Yet, the labelling
of the immunohistochemistry was not as intensehasSafranin-O/Fast Green staining.
In the control group (figure 5-9 a), labelling five aggrecan protein was detected at the
same locations (on top and especially on the didieeoPU scaffolds) within the freshly
synthesised ECM. In the dorsomorphin group (figah@ b), labelling for the aggrecan
protein was no longer detectable. The negative rabrdection (figure 5-9 c¢)

demonstrated no unspecific binding of the secondatipody.

Figure 5-10: Col Il immunohistochemistry of hMSCs fom donor Pat 51 @ age 49). Cells have been
cultured in fibrin-PU composite scaffolds for 28 dgs. During the first two weeks of culture, both
groups were cultured in chondrogenic medium. Subsegntly, they were cultured for another two
weeks in either chondrogenic medium (control) or irchondrogenic medium supplemented with an
additional 10uM of dorsomorphin (Dorso). Scaffoldswere fixed in 99.5% methanol and cryo-
sectioned. Col Il immunohistochemistry was conductk using the CIICI antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.
Representative images (control [a], Dorso [b] andegative control [c]) are shown.
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In the control group, the Col Il protein was mosiposited in the ECM on top of the
fibrin-PU composite scaffold (figure 5-10 a). Atetlside however, labelling for the
Col 1l protein was not as strong. In the dorsomorgroup, the Col Il labelling was
less intense, when compared to the control gragpré 5-10 b). Additionally, most of
the labelling was located in the ECM at the sidéhefscaffolds and not so much on top
of the scaffold. The negative control section (feg6-10 c) demonstrated no unspecific

binding of the secondary antibody.
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Figure 5-11: Col X immunohistochemistry of hMSCs fom donor Pat 51 ¢ age 49). Cells have been
cultured in fibrin-PU composite scaffolds for 28 dgs. During the first two weeks of culture, both
groups were cultured in chondrogenic medium. Subsently, they were cultured for another two
weeks in either chondrogenic medium (control) or irchondrogenic medium supplemented with an
additional 10pM of dorsomorphin (Dorso). Scaffoldswere fixed in 99.5% methanol and cryo-
sectioned. Col X immunohistochemistry was conductedising the Col-10 antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.
Representative images (control [a], Dorso [b] and egative control [c]) are shown. Images of the
negative control sections were taken with a highenagnification.
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Unspecific binding of the Col-10 antibody to the Bthffolds was detected. This was
evident as in the control and in the dorsomorphoupg (figure 5-11 a and b), the PU
scaffolds were strongly labelled, whereas in thgatige control group (figure 5-11 c),

which was not treated with the Col-10 antibody, B¢ scaffold was not labelled. Yet,
the unspecific labelling of the PU scaffold wasaclg distinguishable from specific

labelling for the Col X protein within the freshynthesised matrix. In the control
group (figure 5-11 a), labelling for the Col X peot was detectable within the ECM.
This labelling was reduced in the dorsomorphin grdfigure 5-11 b). The negative

control section (figure 5-11 c¢) demonstrated nopecsdic binding of the secondary

antibody.
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5.3 Effect of dorsomorphin on hMSC hypertrophy — dscussion.

The fact that a stabl@ vitro chondrogenic differentiation of MSCs is currentiyt yet
possible represents a major limitation for theie ws cell source in cartilage TE.
Instead, these cells tend to undergo terminal miffeation into hypertrophic
chondrocytes (Bosnakovski et al., 2006; Peltta@let2006; Yoo et al., 1998). There
exist several approaches to prevent this hypericagifferentiation, such as application
of PTHrP or co-culture with mature articular chaajites (Fischer et al., 2010; Kim et
al., 2008; Lee and Im, 2012; Mueller et al., 20gcently, a different approach was
taken by Hellingman and co-workers. The group wae o demonstrate that specific
blocking of phosphorylated SMAD 1/5/8 signallingtea the onset of chondrogenic
differentiation, reduced expression of MMP 13, Goland ALP (Hellingman et al.,
2011). The group used the pellet culture modeldordomorphin as agent for blocking
of phosphorylated SMAD 1/5/8 (BMP) signalling. Bdsan these promising results, it
was of interested to determine the effect of doxwqinin on hMSCs chondrogenesis
and progression towards hypertrophy, within therfif®U scaffold system. Previously,
it already has been demonstrated that this scaffigdtem compares favourably to the
classic pellet culture model, in terms of gene egpion related to endochondral
ossification (Li et al., 2009a). It was hypothediséhat, by administration of
dorsomorphin after 2 weeks of culture, hypertropdiiterentiation of hMSCs can be
reduced or supressed, without affecting chondrageneMSCs were encapsulated in
fibrin and seeded into 2 x 8 mm PU scaffolds. Altaf 2.5 x 16 cells were seeded per
scaffold. Scaffolds were cultured in 12-well plat&uring the first two weeks of
culture, cells were cultured in classical serunefteondrogenic medium with 10ng/ml
of exogenous TGB1. The medium was changed three times per weelpaoléd and
collected for week 1, week 2, week 3 and week ZerA weeks, cells were divided into
two groups. The first group (control) was cultuneader identical conditions. In the
second group (dorsomorphin), the culture medium agastionally supplemented with
10uM of dorsomorphin. After 4 weeks of culture, péas were harvested. Biochemical
analyses (GAG, DNA and GAG/DNA) and gene expresaivalyses (Col I, Col IlI, Col
X, aggrecan, BMP-2, SOX9 and Runx2) were conduckettiitionally, the presence
and distribution of matrix proteins was analysedngishistology (Safranin-O/Fast
Green) and immunohistochemistry (for the matrixt@ires aggrecan, Col Il and Col X).
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Quantification of the total DNA content, after 4 eks of culture, demonstrated that
exposure to 10 uM of dorsomorphin significantly dgirehed the total DNA content.

The DNA content (indicator for total cell number)asv significantly lower in the

dorsomorphin group, when compared to the controlgr This result indicates that
exposure to dorsomorphin led to an increase iruleglldeath and/or a reduction in
proliferation of h(MSCs, when compared to cellsudt under control conditions. This
finding had major implications for the discussiontiee remaining data. The reduced
chondrogenic differentiation potential was likelydimect consequence of the cytotoxic
effect that was observed, when hMSCs were expasé@ {4M of dorsomorphin in the

fibrin-PU composite scaffold system.

The total amount of GAG, secreted into the cultmeddium was significantly lower in
the dorsomorphin group, when compared to the cbgtoup. In order to gain a more
detailed insight into GAG synthesis, the amountGAG, secreted into the culture
medium, was compared between the individual wedath differences between
different time-points within the same group andfetdnces between the same time-
point in the different groups were investigatedribg the first two weeks of culture, no
significant differences were detected. In the aangroup, GAG synthesis increased
with time. This led to a significantly higher GA®Glease during both week 3 and week
4 of culture, when compared to the first week dfwe. In the dorsomorphin group,
similar observations were made during the firste¢hrweeks of culture. Again,
significantly more GAG was produced during week f3colture, when compared to
week 1 of culture. Yet, during the fourth week afltare, GAG production was
significantly diminished in the dorsomorphin grodje total amount of GAG, secreted
into the culture medium, was significantly lowehen compared to the control group at
week 4 and the dorsomorphin group at week 2 ank8ed& hese data demonstrated
that the significant decrease in total GAG contémtween both groups, originated
mainly from the differences that were present dutime fourth week of culture. The
cells either reduced their GAG production starfirggm the second week after exposure
to dorsomorphin or they already started to redinee GAG production immediately
after exposure to dorsomorphin and also startetb¢wade their ECM at the same time.
The GAGs from the degraded matrix would then beastd into the culture medium
and, if still sulphated, would be detected by tidNIB assay. This hypothetical release
could compensate for the reduced GAG productider akposure to dorsomorphin.
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This hypothesis would explain why the amount of GA@leased into the culture
medium, was not different between the control dreddorsomorphin group during the
third week of culture (reduced production and partompensation by release of
degraded ECM).

When the total GAG production was normalised to EW¢A content, no significant
differences between the control and the dorsomorghoup were detected. Both the
total amount of GAG produced and the DNA contentemeduced by approximately
one third in the dorsomorphin group, when compacethe control group. This result
indicated that the matrix production, on the singgé basis, was not different between
the dorsomorphin and the control group. Yet, tesutt will have to be interpreted with
caution. It can be assumed that the DNA conteninduhe first two weeks of culture,
was not different between the control group and dbesomorphin group, as both
groups were cultured under identical conditionse;hafter exposure to dorsomorphin,
cells started to die and/or stopped proliferatinthiv the dorsomorphin group, which
resulted in the observed difference in total DNAtemt between the groups. However,
for the calculation of the GAG/DNA ratio, the totamount of GAG and the DNA
content, after 4 weeks of culture, were used. Thight have lead to a false high
GAG/DNA ratio within the dorsomorphin group. Duritige first two week of culture,
more cells were actually producing the GAG. Stile tlower DNA content, after 4
weeks of culture, had to be used for the calculaidd the GAG/DNA ratio. In
retrospect, it would have been ideal to additionafirvest some samples after 2 weeks
and 3 weeks of culture, quantify their DNA contemtd use these values for the
calculation of the GAG/DNA ratio during the firstd weeks of culture respectively the
third week of culture. Thereby, it could have diély been determined if exposure to
dorsomorphin leads to fewer cells that producestimee amount of matrix or to fewer
cells that additionally produce less matrix. Unfotely, during the initial study
design, these considerations were not taken intoumt. It was not expected that the
exposure of hMSCs, seeded into fibrin-PU compostaffolds, to 10uM of

dorsomorphin leads to a cytotoxic effect.
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Gene expression analyses of fibroblastic (Col hpndrogenic (SOX9, aggrecan,
Col 1) and hypertrophic (Col X) markers showedemeral trend towards a decrease in
gene expression within the dorsomorphin group. Tieisd reached significance for the
genes aggrecan, Col Il and Col X and indicated eredesed chondrogenic and
hypertrophic response of these cells, when compdcedcontrol cells. SOX9

(chondrogenic transcription factor) and Runx2 (ogé&nic transcription factor)

expression levels were not significantly influencé&tis observation indicates that the
decrease of aggrecan message was mediated thromgbclaanism independent of
SOX9 and that the decrease of Col X message wasateedhrough a mechanism

independent of Runx2.

Histological and immunohistochemical evaluatiomudtrix proteins demonstrated that
hMSCs had a reduced chondrogenic and hypertropHerehtiation potential, after
exposure to 10 uM of dorsomorphin. As already nostd, the reduced differentiation
potential was likely a direct consequence of theotoxic effect that was observed,
when hMSCs were exposed to 10 pM of dorsomorphithe fibrin-PU composite
system. In two out of three donors, Safranin-Ongtgi was completely absent in the
dorsomorphin group. This result was confirmed usmgiunohistochemistry for the
aggrecan protein. In the third donor, exposure dsamorphin clearly reduced both
Safranin-O staining and labelling for the aggrepaotein. Immunohistochemistry for
the protein Col Il confirmed this negative influenof dorsomorphin. In two out of
three donors, immunolabelling for the Col Il protevas markedly reduced in the
dorsomorphin group, when compared to the contraligr In the donor with the lowest
chondrogenic response, the weak immunolabellingtiier Col 1l protein, which was
detected within the control group, was absent a#@igposure to dorsomorphin.
Immunolabelling for the hypertrophic matrix prote@ol X showed similar results.
Again, exposure to dorsomorphin led to a reductibol X protein labelling (in two
out of three donors) or to the complete absend@obiX protein labelling (in the donor
with the weakest chondrogenic response). It mushdied that the results of the
Safranin-O staining and the immunohistochemistrytfi@ aggrecan protein seemed to
conflict with the biochemical analyses. The GAG/DIgio was not different between
the control and the dorsomorphin group. Yet, asaaly discussed, the results of the
GAG/DNA ratio have to be interpreted with caution.
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Further, even if the GAG to DNA ratio was compaealdetween the groups, the
exposure to 10 uM of dorsomorphin led to a sigaificreduction in cell number.
Therefore, fewer cells were present which produless total GAG, as reflected by
histology and immunohistochemistry. On top of ttatly the GAG that was secreted
into the culture medium was measured. On the othand, histology and
immunohistochemistry detect the proteins within @M or within the scaffold. A
possible explanation might be that exposure to afosphin induced matrix
degradation. Thereby, the matrix that was alreadit, iduring the first two weeks of
culture, would be degraded and released into thereumedium. If the GAG fragments
were still sulphated, they would, nevertheless, de¢ected by the DMMB assay.
Further, it might be that two weeks of culture agg sufficient to build a cartilaginous
ECM. After exposure to dorsomorphin, Col Il and @gpgn gene expression were
significantly down-regulated. Therefore, the mapimoteins which were detected within
the dorsomorphin group might only be the resultmaitrix production within the first
two weeks of culture. In the control group howewbg cells would have another two
weeks to build their ECM. Given that exposure tesdmorphin significantly reduced
the total cell number, this explanation is not kelly. Cells that are stressed and start to
undergo cell death stop to produce matrix. Helliagnet al., made similar observations
in their pellet culture study (Hellingman et alQ12). Again, they detected differences
in chondrogenic response, depending on the paaticldnor. If labelling for the Col Il
protein was not evident after 14 days of cultusgosure to dorsomorphin diminished
and almost completely blocked Col II protein incagtion. Only very little Col II
protein was then evident in the pellets after 5kges culture. However, if the matrix
was already well developed after 2 weeks of cultde@@somorphin had no negative
effect on further Col Il protein incorporation. Gstently, when the fibrin-PU
composite scaffold was established and compardidetpellet culture model, labelling
for the matrix proteins Col Il and aggrecan wasyoméakly or moderately evidenced

after two weeks of culture (Li et al., 2009a).

In summary, it was demonstrated that exposure {oMLO®f dorsomorphin led to a
cytotoxic effect, on hMSCs seeded into fibrin-PUnpmsite scaffolds. This cytotoxic
effect is most likely the cause for the reduceded#ntiation potential, which was

observed, in the dorsomorphin group.
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The total GAG production was reduced, when compaoethe control group. The
GAG/DNA ratio was not significantly different betere the two groups. Still, as
already discussed, this result has to be intempretgh caution. Gene expression
analyses revealed that the dorsomorphin groupalisdl a significant reduction in Col
I, Col Il, aggrecan and Col X expression, when carag to the control group.
Histology and immunohistochemistry demonstrated, tlieepending on the donor,
exposure to 10 uM of dorsomorphin led to a matrbdpction (both chondrogenic and
hypertrophic) that was either decreased or conlgleteolished. Possible explanations
might be matrix degradation or a decrease in mapmetein production and
incorporation. Both effects would likely be a diremnsequence of to the cytotoxic
effect that was observed. It must be noted thatethresults conflict with the study of
Hellingman et al., (Hellingman et al., 2011). Theup could demonstrate that, at least
for some of the investigated donors, exposure tsaiorphin led to a decreased
hypertrophic differentiation without negatively efting the chondrogenic response. In
the current study, exposure to dorsomorphin ledrtancrease in cell death and/or a
reduced proliferation potential of hMSCs, whichrthikely led to the observed general
reduction in differentiation potential. Other reasdor these observations, which are far
less likely, might be differences in culture timeweeks in this study, 5 weeks in the
Hellingman study) or chondrogenic inducer (T@&F-in this study, TGPB2 in the
Hellingman study). In 2001, Barry et. al., wereeabd show that TGB2 is a more
potent chondrogenic inducer (using hMSCs in théepellture model), when compared
to TGF{1 (Barry et al., 2001). Summarised, the dorsomargbincentration has been
chosen according to the study of Hellingman et (&lellingman et al., 2011), which
used the pellet culture model where cells are dgmseked. In contrary, the fibrin-PU
composite system allows for better medium peneimativhen compared to the densely
packed pellets. This difference probably led to ighér actual dorsomorphin
concentration within the fibrin-PU composite systewhich then likely led to the
observed negative effect on total cell number.duld be necessary to conduct a dose-
response test and determine a concentration obwhanphin, which does not longer
display a negative effect on total cell number. Aitais concentration could be used to
analyse the effect of dorsomorphin on hMSC choneinegis and their progression

towards hypertrophy in the fibrin-PU composite syst
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Chapter 6: Co-culture of hMSCs and hACPCs.

6.1 Co-culture of hMSCs and hACPCs — introduction.

Most studies in cartilage TE focus on the applaatof a single cell type, such as
chondrocytes, MSCs or ACPCs. Currently, a largewarhof work is carried out in the
field with the aim to detect the best possibletstgrcell source for cartilage TE or with
the aim to improve the chondrogenic differentiataira specific cell source. In the last
couple of years, co-cultures of more than onetgpk are starting to gain an increasing
amount of attention (reviewed for example in: (texj et al., 2012)). It is believed that
the different cell types can (beneficially) inflieeneach other during differentiation.

The following section briefly highlights a few exphas for different co-culture models
in cartilage TE. These co-cultures can be derivenhfthe same cell type in a different
phenotypic state. For example, primary and passafgeddrocytes can be co-cultured
with the aim to aid re-differentiation of de-diféattiated (passaged) chondrocytes (Gan
and Kandel, 2007). Yet, usually, these co-cultucdets consist of two different cell
types, most often articular chondrocytes and M$0s.example, it has been shown that
chondrocytes can create a chondrogenic niche iobausaneous environment. This
feature then directs chondrogenic induction of MYGg et al., 2010). Further, human
articular chondrocytes have been shown to supprgssrtrophy of hMSCs in a pellet

co-culture model (Fischer et al., 2010).

The discovery of ACPCs that can be derived fromirm\y{Dowthwaite et al., 2004),
equine (McCarthy et al., 2011) and human (Williaetsal., 2010) articular cartilage
introduces a new, potentially powerful, cell soufoe cartilage TE applications. It
already has been demonstrated that equine ACPCgarenfavourably to equine
MSCs, during TGH1-drivenin vitro chondrogenic differentiation in the pellet culture
model. MSCs underwent hypertrophy. In contrary, &SP underwent stable
chondrogenesis with no signs of progression towdrgsertrophy (McCarthy et al.,
2011). Unfortunately, it is not guaranteed thasth exciting results directly translate
from equine to human. Therefore, the possibiligt thACPCs behave differently cannot

be excluded.

[177]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 6: Co-culture of hMSCs and hACPCs

This led to the development of the following studlyich had two main aims. First, it
was investigated if the positive results, obtainsshg equine ACPCs, can be translated
to hACPCs. Therefore, hMSCs and hACPCs were indallgl cultured in the pellet
culture model. Chondrogenesis was induced using fthkssic”, serum-free
chondrogenic medium containing exogenous P&FSecond, it was of interest how
co-cultures of these cells behave. The hypothesss that the cell populations might
influence each other during chondrogenic differaimdn within co-culture. In order to
test this hypothesis, hMSCs and hACPCs were miredirying ratios and cultured as
pellets. Again, chondrogenic induction was perfatnusing the "classic”, serum-free
chondrogenic medium containing exogenous P&F-Cells were cultured for three
weeks as pellets containing 250, 000 cells. Nisetywell V-bottom plates were used
for culture. In one repeat of the experiment, celse labelled with fluorescent dyes in
order to track if the ratio between the two celpplations remains constant during co-
culture. The fluorescently labelled cell pelletsrevénarvested after 7 and 21 days.
Additionally, after 3 weeks of culture, pellets wenarvested and chondrogenesis and
progression towards hypertrophy were monitored gusaveral assays. Biochemical
analyses (GAG, DNA and GAG/DNA) were conducted irder to track matrix
production. Further, the expression of chondroganit hypertrophic marker genes was
evaluated. Additionally, the matrix protein prodoot of pellets was evaluated
histologically (Safranin-O/Fast Green staining) andnunohistochemically (for the
proteins aggrecan, Col Il and Col X). Finally, thecretome of hMSCs and hACPCs

was analysed in order to track differences in tbgiokine release profile.
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6.2 Co-culture of hMSCs and hACPCs — results.

For this experiment, cells were seeded into 96-wélbottom plates (Corning
Incorporated, Corning, NY) according to table 69even different groups were
examined. In run |, triplicate samples were carriedt per group (for GAG
guantification from medium and gene expressionyaeal). In run Il, six samples were
carried out per group (triplicates for biochemicabtalyses and gene expression
analyses). In run Ill, nine samples were carried par group (triplicates for
biochemical analyses, gene expression analyseshiatwlogy). In run 1V, triplicate
samples were carried out per group for biochemécellyses. The following donors
were used for the different runs (rundage 55 for h(MSCs and age 75 for hACPCs,
run 2: Q age 20 for hMSCs and age 33 for hACPCs, run 2 age 86 for hMSCs and
J age 56 for hACPCs, run 4 age 24 for hMSCs and age 56 for hACPCs). In the
fourth run, hACPCs{ age 56) and hMSCs/(age 24) were additionally labelled with
fluorescent dyes. It would have been ideal to u€R&s and hMSCs from the same
donor, Unfortunately, that was not possible (hAACR&se kindly provided by Prof.
Archers group at Cardiff University. hMSCs were di$®m the common stock at the

AO Research Institute Davos, Davos, Switzerland).

Group hMSCs [x 1 000 cells] | hACPCs [x 1 000 cells]
100% hMSCs 250 0
90% hMSCs + 10% hACPCs 225 25
75% hMSCs + 25% hACPCs 187.5 62.5
50% hMSCs + 50% hACPCs 125 125
25% hMSCs + 75% hACPCs 62.5 187.5
10% hMSCs + 90% hACPCs 25 225
100% hACPCs 0 250

Table 6-1: Seeding scheme for the seven differentagips, which were investigated during the
co-culture of hMSCs and hACPCs study.

The secretome analysis of hMSCs and hACPCs waspémdiently repeated with
triplicates samples for each time-point and cetisnf two donors ¢ age 40 and? age
49 for hMSCs,4 age 75 and? age 30 for hACPCs). Population doublings were not

tracked for the secretome analysis.
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6.2.1 The DNA content does not differ significantlybetween the

different groups.

First, it was of interest to investigate if co-cu#t of hMSCs and hACPCs affect the
total DNA content (indicator for total cell numbefhus, after 3 weeks of culture, the
total DNA content was quantified, from PK-digesteallets, using the Hoechst 33258
dye assay. Figure 6-1 displays the DNA contenteflach of the seven experimental

groups.
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Figure 6-1: Total DNA content after 21 days. hMSCsand hACPCs were mixed in different ratios
and cultured as pellets for 3 weeks. The total cehumber per pellet was 250, 000. Pellets were
cultured in 96-well V-bottom plates with 250l of londrogenic medium per well. DNA content was
quantified, from PK-digested pellets, using the Hoghst 33258 dye assay with calf thymus DNA as
standard. Results are displayed as average + stamda deviation of triplicates from three
experiments.

There was a general trend towards a decrease ah DA content with increasing

percentage of hACPCs within the co-culture pellétst, this trend did not reach
statistical significance. Total values measuredew&f4ug + 1.83ug (100% hMSCs),
3.81ug £ 1.76ug (90% hMSCs + 10% hACPCs), 3.540@P8&ug (75% hMSCs + 25%
hACPCs), 3.31ug + 1.6pug (50% hMSCs + 50% hACPCsyliy + 0.59ug

(25% hMSCs + 75% hACPCs), 2.3ug + 0.5ug (10% hM$C30% hACPCs) and

2.46ug £ 0.72ug (100% hACPCs).
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6.2.2 The total amount of GAG, secreted into the ¢wre medium,
decreases with increasing percentage of hACPCs with the

co-culture pellets.

Next, the amount of GAG, as an indicator for mapieduction, was determined using
the DMMB dye assay. Total amount of GAG, synthesiaed secreted into the culture
medium, was quantified for each of the seven erpamtal groups (figure 6-2).

Significant differences between groups were tradkedhe combined release of GAG,

over the course of three weeks.
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Figure 6-2: Total amount of GAG, released into theculture medium, after 21 days. hMSCs and
hACPCs were mixed in different ratios and culturedas pellets for 3 weeks. The total cell number
per pellet was 250, 000. Pellets were cultured ir69vell V-bottom plates with 250ul of chondrogenic
medium per well. The total amount of GAG was quanfied using the DMMB dye binding assay
with chondroitin-4-sulfate as standard. Results aredisplayed as average + standard deviation of
triplicates from three experiments. [a] significanty different from the 100% hMSCs group
(p < 0.05), [b] significantly different from the 90% hMSCs + 10% hACPCs group < 0.05),
[c] significantly different from the 75% hMSCs + 25% hACPCs group (p < 0.05), [d] significantly
different from the 50% hMSCs + 50% hACPCs group p < 0.05), [e] significantly different from the
25% hMSCs + 75% hACPCs group p < 0.05), [f] significantly different from the 10% hMSCs +
90% hACPCs group p < 0.05), [g] significantly different from the 100% hACPCs group (p < 0.05).

[181]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 6: Co-culture of hMSCs and hACPCs

The total amount of GAG, secreted into the cultmexlium, decreased with increasing
percentage of hACPCs within the co-culture pellBts. an overview about significant
differences between groups see also table 6.2106% hMSCs group had the highest
GAG content and the 100% hACPCs group had the lb@®@s5 content, among all
groups investigated. The following statisticallgraficant differences in GAG content
were observed; the 100% hMSCs group was higher than50% hMSCs + 50%
hACPCs groupp=0.001), the 25% hMSCs + 75% hACPCs groys0.000), the 10%
hMSCs + 90% hACPCs group<0.000) and the 100% hACPCs group=(0.000). The
90% hMSCs + 10% ACPCs group was higher than the BB#8Cs + 75% hACPCs
group 0=0.007), the 10% hMSCs + 90% hACPCs groyp=-0.002) and the 100%
hACPCs groupg=0.001). The 75% hMSCs + 25% hACPCs group was higher than
25% hMSCs + 75% hACPCs group=0.015), the 10% hMSCs + 90% hACPCs group
(p=0.002) and the 100% hACPCs group=0.000). The 50% hMSCs + 50% hACPCs
group was higher than the 10% hMSCs + 90% hACP@spgp=0.004) and the 100%
hACPCs groupg=0.001) but lower than the 100% hMSCs groygz(0.001). The 25%
hMSCs + 75% hACPCs group was higher than the 108ZPRCs group [§=0.020) but
lower than the 100% hMSCs groyp=0.000), the 90% hMSCs + 10% hACPCs group
(p=0.007) and the 75% hMSCs + 25% hACPCs gropp(.015). The 10% hMSCs +
90% hACPCs group was lower than the 100% hMSCs pyi(pa0.000), the 90%
hMSCs + 10% hACPCs group<0.002), the 75% hMSCs + 25% hACPCs group
(p=0.002) and the 50% hMSCs + 50% hACPCs gropp(Q.004). Finally, the 100%
hACPCs group was lower than the 100% hMSCs grpe©.000), the 90% hMSCs +
10% hACPCs grouppE0.001), the 75% hMSCs + 25% hACPCs groys0.000), the
50% hMSCs + 50% hACPCs group=0.001) and the 25% hMSCs + 75% hACPCs
group =0.020). The total amount of GAG, released into the aeltmedium, over the
course of three weeks, was 74.76ug = 10.71ug (1B0P%Cs), 65.19ug = 18.15ug
(90% hMSCs + 10% hACPCs), 54.78ug = 15.63ug (759568 + 25% hACPCs),
45.61ug + 12.55ug (50% hMSCs + 50% hACPCs), 30.1dg9ug (25% hMSCs +
75% hACPCs), 21.72ug £ 3.58ug (10% hMSCs + 90% H2g}Rind 16.33ug £ 7.5ug
(100% hACPCs).
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Group

]
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&

0%
hMSCs

90%
hMSCs +
10%
hACPCs

75%
hMSCs
7,.[‘7%1

hACPCs

./3@“ (i}
hMSCs

50%

hACPCs

25%
hMSCs +
75%
hACPCs

10%
hMSCs +
90%

hACPCs

100%
hACPCs

100%
hMSCs

Higher

Higher

Higher

Higher

90%
hMSCs +
10%
hACPCs

Higher

Higher

Higher

75%
hMSCs +
25%
hACPCs

Higher

Higher

Higher

50%
hMSCs +
50%
hACPCs

Lower

Higher

Higher

25%
hMSCs +
75%
hACPCs

Lower

Lower

Lower

Higher

90%
hMSCs +
10%
hACPCs

Lower

Lower

Lower

Lower

100%
hACPCs

Lower

Lower

Lower

Lower

Lower

Table 6-2: Overview of the significant differencestegarding GAG release into the culture medium,

in the co-culture of h(MSCs and hACPCs study. The ffierences are indicated between the group on
the left (highlighted in green) and the group on tk top (highlighted in orange). Lower indicates

significantly lower in the left group, when comparel to the top group, higher indicates significantly

higher in the left group, when compared to the togyroup and — indicates no significant difference
between the left and the top group.
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6.2.3 The 100% hMSCs group and the 90% hMSCs + 10%ACPCs
group have the highest GAG/DNA ratio, among all graps
investigated.

In order to exclude that differences in the amoohGAG, released into the culture
medium, originate from varying cell numbers betwéles groups, GAG content was
normalised to DNA content (indicator for total calimber). For each group, the total
amount of GAG released, over the course of threeksjewas divided by total DNA

content (figure 6-3).
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Figure 6-3: Total amount of GAG, released into theulture medium over the course of three weeks,
normalised to total DNA content. hMSCs and hACPCs ere mixed in different ratios and cultured
as pellets for 3 weeks. The total cell number pergliet was 250, 000. Pellets were cultured in 96-wel
V-bottom plates with 250ul of chondrogenic medium er well. Total amount of GAG and amount
of DNA was quantified. Next, GAG production was nomalised to DNA content. Results are
displayed as average + standard deviation of triptiates from three experimentsk significantly
different from the 100% hMSCs group (@ < 0.05), & significantly different from the 90% hMSCs +
10% hACPCs group ({ < 0.05).
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A trend towards a decrease in GAG/DNA ratio, witbreasing percentage of hACPCs
within the co-culture pellets, was detected. Thead reached significance for the 100%
hMSCs and the 90% hMSCs + 10% hACPCs group. The /[GA@& ratio, in both
groups, was significantly higher, when comparedh® 25% hMSCs + 75% hACPCs
group ©=0.030 for the 100% hMSCs group ame0.017 for the 90% hMSCs + 10%
hACPCs group), the 10% hMSCs + 90% hACPCs grqus0.027 for the 100%
hMSCs group an@=0.012 for the 90% hMSCs + 10% hACPCs group) and the 100%
hACPCs groupp=0.011 for the 100% hMSCs group aipet0.005 for the 90% hMSCs

+ 10% hACPCs group. The GAG/DNA ratio, in pg/pg,swk6.47 £ 5.29 (100%
hMSCs), 13.96 + 2.8 (90% hMSCs + 10% hACPCs), 12.8735 (75% hMSCs + 25%
hACPCs), 10.46 + 2.47 (50% hMSCs + 50% hACPCs)2 &2.67 (25% hMSCs +
75% hACPCs), 8.86 + 2.28 (10% hMSCs + 90% hACP@s) 257 + 2.91 (100%
hACPCs).

6.2.4 Co-culture of hMSCs and hACPCs does not sidimantly change
the expression of most genes that were investigatedignificant
differences, compared to the 100% hMSCs group, werenly detectable
for the genes collagen | and collagen Il in some dfie groups.

Further, the effect of co-culture of hMSCs and hA&ASRN their gene expression profile
was investigated. Gene expression analyses werductad using the comparative
AACr method with 18s rRNA as internal control. The 100B4SCs group was used as

normaliser and, therefore, set to 1. The followgenes were tested; Col I, Col II,

Collagen X and aggrecan (figure 6-4).
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Figure 6-4: Relative gene expression of hMSCs andARRPCs, which were mixed in different ratios
and cultured as pellets for 3 weeks. The total cehiumber per pellet was 250, 000. Pellets were
cultured in 96-well V-bottom plates with 250ul of bondrogenic medium per well. Gene expression
analyses were conducted, using the comparativeA\C; method, for genes Col | (a), Col X (b), Col Il
(c) and aggrecan (d). 18s rRNA was used as internabntrol. The 100% hMSCs group was used as
calibrator and therefore set to 1. Results are didpyed as average + standard deviation of
triplicates from three experimentsk Significantly dfferent from the 100% hMSCs group
(p<0.05).

The gene Col Il was down-regulated in the 10% hMSC980% hACPCs group

(p=0.000) and the 100% hACPCs group=0.035), when compared to the 100%
hMSCs group. For the gene Col I, gene expression lagest in the 100% hMSCs
group. It was significantly lower, when comparedhe 50% hMSCs + 50% hACPCs
group 0=0.026), the 10% hMSCs + 90% hACPCs groypg=0.050) and the 100%

hACPCs groupg=0.006).
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6.2.5 Fluorescent labelling of hMSCs and hACPCs incates a loss of
hMSCs with time, if the percentage of hACPCs in caulture pellets is
25% or higher.

In order to ascertain if the ratio between theedéht cell populations in the co-culture
pellets stayed constant, hMSCs (PKH67, green) ah@RCs (PKH26, red) were

labelled with fluorescent dyes. After 7 and 21 dgyallets were harvested and cryo-
sectioned, cell nuclei were counterstained with DAfue) and sections were viewed

using fluorescence microscopy (figure 6-5, figur@ &nd figure 6-7).

Figure 6-5: Fluorescent images of PKH67-labelled haCs (green) and PKH26-labelled hACPCs
(red). Labelled cells were mixed in different ratie and cultured as pellets for 3 week§.he total cell
number per pellet was 250, 000. Pellets were culted in 96-well V-bottom plates with 250ul of
chondrogenic medium per well. After 7 and 21 dayspellets were harvested and cryo-sectioned.
Before picture acquisition, cell nuclei were countestained with ProLong® antifade reagent with
DAPI (blue) and sections were cover-slipped. The flowing channels were used; the DAPI channel
for DAPI, the FITC channel for PKH67-labelled hMSCs and the Cy3 channel for PKH26-labelled
hACPCs. The picture is a merge of three images whicwere individually taken with the different
channels. The 100% hMSCs (a and b) and the 90% hM3C+ 10% hACPCs (c and d) pellets after 7
(a and c¢) and 21 (b and d) days are shown. The imag were taken with a total magnification of
12.6.
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Figure 6-6: Fluorescent images of PKH67-labelled hICs (green) and PKH26-labelled hACPCs
(red). Labelled cells were mixed in different ratie and cultured as pellets for 3 weeks. The total ke
number per pellet was 250, 000. Pellets were culted in 96-well V-bottom plates with 250ul of
chondrogenic medium per well. After 7 or 21 days, g@lets were harvested and cryo-sectioned.
Before picture acquisition, cell nuclei were countstained with ProLong® antifade reagent with
DAPI (blue) and sections were cover-slipped. The flowing channels were used; the DAPI channel
for DAPI, the FITC channel for PKH67-labelled hMSCs and the Cy3 channel for PKH26-labelled
hACPCs. The picture is a merge of three images whicwere individually taken with the different
channels. The 75% hMSCs + 25% hACPCs (a and b), te0% hMSCs + 50% hACPCs (c and d)
and the 25% hMSCs + 75% hACPCs (e and f) pellets tfr 7 (a, c and e) and 21 (b, d and f) days
are shown. Differences in fluorescence intensity beeen the images originate from varying
exposure times. The images were taken with a totadagnification of 12.6.
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Figure 6-7: Fluorescent images of PKH67-labelled haCs (green) and PKH26-labelled hACPCs
(red). Labelled cells were mixed in different ratice and cultured as pellets for 3 weeks. The total ke
number per pellet was 250, 000. Pellets were culted in 96-well V-bottom plates with 250ul of
chondrogenic medium per well. After 7 or 21 days, g@lets were harvested and cryo-sectioned.
Before picture acquisition, cell nuclei were countestained with ProLong® antifade reagent with
DAPI (blue) and sections were cover-slipped. The flowing channels were used; the DAPI channel
for DAPI, the FITC channel for PKH67-labelled hMSCs and the Cy3 channel for PKH26-labelled
hACPCs. The picture is a merge of three images whiovere taken with the different channels. The
10% hMSCs + 90% hACPCs (a and b) and the 100% hACP€£(c and d) pellets after 7 (a and c)
and 21 (b and d) days are shown. Differences in fluescence intensity between the images originate
from varying exposure times. The images were takemith a total magnification of 12.6.

After 7 days, the 100% hMSCs (figure 6-5 a), th&eHMSCs + 10% hACPCs (figure
6-5 c), the 75% hMSCs + 25% hACPCs (figure 6-6 raj the 50% hMSCs + 50%
hACPCs (figure 6-6 c) groups showed the expectéid tzetween PKH67-labelled
hMSCs (green) and PKH26-labelled hACPCs (red).réstingly, if the percentage of
hACPCs was 75% or higher (figures 6-6 e, 6-7 a @1dc), hMSCs were no longer
visible. After 21 days, the ratio within the codtuk pellets was shifted in favour of
PKH26-labelled hACPCs. An exceptions was the 90%&sk8l + 10% hACPCs group
(figure 6-5 d), where the ratio stayed constantthie 75% hMSCs + 25% hACPCs
group (figure 6-6 b) and the 50% hMSCs + 50% hACBIsIp (figure 6-6 d), the ratio
was significantly shifted to hACPCs. In the remaggroups (figure 6-6 f, figure 6-7 b

and figure 6-7 d), hMSCs were not detectable (stest with the results from day 7).
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6.2.6 On the protein leveljn vitro chondrogenesis is only detectable in
the 100% hMSCs and the 90% hMSCs + 10% hACPCs group

Subsequently, co-culture pellets were cryo-sectionand histological and
immunohistochemical analyses were conducted. TRerelistribution of matrix
proteins within the pellets was monitored. The eneg of negatively charged
proteoglycans was detected by Safranin-O/Fast Graaming (figure 6-8 and
figure 6-9). Further, immunohistochemical detectifor the chondrogenic matrix
proteins aggrecan (figure 6-10 and figure 6-11) @otlll (figure 6-12 and figure 6-13)
and the hypertrophic matrix protein Col X (figure.® and figure 6-15) was conducted.

75% hMSCs
+ 25% hACPCs

Figure 6-8: Safranin-O/Fast Green staining of hMSCsnd hACPCs, which were mixed in different
ratios and cultured as pellets for 3 weeks. The tat cell number per pellet was 250, 000. Pellets
were cultured in 96-well V-bottom plates with 250ubf chondrogenic medium per well. Pellets were
cryo-sectioned and negatively charged proteoglycansgere stained red with Safranin-O. Fast Green
was used as counterstain to stain proteins greeneBresentative images of the 100% hMSCs (a), the
90% hMSCs + 10% hACPCs (b), the 75% hMSCs + 25% hABCs (c) and the 50% hMSCs + 50%
hACPCs (d) group are shown.
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100% hACPCs

Figure 6-9: Safranin-O/Fast Green staining of hMSCsnd hACPCs, which were mixed in different
ratios and cultured as pellets for 3 weeks. The tat cell number per pellet was 250, 000. Pellets
were cultured in 96-well V-bottom plates with 250ubf chondrogenic medium per well. Pellets were
cryo-sectioned and negatively charged proteoglycansgere stained red with Safranin-O. Fast Green
was used as counterstain to stain proteins greeneBresentative images of the 25% hMSCs + 75%
hACPCs (a), the 10% hMSCs + 90% hACPCs (b) and th#00% hACPCs (c) group are shown.

The presence of negatively charged proteoglycanthirwthe ECM of co-culture
pellets, was only detected in the 100% hMSCs ard9f6 hMSCs + 10% hACPCs
group. In the 100% hMSCs group, the Safranin-Onstgiwas more abundant, when
compared to the 90% hMSCs + 10% hACPCs group. énrémaining five groups,

Safranin-O staining was not detected.
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Figure 6-10: Aggrecan immunohistochemistry of hMSCsand hACPCs, which were mixed in

different ratios and cultured as pellets for 3 week. The total cell number per pellet was 250, 000.
Pellets were cultured in 96-well V-bottom plates viih 250ul of chondrogenic medium per well.

Pellets were cryo-sectioned and aggrecan immunohigthemistry was conducted using the 1-C-6
antibody as primary antibody. The cell nuclei were counter-stained with haematoxyline.

Representative images of the 100% hMSCs (a), the ®OhMSCs + 10% hACPCs (b), the 75%

hMSCs + 25% hACPCs (c) and the 50% hMSCs + 50% hAGPBs (d) group are shown.
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Figure 6-11: Aggrecan immunohistochemistry of hMSCsand hACPCs, which were mixed in

different ratios and cultured as pellets for 3 week. The total cell number per pellet was 250, 000.
Pellets were cultured in 96-well V-bottom plates viih 250ul of chondrogenic medium per well.

Pellets were cryo-sectioned and aggrecan immunohigthemistry was conducted using the 1-C-6
antibody as primary antibody. Negative control sedbns were treated with PBS-T instead. The cell
nuclei were counter-stained with haematoxyline. Rapsentative images of the 25% hMSCs + 75%
hACPCs (a), the 10% hMSCs + 90% hACPCs (b), the 1060 hACPCs (c) and the negative control

group (d) are shown.

Generally, it was difficult to distinguish betwetre specific labelling for the aggrecan
protein and the brown basic colouration of thegisl(see negative control figure 6-11
d). In some cases, this task was further complichtethe black stain of the cell nuclei.
Distinct immunolabelling for the aggrecan proteiasadetected in the 100% hMSCs
group (figure 6-10 a). In the 90% hMSCs + 10% hAGR®up (figure 6-10 b), weaker
labelling was detected. In the 75% hMSCs + 25% h&€Broup (figure 6-10 c), the
brown basic colouration was quite dark and thesoekre densely packed. Yet, some
immunolabelling for the aggrecan protein was detk@t the left side of the pellet. In

the other groups, no clear immunolabelling foragrecan protein was evident.
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Figure 6-12: Col Il immunohistochemistry of hMSCs ad hACPCs, which were mixed in different
ratios and cultured as pellets for 3 weeks. The tat cell number per pellet was 250, 000. Pellets
were cultured in 96-well V-bottom plates with 250ubf chondrogenic medium per well. Pellets were
cryo-sectioned and Col Il immunohistochemistry wasconducted using the CIICI antibody as
primary antibody. The cell nuclei were counter-staned with haematoxyline. Representative images
of the 100% hMSCs (a), the 90% hMSCs + 10% hACPC%j, the 75% hMSCs + 25% hACPCs (c)
and the 50% hMSCs + 50% hACPCs (d) group are showrhe dark spot on the bottom left side of
figure 6-12 a is an air bubble that was created diing cover-slipping. The images were taken with a
total magnification of 6.3.
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Figure 6-13: Col Il immunohistochemistry of hMSCs ad hACPCs, which were mixed in different
ratios and cultured as pellets for 3 weeks. The tat cell number per pellet was 250, 000. Pellets
were cultured in 96-well V-bottom plates with 250ubf chondrogenic medium per well. Pellets were
cryo-sectioned and Col Il immunohistochemistry wasconducted using the CIICI antibody as
primary antibody. Negative control sections were teated with PBS-T instead. The cell nuclei were
counter-stained with haematoxyline. Representativenages of the 25% hMSCs + 75% hACPCs (a),
the 10% hMSCs + 90% hACPCs (b), the 100% hACPCs (@nd the negative control (d) group are
shown.

Again, the background colour of the pellets wasaorovhich complicated the analysis
of the immunohistochemistry for the Col Il proteiDistinct positive labelling was
monitored in the 100% hMSCs (figure 6-12 a) and 968 hMSCs + 10% hACPCs
(figure 6-12 b) group. The remaining groups wergatige for the Col Il protein. In
some of the images, especially in figures 6-12 d &nAl3 a, darker spots were
detectable. Yet, they most likely represent clssta cells in which the nuclei were

stained black with haematoxyline according to Mayer
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Figure 6-14: Col X immunohistochemistry of hMSCs ad hACPCs, which were mixed in different
ratios and cultured as pellets for 3 weeks. The tat cell number per pellet was 250, 000. Pellets
were cultured in 96-well V-bottom plates with 250ubf chondrogenic medium per well. Pellets were
cryo-sectioned and Col X immunohistochemistry was anducted using the Col-10 antibody as
primary antibody. The cell nuclei were counter-staned with haematoxyline. Representative images
of the 100% hMSCs (a), the 90% hMSCs + 10% hACPC%Y, the 75% hMSCs + 25% hACPCs (c)
and the 50% hMSCs + 50% hACPCs (d) group are shown.
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Figure 6-15: Col X immunohistochemistry of hMSCs ad hACPCs, which were mixed in different
ratios and cultured as pellets for 3 weeks. The tat cell number per pellet was 250, 000. Pellets
were cultured in 96-well V-bottom plates with 250ubf chondrogenic medium per well. Pellets were
cryo-sectioned and Col X immunohistochemistry was anducted using the Col-10 antibody as
primary antibody. Negative control sections were teated with PBS-T instead. The cell nuclei were
counter-stained with haematoxyline. Representativenages of the 25% hMSCs + 75% hACPCs (a),
the 10% hMSCs + 90% hACPCs (b), the 100% hACPCs (@nd the negative control group (d) are
shown. The dark spot on the bottom left side of figre 6-15 b is an air bubble that was created
during cover-slipping.

Generally, immunohistochemical labelling for thel Goprotein was least pronounced,
when compared to the labelling for the proteinsragan and Col Il. In the 100%
hMSCs group (figure 6-14 a), labelling for the Goprotein was evident in the middle
of the pellet. In the 90% hMSCs + 10% hACPCs gr@ugure 6-14 b), the labelling

was much weaker. Yet, the location (middle of tlelgbs) was similar. In the other
groups, the background colour of the pellets waslyfadark and no clear

immunolabelling for the Col X protein was detec&alUnfortunately, the pellet in the
25% hMSCs + 75% hACPCs group was disintegratedfignde 6-15 a was the best

image that could be obtained.
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6.2.7. Generally, cytokine release of hMSCs is high when compared
to hACPCs.

In order to conclude the analysis of the co-culexperiment, part of the secretome of
hMSCs and hACPCs was analysed and compared. Tlisdaae in order to track
differences between these cell types. Further, as wf interest to spot candidate
cytokines that might be involved in the differerttoadrogenic response, monitored
within both cell types. hMSCs and hACPCs were sgeding their respective growth
medium into 12-well tissue culture plates, at asitgnthat allowed for a confluent
culture from the beginning of the experiment. Af2dr hours, medium was changed to
serum-free DMEM and cells were cultured for an addal 48 or 72 hours. Afterwards,
medium was harvested and cells were digested inTPI€. secretome analysis was
conducted using the RayBio human cytokine antibaradgty G-series. DNA content was
quantified in order to normalise results (figurel®- The processed raw data were
obtained from THP Medical Products Vertriebs GmhMign, Austria). Analysis was
conducted, as described in section 2.2.31, fromsangple of the 48 hour time-point for
each donor and each cell type. The 72 hour timatpeas not used as cells started to
change their phenotype and the onset of cell deathmonitored microscopically, after
72 hours under serum-free conditions. As suggdsydtie supplier of the assay, n-fold
changes higher than 2 were considered as highekiogt content in the secretome of
hMSCs and n-fold changes lower than 0.5 were censibas lower cytokine content in

the secretome of hMSCs, when compared to thetseweeof hACPCs (table 6-3).
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Figure 6-16: Total DNA content after 48 or 72 hoursof serum-free culture. hMSCs and hACPCs
were seeded at confluency into 12-well tissue cuiti plates and cultured for 24 hours in their
respective growth medium. Subsequently, growth medm was replaced with serum-free DMEM
and cells were cultured for an additional 48 or 72hours. Cells were the PK-digested and DNA
content was quantified using the Hoechst 33258 dyaessay with calf thymus DNA as standard.
Results are displayed as average +* standard deviati of triplicates from two donors.

For each individual cell type, the DNA content diat change between the 48 hours and
the 72 hours time-points. The differences in DNAteat, between the cell types and
between the two donors for the hACPCs, originatethfvarying cell size. Generally,
hACPCs are smaller, when compared to hMSCs. Inrdadeeach confluency during
seeding, a higher seeding density, which equatsaie cells per well, for hAACPCs was
used. This higher cell seeding density then tréeslato a higher total DNA content.
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Cytokine Full name n-fold
difference
FGF-7 Keratinocyte growth factor 2.81
IFN-gamma Interferon-gamma 3.35
IGFBP-2 Insulin-like growth factor-binding protein 2 5.49
IGFBP-4 Insulin-like growth factor-binding protein 4 2.32
IL-6 Interleukin 6 3.14
IL-7 Interleukin 7 2.85
MCP-2 Monocyte chemoattractant protein 2 2.16
MIG Monokine induced by gamma interferon 2.10
Dtk TYRO3/Tyrosine-protein kinase receptor 3.01
HGF Hepatocyte growth factor 13.55
Osteoprotegerin | Osteoprotegerin 3.30
PIGF Phosphatidylinositol-glycan biosynthesis class F protein 3.56
B7-1(CD80) Cluster of Differentiation 80 2.04
MMP-1 Matrix metalloproteinase-1 2.05
IGFBP-3 Insulin-like growth factor-binding protein 3 .38
MIF Macrophage migration inhibitory factor
LAP Leukocyte Alkaline phosphatase

Table 6-3: Overview of the cytokines that were eleted (green) or decreased (orange) in the
secretome of hMSCs, when compared to the secretormehACPCs.

The vast majority of cytokines analysed ware modpendant in the secretome of

hMSCs, when compared to the secretome of hACP@k.d#fferences in the order of

of two-fold (higher or lower) were only found foi7 lout of 174 cytokines. Of these

17 cytokines, 14 were more abundant in hMSCs arig 8nof them were more

abundant in hACPCs. The most pronounced differemea®e detected for hepatocyte

growth factor (HGF) and macrophage migration irtioityi factor (MIF). HGF was
13.55-fold elevated in the secretome of hMSCs artid Whas 2.78-fold elevated in the

secretome of hACPCs. It has to be mentioned tlestetinformation were only derived

from single samples of two different donors (for 8@ and hACPCs each). Therefore,

these data can only give first hints. Unless thpeerent is repeated with more

samples from additional donors, conclusions abaghifscant differences in the

cytokine release profile between hMSCs and hACR@Dsat be drawn.
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6.3 Co-culture of hMSCs and hACPCs — discussion.

For TE applications, aiming to regenerate articaekatilage, usually a single cell type,
such as chondrocytes or hMSCs, is used. Yet, doresl allow for cell-cell signalling
which may be regarded as an attractive alternalitiese approaches can use one cell
type in a different phenotypic state, for instande-differentiated and primary
chondrocytes (Gan and Kandel, 2007) or chondroclytes different regions within
articular cartilage (Sharma et al., 2007). Altenedy, two different cell types, for
instance articular chondrocytes and MSCs, can eé (Isu et al., 2010; Meretoja et al.,
2012; Wu et al., 2011). The discovery of progendelis within the superficial zone of
articular cartilage led to a new candidate cellrseufor cartilage TE applications
(Dowthwaite et al., 2004; Williams et al., 2010urther, a direct comparison of equine
ACPCs and equine MSCs using the pellet culture moxlealed that both cell types
were able to undergo chondrogenesis (McCarthy.eP@l1). Yet, ACPCs displayed a
stable phenotype, whereas MSCs showed signs ofrthgpleic differentiation. Based
on these observations, it was of interest to deternfi these results can be extrapolated
to human cells. Therefore, the current study opt@dcompare the chondrogenic
response and the progression towards hypertroptm&Cs and hACPCs. The pellet
culture model and the "classical" serum-free chogenic medium, containing
exogenous TGPBL, were used. Further, both cell types were mixediiferent ratios
and cultured as co-culture pellets. It was hyposieesthat both cell types influence
each other during chondrogenic differentiation aimat this will lead to a modulated
chondrogenic response. The pellets, consisting 58f, D00 cells in varying ratios
between hMSCs and hACPCs, were cultured for 3 weeK&lassical® serum-free
chondrogenic medium. The medium was changed timess ta week and collected for
week 1, week 2 and week 3. In order to track ifrdite between hMSCs and hACPCs
stays constant, both cell types were labelled wilitbrescent dyes in one run of the
experiment. The labelled pellets were harvestedr aft or 21 days, sectioned and
monitored using fluorescent microscopy. Furthermdsschemical analyses were
carried out. The DNA content was determined in prbetrack differences in cell
number between the groups. The matrix productios tracked by quantification of
sulphated GAG, secreted into the culture mediumxtNeéne GAG production was
normalised to DNA content in order to eliminate tlewing effect of varying cell

numbers.
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Moreover, gene expression analyses were conducteorder to track fibroblastic
(Col 1), chondrogenic (aggrecan and Col IlI) and dmophic (Col X) marker gene
expression. Matrix production was evaluated on phetein level, using histology
(Safranin-O/Fast Green staining) and immunohistogsiey (for the proteins aggrecan,
Col Il and Col X). Finally, part of the secretomelmwth cell types was analysed, as
differences in these cell signalling molecules rigkplain for some of the monitored

differences between both cell types.

Visualisation of the fluorescently labelled celessealed that the proportion of hMSCs
seemed to decrease with time, during long-termuttbhe with hACPCs. The only
exception was the 90% hMSCs + 10% hACPCs grouperAft days of culture, the
groups 90% hMSCs + 10% hACPCs, 75% hMSCs + 25% 2eCahd 50% hMSCs +
50% hACPCs still had the expected ratio between @G&8nd hACPCs. However, in
the 25% hMSCs + 75% hACPCs group and the 10% hMS@3% hACPCs group no
hMSCs were detected. After 3 weeks of co-cultune, balance was further shifted
towards hACPCs. The only group that demonstrateceipected ratio between the two
cell populations was the 90% hMSCs + 10% hACPCeamrin the 75% hMSCs + 25%
hACPCs group and the 50% hMSCs + 50% hACPCs grfewphMSCs were detected.
In the other groups, again, the presence of hMS@&@s mo longer detectable. The
interpretation of the fluorescent labelling canyohEé conducted under the assumption
that both dyes have similar characteristics (stghbiabelling efficiency) and that both
cell populations divide with a similar rate. Undiérese assumptions, these results
indicate that hMSCs did not seem to survive wellirdy co-culture with other cell
types, in this case hACPCs. Similar observationg lieeen made during co-culture of
rabbit MSCs and bovine chondrocytes (Meretoja.efall2) and co-cultures of hMSCs

and bovine or human primary chondrocytes (Wu egall1).

Quantification of cellular DNA, as indicator for t&b cell number, revealed no
significant differences between hMSCs, hACPCs eirtbo-culture pellets. These data
demonstrated that the total cell numbers, afteregks of culture, was not different

between the different groups.
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Quantification of sulphated GAG, within the cultureedium over the course of three
weeks, revealed a tendency towards a decreasedk mpadduction with increasing

percentage of hACPCs within the co-culture pell€te 100% hMSCs group produced
the highest amount of GAG, among all groups ingaséid. This production was
significantly higher, when compared to each otheupg, except the 90% hMSCs +
10% hACPCs and the 75% hMSCs + 25% hACPCs grouphét these two groups
also produced significantly more matrix, when comepato the 25% hMSCs + 75%
hACPCs group, the 10% hMSCs + 90% hACPCs grouptlaad 00% hACPCs group.
The 100% hACPCs group produced the least amourGAEG between all groups

investigated. GAG synthesis was significantly lowahen compared to all groups
except the 10% hMSCs + 90% hACPCs group. As theuatnaf GAG retained within

the co-culture pellets was not analysed, it cardedinitely be ruled out that these
observed differences between the groups origirata farying GAG retention. Yet, as
indicated by a lack of Safranin-O staining and aggn immunohistochemistry, it is
highly unlikely that hACPCs are able to retain tinaich more GAG (up to 50uQ)
within their matrix, when compared to hMSCs. Mc@artet al., were able to

demonstrate comparable immunolabelling for the dnogenic matrix proteins Col II

and aggrecan within pellets derived from equine M%8d equine ACPCs (McCarthy
et al., 2011). Yet, this information gives a hibbat matrix retention within the pellets.
The amount of GAG, secreted into the culture medas not tracked in the study of
McCarthy and co-workers. Therefore, it cannot bafiomed or ruled out that a
comparable amount of matrix proteins was additignakecreted into the culture

medium.

[203]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 6: Co-culture of hMSCs and hACPCs

The normalisation of matrix production to DNA comteconfirmed the observations
which were performed when the amount of secretedsGy¥as analysed. Thereby, it
was ruled out that a higher amount of matrix prof@ioduction, within certain groups,
originated from higher cell numbers in these grougse GAG/DNA ratio constantly
decreased with increasing percentage of hACPCsirwitie co-culture pellets. The
100% hMSCs group and the 90% hMSCs + 10% hACPCapgtad the highest
GAG/DNA ratio, which was significantly higher, wheompared to the 25% hMSCs +
75% hACPCs group, the 10% hMSCs + 90% hACPCs gemgpthe 100% hACPCs
group. The 100% hACPCs group had the lowest GAG/Didi##o, among all groups
investigated. Interestingly, the GAG/DNA ratio waigher if hMSCs were cultured in
the fibrin-PU composite scaffold system, when coregdo the standard pellet culture
system. The GAG/DNA ratio, in ug per ug, was 16:4729 (pellet culture) and 37.3 £
10.8 (fibrin-PU composite scaffold, control unloddgroup; (Neumann et al., 2013a))
for hMSCs. For hACPCs, the difference in GAG/DNAimavas marginal. It was 7.57
2.91 (pellet culture) and 9.1 = 5.6 (fibrin-PU camspie scaffold, control unloaded
group; see section 4.2.6). Nevertheless, it habetestated that a direct comparison
between both culture systems is not fully appliead$ the culture medium (chondro-
permissive medium, which does not contain exogend@{§1, for fibrin-PU
composite scaffolds and chondrogenic medium, wHads contain exogenous TGE;
for pellets cultures) and the culture time (4 wekkdibrin-PU composite scaffolds and

3 weeks for pellets cultures) were different betwteese studies.

Gene expression analyses revealed that Col 1l gpessas significantly elevated in the
100% hMSCs group, when compared to the 10% hMS@¥4 hACPCs and the 100%
hACPCs group. For the fibroblastic marker gene ICtile 100% hMSCs group had the
lowest expression, among all groups investigateal.|@essage, in the 100% hMSCs
group, was significantly lower than in the 50% hMS€ 50% hACPCs group, in the
10% hMSCs + 90% hACPCs group and in the 100% hAGRQsp.
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On the protein level, chondrogenesis was only nooadt in the 100% hMSCs and the
90% hMSCs + 10% hACPCs group. These groups showethdant Safranin-O
staining. Further, the aggrecan protein and the ICqrotein were detected using
immunohistochemistry. Unfortunately, these groulge aemonstrated a weak positive
immunolabelling for the hypertrophic matrix protei@ol X. The other groups
investigated showed no clear sign of chondrogeifferdntiation, as evidenced by a
lack of Safranin-O staining and a lack of immuneléibg for the chondrogenic matrix
proteins aggrecan and Col Il. Further, these graligslayed no immunolabelling for
the Col X protein, indicating a lack of hypertrophdifferentiation. These results
conflict with the study of McCarthy and co-workerswhere comparable
immunolabelling for the proteins aggrecan and Gokithin pellets derived from either
100% equine MSCs or 100% equine ACPCs, was denatedt(McCarthy et al.,
2011). Further, the group was able to show thaineqMSC pellet had abundant
immunolabelling for the hypertrophic matrix protei@ol X and the osteogenic
transcription factor Runx2. In contrary, in thisudy, pellets generated from equine

ACPCs were negative for both markers.

These conflicting results might originate from dpsdifferences. It cannot necessarily
be assumed that cells from human origin behavelaino horse cells. Therefore,
hACPCs might not be able to underigovitro chondrogenesis under these conditions.
Another possible explanation is the slight differernn culture medium between the
current experiment and the study from McCarthy emxdvorkers. In the current study,
the "classical" serum-free chondrogenic medium used. McCarthy et al., used 2%
serum within their chondrogenic medium. The reagamserum addition was that
serum, in this low concentration, enhances ACP@igair(personal correspondence). It
cannot be excluded that the serum contains a lpveafetctor that is necessary for their
chondrogenic induction. This hypothetic factor ntiglot be necessary for hMSCs or
they might be able to produce it by themselvess Hasumption would explain why
hMSCs are able to undergo chondrogenesis, in tlhssical” serum-free chondrogenic
medium, whereas hACPCs are not. Therefore, in daeletermine candidate factors
that might explain for the observed differencesMeen the cell types, it was of interest
to compare part of the secretome of hMSCs and hACPC
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The secretome analysis showed that differenceaniorder of magnitude of 2-fold or
higher, between both cell types were only detefiied 7 out of 174 cytokines. Of these
17 cytokines, 14 were more abundant in hMSCs ang ®were more abundant in
hACPCs. Differences were seen in three IGF binglirgeins. IGF binding protein 2
and 4 were more abundant in hMSCs and IGF bindiotem 3 was more abundant in
hACPCs. It was shown that IGF-binding proteins tatguthe availability of different
IGFs, such as IGF-1 (Bhakta et al., 2000) Thederéifices in the IGF binding protein
profile might explain for some of the observed eliéinces between the two cell types.
Another interesting candidate cytokine that mighttiplly explain for the observed
differences in chondrogenic response is HGF. HGéviexr 13-fold more abundant in
the secretome of hMSCs, when compared to the seweedf hACPCs. HGF has been
demonstrated to increase mobility, proliferatiord anatrix synthesis in juvenile and
foetal rabbit and rat chondrocytes (Takebayashi.etl995), suggesting it plays a role
in chondrogenesis. Thus, it may have an influenoetlze differentiation of the
progenitor cells used here. However, the role ofFH@uring matrix metabolism of
human adult chondrocytes has been questioned (Bail,e2004). Yet, as the total
sample size was too low to obtain statistical $igant differences between groups, the
secretome analysis was only able to provide firstipinary information. In order to
confirm these observations, it would be necessargpeat the secretome analysis with

more samples from different donors.

In summary, the current study opted to investigateACPCs compare favourably to
hMSCs, regarding chondrogenesis and progressioarttsshypertrophy, in the pellet
culture model. Further, it was investigated if edtaring these cells, in varying ratios,
modulates their chondrogenic or hypertrophic respos opposed to the study of
McCarthy and co-workers using equine cells (McGarét al., 2011), it was not
possible to induce stable chondrogenesis of hACPB®&chemical analyses
demonstrated decreasing GAG/DNA ratios with indrepgercentage of hACPCs
within the co-culture pellets. Further, the chomdnoic gene Col 1l was significantly
up-regulated in the 100% hMSCs group, when compaetthe 10% hMSCs +90%
hACPCs and the 100% hACPCs group.
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These results were further confirmed on the proteugl. Chondrogenesis was only
monitored in the 100% hMSCs and the 90% hMSCs + 1®&PCs group, as
evidenced by Safranin-O/Fast Green staining andunatabelling for the proteins
aggrecan and Col Il. Yet, these groups additionsitigwed positive immunolabelling

for the Col X protein, indicating progression togsuhypertrophy.

Fluorescent labelling of both cell types indicatedt hMSCs might not have survived
well if co-cultured with hACPCs. Even if only 25% mACPCs were present within the
co-culture pellets, hMSCs were barely detectabtera® weeks of culture. Yet, as
already mentioned, these conclusions are basekeoassumption that both fluorescent
dyes have similar characteristics (labelling efff@y, stability) and also that both cell
types had a similar proliferation rate. Furthermaréistinct chondrogenic response was
only monitored in the 90% hMSCs + 10% hACPCs gro(gt, the 100% hMSCs group
showed comparable results. Therefore, the datawhatgenerated within this model,
suggested that the enhanced effort, associatedthdthse of two different cell sources,

is most likely not warranted.

Regarding the monitored differences between theentrstudy and the work of
McCarthy et al.(McCarthy et al., 2011), the most likely explanatis that the study of
McCarthy et al., was conducted using 2% serum. &lieent study however, used the
“classical" serum-free medium (Johnstone et alB8)l9Possibly, the serum contains a
factor that is required for chondrogenic differatibn of equine/human ACPCs. On the
other hand, hMSCs might be able to synthesisef#lct®r endogenously or this factor
might not be necessary for their chondrogenic itidac In order to gain more insight
into this theory, part of the secretome of hMSCd BACPCs was compared. Several
candidate cytokines, such as IGF binding protemd®F, were differently abundant in
the secretome of hMSCs or hACPCs. Still, the cytelanalysis can only provide a first
insight into this problem and further work is waned. It certainly would be interesting
to perform the chondrogenic induction of hACPCs &MiSCs in medium containing
2% serum. Thereby, it could be analysed if hACP@s a&ble to undergo stable
chondrogenesis (with no progression towards hypehnly) under these conditions. If
so, the next step would be to ascertain which fégtowithin the serum, is necessary
for the chondrogenic induction. For instance, stfapproach could be to determine the
effect of exogenous addition of HGF and/or IGFs;hsas IGF-1, to the serum-free

chondrogenic medium in the 100% hACPCs group.
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7.1 hACPC and load study - introduction.

Hyaline, articular cartilage possesses a limitettingsic repair capacity. Cartilage
defects that are not, or not sufficiently, treatedder the cartilaginous tissue prone to
further degeneration. Ultimately, this might resalthe development of secondary OA
(Madry et al., 2011). Currently, available treatmeptions, such as microfracture
(Steadman et al., 2002), mosaicplasty (Szerb e2@0D5), soft-tissue grafts (Homminga
et al., 1990) or ACT (Brittberg et al., 1994) stdil to demonstrate reproducible success

in articular cartilage regeneration.

TE represents a promising alternative treatmenbogor articular cartilage defects. In
TE applications, three main questions have to lobeesded, depending on the tissue that
should be regenerated. These are; 1) which scaffoldppropriate for the given
application? 2) from which starting cell sourcegbpuld the tissue be regenerated? and
3) which stimuli are necessary to achieve tissugenmeration? For TE of articular
cartilage, a plethora of different scaffold systesnsl stimulating factors are currently
used (see also sections 1.4, 1.5 and 4.1). Themagt commonly investigated cell
sources are chondrocytes and MSCs (see also s&cBpn

Our group mainly focuses on a composite scaffolstesy, comprising of a fibrin
hydrogel and a PU sponge. Additionally, the efi@ctomplex mechanical stimulation
on the chondrogenesis of hMSCs is studied with naatirtesy. For administration of
complex mechanical stimulation, a novel bioreacdgstem, based on tribological
considerations, was designed (Wimmer et al., 2004yas demonstrate that the fibrin-
PU composite system is comparable to the "golddstali pellet culture model and that
it, additionally, compares favourably regarding megsion of genes related to
endochondral ossification (Li et al., 2009a). Itswiarther shown that frequency and
amplitude of mechanical stimulation influence chaggnesis (Li et al., 2009c) and
that mechanical stimulation enhances endogenowkigtion of both TGH1 and TGF-
B3 (Li et al., 2009b). This production then leadscthondrogenic induction of hMSCs,
in medium lacking exogenous T@H- More recently, it was demonstrated that shear
plays an important role in chondrogenesis of hM&&hatti et al., 2011).
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Gene transfer represents an interesting alterndatvéhe exogenous application of
bioactive factors. The half-life of bioactive fartas usually very short and, therefore,
their repeated administration is necessary. In imical setup, this is particularly
disadvantageous. Gene transfer is based on theedebf cDNA to a target cell, which
is afterwards able to produce the desired transdg@madly, gene transfer vectors can
be divided in non-viral vectors (less efficientf gafe) and viral vectors (very efficient,
yet their application still raises safety concer(Bjnser et al., 2001; Steinert et al.,
2008; Thomas et al., 2003). Viral vectors can k¢hér sub-divided into integrating
vectors, such as retrovirus or lentivirus, and mdagrating vectors, such as adenovirus
and AAV. Adenoviral vectors are only able to pravid transient production of the
transgene. Normally considered a disadvantage, fdasure is beneficial for the
treatment of musculoskeletal defects, where onlgcalised and short-term (days to
weeks) production of a stimulating factor is neaegsThis transgene production can
then either initiate a repair response or enhaheeendogenous repair. Lately, our
group started to investigate the potential of conmy viral-mediated over-expression
of bioactive factors and complex mechanical stirmoiig for TE of articular cartilage. It
was shown that adenoviral-mediated over-expresdnSOX9, combined with
mechanical stimulation, is able to induce chondneges in medium lacking exogenous
dexamethasone and T@E- (Kupcsik et al., 2010). Further, the beneficileet of
retroviral-mediated over-expression of BMP-2 andchamical stimulation on the
chondrogenesis of de-differentiated bovine chongtescwas demonstrated (Salzmann
et al., 2009). Recently, it was demonstrated tim tombination of mechanical
stimulation and adenoviral-mediated over-expressibBMP-2 harbours potential for

invitro chondrogenesis of h(MSCs (Neumann et al., 2013a).

Besides MSCs and chondrocytes, there exist oth&silpe cell sources, such as ESCs,
IPSCs and ACPCs, which can be used for cartilageSTit, for varying reasons, these
cell types are currently much less investigated,ewlcompared to MSCs and
chondrocytes. ACPCs represent a promising altematell source to MSCs and
chondrocytes. They were first isolated, througHedéntial adhesion to fibronectin,
from the superficial zone of bovine articular dage (Dowthwaite et al., 2004). In later
work of the same group, these cells were furtharadterised (Hayes et al., 2008; Khan
et al., 2009). More recently, the same group demnatesl that these cells can be
isolated from human articular cartilage (Williamsag, 2010).
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In 2011, McCarthy et al., performed a first diredmparison between MSCs and
ACPCs (McCarthy et al., 2011) in the horse. Thdepalulture model, currently the
"gold standard" foin vitro chondrogenesis, was used. In summary, it was shbatn
both cell types were able to undergo chondrogenésithe presence of low serum
concentrations. Yet, MSCs seemed to undergo hympyr ("endochondral
phenotype"). On the other hand, ACPCs appearechtiergo stable chondrogenesis,
suggesting that they are superior to MSCs withis fiodel.

Based on these encouraging results, it was optewéstigate the potential of hACPCs
as cell source for articular cartilage TE. Theduwling study aimed to investigate the
effect of mechanical stimulation and adenoviral-ragsl over-expression of BMP-2,

alone and in combination, on the differentiationnednolayer-expanded hACPC. No
exogenous growth factor was applied. It was hyposeel that mechanical stimulation
will lead, as already demonstrated for hMSCs, terahanced endogenous production
of TGF{1 and, thereby, induce chondrogenesis. TransduaiitbhnAd.BMP-2 will lead

to the temporary production of BMP-2, which was diyyesised to further modulate the
chondrogenic response. hACPCs were seeded inio-ft composite scaffolds and

either transduced with Ad.BMP-2, using a novel 8hsduction protocol (Neumann et
al., 2013c), or left as untransduced controls. iARe@lays of pre-culture, they were left
as free-swelling controls or subjected to mechdrstimulation for 7 or 28 days. The

production of TGH31 and BMP-2 was confirmed using quantitative ELISA.
Biochemical analyses and gene expression analysye wonducted. The basic

parameters of this study were similar to the Ad.BRMBnd load study (chapter 4). Yet,
as hACPCs were used as cell source, interestingtiqne regarding the chondrogenic
potential of this cell type were addressed. Furthiellowed for a direct comparison of

the chondrogenic response of the two cell typeguitntical conditions.
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7.2 hACPC and load study - results.

For the hACPCs and load study, the same eight empetal groups (table 4-1) as in
the Ad.BMP-2 and load study (chapter 4) were u3duk experiment was separately
repeated with cells from four different donors d4ge 75 age 33 age 56 an® age
30).

7.2.1 Transduction of hACPCs, in 3D with a MOI of 5 leads to the
production of biologically relevant amounts of BMP2.

It already has been demonstrated that hMSCs cdrabsduced with Ad.BMP-2 in a
3D environment (see enhanced adenoviral transaucti@D study (section 3.4 — 3.6),
Ad.BMP-2 and load study (Chapter 4) and (Neumanal.eR013c)). Yet, these results
are not necessarily transferable to other cellgydéwus, it is not guaranteed that this
novel 3D gene transfer approach will also workH&ICPCs. Therefore, it was tested if
this technique was applicable for hACPCs. Cellseweither left as untransduced
controls or transduced with Ad.BMP-2 in 3D with @WMof 5. The cell culture medium
was collected and the BMP-2 concentration was geted using a quantitative ELISA
kit for human BMP-2. In untransduced samples, unoeth loaded and unloaded
conditions, the BMP-2 medium concentration was Wwelte detection level of the assay
(46.875pg/ml). Therefore, the groups control unémhénd control loaded were not
included in figure 7-1.
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Figure 7-1: BMP-2 concentration within the cell culure medium of Ad.BMP-2 transduced
hACPCs, which were cultured in fibrin-PU compositescaffolds. hACPCs were transduced with
Ad.BMP-2 in 3D (5 MOI). Subsequently, they were caired for up to 28 days. Either static culture
conditions were applied (unloaded) or cells were tured with application of 1 hour of mechanical
stimulation each day for 6 days per week (loadedMedium was changed and collected three times
a week. Additionally, the medium of the 3 day preature period was collected. Transgene
concentration within the culture medium was determned using a quantitative ELISA for human
BMP-2. Results are displayed as average + standard deviation of iplicates from four
donorsxk significant difference between the 3 daysre-culture and the day 1-7 time-point for both
the unloaded and the loaded groupf < 0.05).;@ significant difference in the loaded day 1-¥%s. the
loaded day 22-28 time-point§ < 0.05).; & significant difference in the unloaded vs. ta loaded group,
after 4 weeks of culture p <0.05).

hACPCs that have been transduced with Ad.BMP-ZDnwith a MOI of 5, already
started to produce biologically relevant (100ngémbhbove) amounts of BMP-2 during
the 3 day pre-culture period. At the first two thpeints that were investigated (3 day
pre-culture and day 1-7), the measured valuesarBMP-2 unloaded and the BMP-2
loaded group were almost identical. Further, inhbgtoups, there was a statistical
significant increase in BMP-2 medium levels betwéaese time-pointspE0.019 for
BMP-2 unloaded an@=0.000 for BMP-2 loaded). Afterwards, both groups displhye
opposite trends. In the unloaded group, BMP-2 nmadevels stayed relatively constant
(805.6ng/ml + 362ng/ml on day 1-7 and 1164.8ng/n58.6ng/ml on day 22-28). In
the loaded group however, the BMP-2 medium levaeadily and significantly
(p=0.000) decreased from 793ng/ml = 213ng/ml (day 1-7)%6.3ng/ml £ 206.9ng/ml|
(day 22-28). After 4 weeks of culture, BMP-2 medilewels were significantly higher
the unloaded group, if compared to the loaded gfpaf.035).
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7.2.2 hACPCs produce TGHB1 during culture in fibrin-PU composite

scaffolds.

It already has been demonstrated that hMSCs are tblendogenously produce
TGF1, if cultured in medium that lacks exogenous TEHLi et al., 2009b). Further,

it has been demonstrated that T@Fproduction was increased, when these cells were
subjected to mechanical stimulation and that timereased endogenous TGQGE-
production was able to induce chondrogenesis (Lalet2009b). For hACPCs this
information is not yet available. Therefore, it wascial to determine if these cells are
able to endogenously produce TGE-and how this production is influenced by
mechanical stimulation. TGEL concentration, within the cell culture medium,swa

analysed using a quantitative ELISA kit for humaaFP1 (figure 7-2).
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Figure 7-2: TGF-B1 concentration within the cell culture medium of FACPCs, which were cultured
in fibrin-PU composite scaffolds. hACPCs were cultted in fibrin-PU composite scaffolds and
either transduced with Ad.BMP-2, in 3D with a MOI of 5, (BMP-2) or left untreated (control).
Subsequently, they were either cultured under stati conditions (unloaded) or 1 hour of mechanical
stimulation per day was applied for 6 days per weekoaded). Medium was changed and collected
three times a week. Additionally, the medium of the3 day pre-culture period was collected.
Transgene concentration, within the culture mediumwas determined using a quantitative ELISA
for human TGF-B1. Results are displayed as average * standard dation of triplicates from four
donors.k significant difference between the control loaded and the BMP2 loaded
group (p < 0.05); asignificant difference between the control unladed and the BMP-2 unloaded
group (p < 0.05); esignificant difference between the 3 days preulture and the day 22-28 time-
point for the BMP-2 loaded group @ <0.05).
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During the 3 day pre-culture period (static comaif), a statistically significant
difference in TGH1 medium levels between the control and the Ad.BMPansduced
groups was detected. This difference was true @h bhe loadedpE0.027) and the
unloaded [f=0.008) group. Absolute concentrations were 453.1pg/ml 7 .4pg/ml
(control unloaded), 488.3pg/ml £ 180pg/ml (contimdded), 1158.8pg/ml £ 398pg/ml
(BMP-2 unloaded) and 1143.8pg/ml + 564.7pg/ml (BRI®aded). Further, at the day
1-7 time-point, there was a significant differerfmdween the control unloaded and the
BMP-2 unloaded groupp€0.016). Generally, during the 4 weeks of culture, T&EF-
medium levels showed a trend towards a decreasecewotration in the Ad.BMP-2
transduced groups. This trend reached significamtg in the Ad.BMP-2 transduced
and loaded group (3 days pre-culture vs. day 21p28,000). In the control groups
however, the TGB1L medium levels stayed relatively stable during ¢barse of the
experiment. After 4 weeks of culture, no significalfferences in TGB1 medium
concentration were detected between the differemiigs. Mechanical stimulation did
not significantly influence TGB1 medium levels, in both the control and the Ad.BMP
2 transduced group. Absolute values, after 4 wesdksulture, were 334.5pg/ml +
117pg/ml (control unloaded), 340pg/ml £ 197.5pgfmbntrol loaded), 491pg/ml +
263.4pg/ml (BMP-2 unloaded) and 114.2pg/ml + 138/iip (BMP-2 loaded).
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7.2.3 Mechanical stimulation leads to an up-regulain of aggrecan and
collagen IlI, when compared to free-swelling contr@. Transduction
with Ad.BMP-2 is the predominant stimulus for the gene BMP-2.
Further, it leads to an up-regulation of the hypertophic marker gene
collagen X (at the late time-point) and the early steogenic marker
gene ALP.

The effect of mechanical stimulation and transaurctivith Ad.BMP-2, on the gene
expression profile of hACPCs, was investigated. és@xpression analyses were
conducted, using the comparaty&Cr method, with 18s rRNA as an internal control.
The unloaded control group at day 7 was used asalser and, therefore, set to 1. The
following genes were analysed; Col I, Col X, Run&2P and Notch 1 (figure 7-3) and
aggrecan, SOX9, BMP-2 and PTHrP (figure 7-4). lhargene ALP, only three donors
were used for RT-PCR analysis (in one of the famals [{' age 56] ALP message was
not detectable). Additionally, RT-PCR was conducfed the chondrogenic marker
gene Col Il and the late osteogenic marker gener@stOsterix gene expression was
not detected in any of the experiments. Therefgeae expression analysis for Osterix
was not conducted. Col Il message was only congtéint each of the eight groups
investigated) detected in one donof &ge 56). For this donor, a "normalAACr,
statistics) Col Il gene expression analysis waslaoted (figure 7-5). It must be noted
that, usually, a statistical analysis with sampiesn one donor is not warranted.
Nevertheless, this donor showed clear responserdswath stimuli and the statistical
analysis was conducted to gain additional infororatin the remaining three donors,
Col 1l message was not constantly detectable i eache eight groups. Therefore, it
was not possible to conduct a reliaBlACr analysis forCol Il in these three donors.
Yet, these donors displayed the same trends, whi@pared to the donor where Col I
message was constantly detected. Therefore, anieweabout Col Il gene expression,

within these three donors, was carried out (tablg. 7
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Figure 7-3: Relative gene expression of hACPCs, wdfi have been cultured in fibrin-PU composite
scaffolds for 7 or 28 days. They have been transded with Ad.BMP-2 in 3D with a MOI of 5
(BMP-2) or were left untreated (control). Subsequetly, they were either cultured under static
conditions (unloaded) or 1 hour of mechanical stimiation per day was applied for 6 days per week
(loaded). Gene expression analyses were conducteding the comparativeAAC; method, for genes
Col I (a), Runx2 (b), Notch 1 (c), Col X (d) and AP (e). 18s rRNA was used as internal control. The
unloaded control group at day 7 was used as calibrar and, therefore, set to 1. Results are
displayed as average + standard deviation of triptiates from three donors (ALP) or four donors
remaining genesyk significant difference in the aurol vs. the Ad.BMP-2 transduced group
(p < 0.05); & significant difference in the unloaded vs. thdoaded group ¢ < 0.05); & significant
difference in the control unloaded vs. the Ad.BMP-2ransduced loaded group |§ < 0.05).
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Figure 7-4: Relative gene expression of hACPCs, wdfi have been cultured in fibrin-PU composite
scaffolds for 7 or 28 days. They have been transded with Ad.BMP-2 in 3D with a MOI of 5
(BMP-2) or were left untreated (control). Subsequetly, they were either cultured under static
conditions (unloaded) or 1 hour of mechanical stimiation per day was applied for 6 days per week
(loaded). Gene expression analyses were conductading the comparativeAAC; method, for genes
Aggrecan (a), BMP-2 (b), SOX9 (c) and PTHrP (d). 18rRNA was used as internal control. The
unloaded control group at day 7 was used as calibrar and, therefore, set to 1. Results are
displayed as average + standard deviation of triptiates from four donorsy significant differencen
the control vs. the Ad.BMP-2 transduced group § < 0.05); @ significant difference in the unloaded
vs. the loaded group f§ < 0.05); asignificant difference in the control unloadedvs. the Ad.BMP-2
transduced loaded group p < 0.05).

The response (n-fold changes in gene expressiorpa@u to the control day 7
unloaded group) of the different genes investigatedards both stimuli applied, can
be broadly divided into three classes. The genexX9Sigure 7-4 c), Col |
(figure 7-3 a), Runx2 (figure 7-3 b) and NotchQyiie 7-3 c) showed little differences
in gene expression. The n-fold changes in geneesgjm were usually below 10. The
genes PTHrP (figure 7-4 d) and ALP (figure 7-3 ledwged an intermediate response.
Maximal n-fold up-regulations monitored were belb@0.
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The genes Col X (figure 7-3 d) and, especially,raggn (figure 7-4 a) and BMP-2
(figure 7-4 b) were strongly regulated by both stirndepending on the group. A n-fold

up-regulation in gene expression up to the rangewéral thousand-fold was detected.

The gene Runx2 (figure 7-3 b) was the only genestigated where no significant
changes in gene expression were detected. Foetie@ol | (figure 7-3 a), mechanical
stimulation led to a significant up-regulation iang expression in the control group at
day 7 ©=0.001). Further, transduction with Ad.BMP-2 led to a #iimlaut significant,
down-regulation of Col | message in the unloadexligr at both the earlyp£0.001)
and the late time-poinp€0.013). Notch 1 gene expression (figure 7-3 c) was down-
regulated by mechanical stimulation in the congpaup at day 28pc0.034). On the
other hand, transduction with Ad.BMP-2 led to angigant increase in Notch 1
message in both the unloadgd (.002) and the loaded group<£0.013) at day 7 and in
the unloaded group at day 28-0.000). For the gene SOX9 (figure 7-4), transduction
with Ad.BMP-2 led to a significant, yet small, dowegulation of SOX9 message in the
loaded group at the early time-poipt=0.035). Mechanical stimulation did not lead to
any significant changes in ALP gene expressiorufégr-3 e). Even though it led to a
80% decrease in ALP expression, in the control grauthe late time-point (day 28),
this trend failed to reach significan@e=0.097). On the other hand, transduction with
Ad.BMP-2 led to a statistically significant increas ALP gene expression. This was
true for both the unloadeg%£0.006 at day 7 ang=0.013 at day 28) and the loaded
group 0=0.047 at day 7 and=0.004 at day 28). At the early time-point (day 7),
expression of the gene PTHrP (figure 7-4 d) wakiémiced by both stimuli applied.
Both mechanical stimulatiop£0.036) and transduction with Ad.BMP-2+£0.000) led

to a significant increase in PTHrP expression, wbempared to the control unloaded
group at day 7. Interestingly, transduction with .BdP-2 seemed to be the
predominant stimulus for PTHrP (at the early tino@#ap BMP-2 unloaded was not
significantly different from BMP-2 loaded but cooltdoaded was significantly lower
than BMP-2 loaded). At the late time-point (day,a8)ly transduction with Ad.BMP-2
in the unloaded group still led to an up-regulatd®PTHrP expression, when compared
to the control group p£0.001). After 7 days, both mechanical stimulation and
transduction with Ad.BMP-2 did not significantly fimence Col X expression

(figure 7-3 d). Again, after 28 days, load had ffea on Col X message.
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On the other hand, adenoviral-mediated over-expness BMP-2 led to an over 100-
fold, significant increase in Col X message in kb@&ded group on day 2&=£0.000).
Mechanical stimulation, strongly up-regulated tleneg aggrecan (figure 7-4 a) in the
control group at both time-points. In these growgggrecan message was significantly
elevated, when compared to the respective unloadstiol group 1(=0.000 at day 7
and p=0.008 at day 28). Also, transduction with Ad.BMP-2 leml & significant up-
regulation of aggrecan message, in the unloadagpgra both the earlyp€0.000) and
the late time-pointg=0.044). The combined application of mechanical stimolatdid
not lead to a further increase in aggrecan mesghgeBMP-2 loaded group was not
significantly different from the control loaded atite BMP-2 unloaded group, at both
day 7 and day 28). Finally, the gene BMP-2 (figdré b) was un-responsive towards
mechanical stimulation. However, when cells weaasduced with Ad.BMP-2, BMP-2
message was massively and significantly elevatbis Wwas true for both the unloaded
(p=0.000 at day 7 ang=0.000 at day 28) and the loaded groygs(.000 at day 7 and
p=0.000 at day 28)

Col ll gene
expression
detectable in
Group — Control | Control | BMP-2 BMP-2 | Control | Control | BMP-2 BMP-2
day 7 day 7 day 7 day 7 day 28 day 28 day 28 day 28
Run | unloaded | loaded | unloaded | loaded | unloaded | loaded | unloaded | loaded
|
N N N ND Yes ND Yes
Il
N Yes N N ND Yes ND NI
]|
Yes Yes Yes Yes Yes Yes Yes Yes
v
N Yes N N NI Yes NI

Table 7-1: Overview of Col Il gene expression witm the ACPCs and load study. The table displays
the groups, in which Col Il message was detected thin the four runs of the experiment. ND = not
detectable.
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Figure 7-5: Relative gene expression of hACPCs, wdfi have been cultured in fibrin-PU composite
scaffolds for 7 or 28 days. They have been transded with Ad.BMP-2 in 3D with a MOI of 5
(BMP-2) or were left untreated (control). Subsequetly, they were either cultured under static
conditions (unloaded) or 1 hour of mechanical stimiation per day was applied for 6 days per week
(loaded). Gene expression analysis was conductedngsthe comparative AAC method for the gene
Col 1I. 18s rRNA was used as internal control. Thaunloaded control group at day 7 was used as
calibrator and, therefore, set to 1. Results are dplayed as average + standard deviation of
triplicates from one donory Significant difference in the control vs. the Ad.BMP-2
transduced group @ < 0.05);esignificant difference in the unloaded vs. the daded group
(p < 0.05); asignificant difference in the control unloadedvs. the Ad.BMP-2 transduced loaded
group (p <0.05).

The gene Col Il was only constantly monitored @ecle of the eight groups) in run Il of
the study (table 7-1). Further, the control loadegt 28 group was the only group that
showed Col Il expression in each of the four rutablé 7-1). In run I, Il an 1V,
Col Il message was only detectable in the contratléd day 7 group (run Il and run
IV), the control loaded day 28 group (run Il, rdhdnd run IV) and the BMP-2 loaded
day 28 group (run | only). The results of run IBmdonstrated that both stimuli had a
different effect on Col Il message. On day 28, naedtal stimulation led to a
significant increase in Col Il message, in the man{p=0.040) and the Ad.BMP-2
transduced group€0.014). Interestingly, at the early time-point (day &@pplication of
both stimuli combined was detrimental for Col lIpegssion. The control unloaded
group was significantly higher, when compared ® BMP-2 loaded group€0.035).
Transduction with Ad.BMP-2 led to a significant dease in Col Il expression in the
loaded group=0.001 at day 7 ang=0.012 at day 28).
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7.2.4 The DNA content of hACPCs samples, seeded anfibrin-PU

composite scaffolds, decreases between week 1 areklv4 of culture.

In order to get a general idea of how the differstimuli influenced the total cell
number, the DNA content was quantified using theethst 33258 dye assay.
Figure 7-6 displays the DNA content for each of dligtht experimental groups. Figure
7-7 displays the average of day 7 and day 28 sanfipieesach group. These values were
used for the calculation of the GAG/DNA ratio irc8en 7.2.6.

40

35

*

. % [
2. o 3
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Day 7 Day7 Day7 Day 7 Day 28 Day 28 Day 28 Day 28
unloaded loaded unloaded loaded unloaded loaded unloaded loaded

Figure 7-6: Total DNA content of hACPCs after 7 or28 days of culture. hACPCs were cultured in
fibrin-PU composite scaffolds and either transducedvith Ad.BMP-2 in 3D with a MOI of 5 (BMP-
2) or left untreated (control). Subsequently, theywere either cultured under static conditions
(unloaded) or 1 hour of mechanical stimulation perday was applied for 6 days per week (loaded).
DNA content was quantified from scaffolds using theHoechst 33258 dye assay with calf thymus
DNA as standard. Results are displayed as averagestandard deviation of triplicates from four
donorsyk significant difference between the day 7nal the day 28 time-point for the BMP-2 loaded
group (p <0.05).

There was a general trend towards a decrease in Bowent between week 1 and
week 4 of culture. Yet, this trend only reachedistigal significance in the BMP-2
loaded group=0.000). The total DNA content for each group was 27.44114ug
(control day 7 unloaded), 28.5ug + 7.27ug (contiay 7 loaded), 29.46ug + 6.15ug9
(BMP-2 day 7 unloaded), 26.65ug = 4.6ug (BMP-2 ddgaded), 23.85ug + 6.57ug
(control day 28 unloaded), 22.05ug + 6.73ug (comtay 28 loaded), 23.33ug + 6.09ug
(BMP-2 day 28 unloaded) and 18.39ug + 4.1ug (BMR2 28 loaded).
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35
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Figure 7-7: Average DNA content (calculated from dg 7 and day 28 samples) of hACPCs. hACPCs
were cultured in fibrin-PU composite scaffolds anceither transduced with Ad.BMP-2 in 3D with a
MOI of 5 (BMP-2) or left untreated (control). Subsejuently, they were either cultured under static
conditions (unloaded) or 1 hour of mechanical stimiation per day was applied for 6 days per week
(loaded). DNA content was quantified from scaffoldaising the Hoechst 33258 dye assay with calf
thymus DNA as a standard. Further, the average beteen the day 7 and the day 28 samples was
individually calculated for each donor and each saple. Results are displayed as average *
standard deviation of triplicates from four donors.

When the average DNA content (independent frontithe-point) was calculated there
were no significant differences between the groupstal values obtained were
25.65ug = 5.08ug (control unloaded), 25.24ug * (gl {control loaded), 26.4ug *
4.31ug (BMP-2 unloaded) and 22.52ug + 2.92ug (BM&agded).

7.2.5 The bulk amount of synthesised GAG is releagento the culture

medium.

In order to track matrix production of hACPCs, ttemulative amount of released
GAG, over the course of 28 days, was quantifiedgithe DMMB dye binding assay.
Furthermore, the amount of GAG retained within seaffolds was measured, after 4

weeks of culture (figure 7-8).
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Figure 7-8: Total amount of GAG synthesised after  days. hACPCs were cultured in fibrin-PU
composite scaffolds and either transduced with Ad.BIP-2 in 3D with a MOI of 5 (BMP-2) or left
untreated (control). Subsequently, they were eithecultured under static conditions (unloaded) or 1
hour of mechanical stimulation per day was appliedor 6 days per week (loaded). Medium was
changed and collected three times a week. It was @ed for weeks 1, 2, 3 and 4. Additionally, the
medium of the 3 day pre-culture period was collectt GAG content was quantified (both within the
scaffold and within the culture medium) using the MMB dye binding assay with chondroitin-4-
sulfate as standard. Results are displayed as avema + standard deviation of triplicates from four
donors. % significantly different from the control loaded group, ¢ <0.05).

As expected, the bulk amount of synthesised GAG vedsased into the culture
medium. Only a small portion of the total amounG#G produced was retained within
the scaffolds. The control loaded group producedhighest amount of GAG, which
was significantly higher, when compared to the otheee groupsp=0.011 vs. control
unloaded,p=0.003 vs. BMP-2 unloaded an@=0.009 vs. BMP-2 loaded). In the
Ad.BMP-2 transduced groups, mechanical stimulatexh to a trend towards higher
GAG production, which failed to reach statisticagnsficance. Further, transduction
with Ad.BMP-2 significantly reduced GAG productian the loaded group, when
compared to the untransduced control grqup0(009). Over the course of 4 weeks, a
total of 231.4ug £ 107.7ug (control unloaded), 214 + 240.6ug (control loaded),
196.5ug £ 60.9ug (BMP-2 unloaded) and 233.7ug 87®.(BMP-2 loaded) of GAG
was synthesised. The amount of GAG retained witinenscaffolds was between 19.7%
* 14.3% (control unloaded) and 5.5% + 3.3% (BMP&ded).
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7.2.6 The GAG/DNA ratio is higher in control vs. AdBMP-2

transduced and in loaded vs. unloaded samples.

Finally, in order to better compare matrix prodactbetween the different groups, the
GAG/DNA ratio [in pg/pg] was calculated (figure J-This procedure normalises the
amount of synthesised matrix to a specific amodnDNA (indicator for total cell
number). The total amount of GAG produced (scaffotdnedium over the course of 4
weeks) was divided by the average DNA content (fday 7 and day 28 samples).
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Figure 7-9: Total amount of GAG (scaffold + mediumover the course of 4 weeks) normalised to
average DNA content (of day 7 and day 28 sample§)ACPCs were cultured in fibrin-PU composite
scaffolds and either transduced with Ad.BMP-2 in 3Dwith a MOI of 5 (BMP-2) or left untreated
(control). Subsequently, they were either culturedinder static conditions (unloaded) or 1 hour of
mechanical stimulation per day was applied for 6 dgs per week (loaded). The total amount of
GAG and the amount of DNA was quantified. The GAG poduction was normalised to the DNA
content. Results are displayed as averages + stamdadeviation of triplicates from four
donors Significantly different from the control loaded group p < 0.05); & significantly different
from the BMP-2 loaded group ¢ <0.05).

For both the control p=0.007) and the Ad.BMP-2 transduced group=0.017),
mechanical stimulation led to a significant inceeaa the GAG/DNA ratio. The
GAG/DNA ratio was highest in the control loaded groand significantly different
from the three other groups that were investigaee0.007 vs. control unloaded,
p=0.000 vs. BMP-2 unloaded ang-0.007 vs. BMP-2 loaded). The GAG/DNA ratio, in
png/ug/, was 9.1 £ 5.6 (control unloaded), 18.16.357(control loaded), 7.56 + 2.47
(BMP-2 unloaded) and 10.53 £ 2.27 (BMP-2 unloaded).
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7.3 hACPC and load study - discussion.

ACPCs represent a new and potentially superiorsmiice, regarding potential stable
chondrogenic induction, when compared MSCs, foroT Brticular cartilage (McCarthy
et al., 2011). Mechanical stimulation influencesthbdhe development and the
maintenance of articular cartilage. Therefore, fiamal TE, which incorporates
mechanical stimulation, more closely mimics thevping situationin vivo, when
compared to classical TE approaches, which lackstimulus. The current study opted
to investigate the combined effect of mechanicahdation and adenoviral-mediated
over-expression of BMP-2 on the chondrogenesis ohatayer-expanded hACPCs.
hACPCs were encapsulated in fibrin and seededRtscaffolds. A seeding density of
5 x 10 cells per sample was used. As mechanical stinematias hypothesised to
induce chondrogenesis of hACPCs, a chondro-pemweissnedium, which lacks
exogenous growth factors, was used. The samples wdtured for 7 or 28 days.
Mechanical stimulation and transduction with Ad.BidPwere applied alone or in
combination. Further, an untransduced control gneap included (cultured under free-
swelling conditions). For hMSCs, it has been dertrated that mechanical stimulation
leads to an enhanced endogenous production of fiG&Ad that this production was
able to induce chondrogenesis, if exogenous PBGRvas omitted from the culture
medium (Li et al., 2009b). It was hypothesised thl@€CPCs respond similarly towards
mechanical stimulation. BMP-2 is a bioactive factthrat is widely used for
chondrogenic induction or enhancement of chondregjerin h(MSCs (Majumdar et al.,
2001; Schmitt et al., 2003). Further, it has beemahstrated that hMSCs can be
transduced with Ad.BMP-2 using a novel protocol & transduction (section 3.4 —
3.6, Ad.BMP-2 and load study (chapter 4) and (Newuma&t al., 2013c)). This
transduction then leads to the endogenous prodguctidBMP-2. It was hypothesised
that hACPCs can be transduced with Ad.BMP-2 in 31l ahat they afterwards
endogenously produce BMP-2. This production wadebetl to further modulate
chondrogenesis. This combined approach has alrdahpnstrated its potential, when
hMSCs were used as cell source (Neumann et al.3a3010utcome parameters
measured were the concentrations of TFand BMP-2 within the cell culture
medium. Further, biochemical analyses (GAG, DNA a@AG/DNA) and gene

expression analyses were conducted.
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After 3D transduction with Ad.BMP-2, hACPCs werelealo produce BMP-2. This
result confirmed the feasibility of the novel 3Darisduction protocol for hACPCs,
seeded into fibrin-PU composite scaffolds. Furtidien compared to hMSCs, higher
amounts of transgene product were produced. Thie pEHP-2 concentration that was
measured when hMSCs were transduced was 339.8agl®bng/ml (Neumann et al.,
2013a). For hACPCs, the peak concentration gerteveds 1164.8ng/ml £ 658.6ng/ml.
Interestingly, BMP-2 medium levels were always 1§@n or above (even during the 3
days of pre-culture). This concentration is congde biologically relevant and
commonly used when BMP-2 is applied exogenouslyj@idar et al., 2001; Sailor et
al., 1996; Toh et al., 2007). During the first wesdkculture, almost identical BMP-2
concentrations were generated in both the unloadddhe loaded group. Also, in both
groups, the amount of BMP-2 produced significamtigreased between the 3 days of
pre-culture and the first week of culture. Afterdsyr both groups showed opposing
trends. In the loaded group, BMP-2 medium levetadily decreased between week 1
and week 4. This decrease resulted in a signifiddfégrence between the week 1 and
the week 4 time-point. In the unloaded group, tMPB2 medium concentrations stayed
relatively constant. After 4 weeks of culture, tB&P-2 concentration within the
unloaded group was significantly higher, when coraegato the loaded group. In
hMSCs, the exact opposite trend was detected (Newragal., 2013a). For hMSCs, it
was proposed that, in the unloaded group, BMP-2leave the scaffold only by means
of passive diffusion. In the loaded group howevee, synthesised BMP-2 is expelled
from of the scaffold. For hACPCs, different effesgtGeem to be predominant which
probably masked this phenomenon. It is possiblertteechanical stimulation negatively
affected BMP-2 production within hACPCs. Anotherpknation may be that
mechanical stimulation influenced the ECM, whichghti have prevented the
synthesised BMP-2 from leaving the scaffold. Yeithaut further investigation, this
conflicting observation is difficult to interpret.
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It was confirmed that hACPCs endogenously produG&F1, if cultured in medium
lacking exogenous growth factors. After 3 days oé-qulture, significantly more
TGF{$1 was produced in the Ad.BMP-2 transduced samfles. result was true for
both the unloaded and the loaded group and indidhtd the presence (or production)
of BMP-2 enhances endogenous TfF-production. After 7 days however, this
observation was only confirmed in the unloaded aatlin the loaded group. In the
control groups (both loaded and unloaded), BaFnedium levels stayed relatively
constant over the course of 4 weeks and no sigmifidifferences between the different
time-points were monitored. In the Ad.BMP-2 transelll groups, TGBL1 medium
levels constantly decreased, especially in theddagtoup. After 4 weeks, the TGH-
medium concentration in the BMP-2 loaded group wamificantly lower, when
compared to the same group at the 3 days pre-eutilmne-point. Also, starting from
week 2 of culture, no significant differences bedwethe groups were detected.
Interestingly, after 7 days of culture, comparadr®ounts of TGHB1 were generated in
both the unloaded and the loaded control grougrarsduction with Ad.BMP-2), when
compared to hMSCs cultured under identical conatigLi et al., 2009b). Li and
co-workers did not further track TGF: concentrations over time. Therefore, it cannot
be validated that both cells types produced conmgp@ramounts of TGBL over the

course of the study.

Between week 1 and week 4 of culture, there wagrdfisant decrease in the DNA
content in the BMP-2 loaded group. This result &s¢g that, when both stimuli were
applied simultaneously, cell death, over prolifenat dominated the cellular response.
Interestingly, hACPCs seem to survive better andisplay an enhanced proliferation
capacity within the fibrin-PU composite scaffoldssym, when compared to hMSCs. In
the Ad.BMP-2 and load study (chapter 4, (Neumanmalgt2013a)), the exact same
parameters (seeding density, scaffold system, reuthedium and stimuli) were applied.
Still, the DNA content (indicator for total cell mber), after both 1 week and 4 weeks
of culture, was higher when hACPCs were used, wt@mpared to hMSCs. For
hMSCs, the DNA content was between 11.81ug + 3.88BMP-2 day 28 unloaded)
and 16.72ug + 4.71ug (control day 28 loaded) (Neuwnet al., 2013a). For hACPCs
however, the DNA content was between 18.39ug zgl(BMP-2 day 28 loaded) and
29.46u9 = 6.15ug (BMP-2 day 7 unloaded).
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The GAG quantification revealed that most of thatsgsised GAG was not retained
within the scaffold. Instead, the bulk amount oftiyesised GAG was released into the
culture medium. Similar observations were made guilorin-PU composite scaffolds
and hMSCs or bovine chondrocytes (Li et al., 20Q9ket al., 2009c; Neumann et al.,
2013a). For both the control loaded and the Ad.BMtPansduced and loaded group,
the percentage of GAG retained within the scafieés lower, when compared to the
corresponding unloaded group. Generally, the amof@imhatrix that can be retained
depends on the pericellular matrix, the mechareo&ironment and the porosity of the
scaffolds. The pericellular matrix of the hACPCsghti not have been developed
enough to retain most of the synthesised GAG. Tdsk was further complicated by
application of mechanical stimulation and the praps of the PU scaffold (pore size,
highly porous scaffold structure). Regarding to®AG production, the two stimuli
applied resulted in a different response. In th&mb group, mechanical stimulation led
to a significant increase in GAG production. On ttker hand, adenoviral-mediated
over-expression of BMP-2 led to trend towards arekse in GAG production. This
observation was true for both the unloaded andahded group, yet it failed to reach
statistical significance. The control loaded grqupduced significantly more GAG,
when compared to the remaining three groups. Whatnixrproduction was compared
between hACPCs and hMSCs, hMSCs were able to peothare total GAG, when
compared to hACPCs. In each group, except the @dotxded group, hMSCs produced
more than twice the amount of total GAG, when comgdo hACPCs (Neumann et al.,
2013a). In the control loaded group, hMSCs produapgdroximately 1.5-fold more
total GAG, when compared to hACPCs. Still, the gaheesponse towards the stimuli
applied was similar for both cell types. Mechanicsimulation increased GAG
production and transduction with Ad.BMP-2 led tdorend towards a decreased GAG
production.
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The normalisation of matrix production (GAG syntisgso cell number (DNA content)
revealed the same trends that were monitored &tatal GAG production. Mechanical
stimulation led to a significant increase in thAa@DNA ratio, in both the control and
the Ad.BMP-2 transduced group. Furthermore, in tbaded group, adenoviral-
mediated over-expression of BMP-2 led to a sigaiftcdecrease in GAG/DNA ratio. In
each of the four groups investigated, the GAG/DMAorwas lower in hACPCs, when
compared to hMSCs. hMSCs had approximately 3-4 foggher GAG/DNA ratios,
depending on the individual group investigated (Naon et al., 2013a). These results
suggest that, under the monitored conditions, hMB&se a higher baseline in total
matrix production, when compared to hACPCs. Yethloell types displayed the same
general response towards both stimuli applied. Ltatl to an increase, whereas
transduction with Ad.BMP- 2 led to a trend towaalslecrease, in GAG/DNA ratio.
Interestingly, if the control unloaded group wasdisas baseline, the increase in
GAG/DNA ratio in the control loaded group was higie hACPCs (approximately 2-
fold), when compared to hMSCs (approximately 1MbfoFor the two remaining

groups, the differences in GAG/DNA ratio were samibetween both cell populations.

Gene expression analyses revealed interestingthistaonflicted with the biochemical
analysis. In the BMP-2 unloaded group, aggrecan sages was significantly
up-regulated, when compared to the control unloagexip. Yet, the total GAG
production and the GAG/DNA ratio were not differdrgtween the control unloaded
and the BMP-2 unloaded group. Further, on the dewel, there were no differences
between the control loaded and the BMP-2 loadedmr8till, the control loaded group
had a significantly higher total GAG production amdignificantly higher GAG/DNA
ratio. The same conflicting results were obsenadhMSCs (Neumann et al., 2013a).
Further, this discrepancy between aggrecan geneessipn and matrix protein
production has already been observed within ouumgrand by other investigators
(Barry et al., 2001; Kisiday et al., 2008; Kupcsikal., 2010). The genes Runx2, SOX9,
Notch 1 and Col | were either un-responsive (RungR)small changes in gene
expression were monitored (other genes), whentthrils were applied. For the gene
SOX9, as it is a transcription factor, it is likdlyat even these small increases in gene
expression led to a significant cellular response.
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For the gene BMP-2, it was observed that adenemeadiated over-expression of
BMP-2 massively and significantly up-regulated B Rjene expression, independent
of mechanical stimulation. For the gene PTHrP, raeaal stimulation (only in the
control group at day 7) and, more predominantgngduction with Ad.BMP-2 (except
the loaded group at day 28) led to a significantaase in gene expression. This result
indicates that both stimuli, to some extent, inseeBPTHrP production which can be
interpreted as an attempt to counteract a possigbertrophic differentiation of the
cells. The combined results of the genes aggre€ah]l, Col X and ALP were very
interesting. Aggrecan message was massively ugateguthrough both stimuli, which
indicated an enhanced chondrogenic matrix prodacti@t, the combined application
of both stimuli did not further up-regulate aggmecaessage, when compared to the
sole application of each stimulus. It has to be Rassed that when mechanical
stimulation was applied solely, a huge (severaldneatfold) and significant up-
regulation in aggrecan message was monitored. R@rgene Col II, mechanical
stimulation led to a significant increase in gemgpression after 28 days (for both the
control and the Ad.BMP-2 transduced group). Cogtrtnansduction with Ad.BMP-2
led to a significant decrease in the loaded grougath time-points. However, these
results have to be interpreted with caution, as [Cahessage was not constantly
detected. Analysis of the hypertrophic marker g@w X and the early osteogenic
marker gene ALP revealed that mechanical stimulatead no significant effect on their
gene expression. For the gene ALP, transductioh wd.BMP-2 led to a significant
up-regulation of gene expression in both the loaaed the unloaded group at both
time-points. For the gene Col X, exposure to supyajplogical doses of BMP-2,
resulted in a massive increase in gene expresfienz8 days. This was true for both
the unloaded and the loaded group. Taken togdtieegene expression profile of these
four genes indicated that both stimuli are, attldassome extent, able to induce a
chondrogenic response (significant up-regulation agfgrecan message and up-
regulation of Col Il message in the loaded grous}, mechanical stimulation resulted
in a more stable chondrogenic gene expressionl@r@iggrecan high, Col Il high, Col
X and ALP low). On the contrary, transduction wild.BMP-2, independent of the
application of load, resulted in a more hypertrapipene expression profile (aggrecan,
Col X and ALP all high).
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Summarised, the current study opted to investifeeeffect of mechanical stimulation
and adenoviral-mediated over-expression of BMP-2hA&PCs chondrogenesis and
progression towards hypertrophy. It was shown lwah stimuli differently influenced
the cells. As opposed to the working hypothesithefstudy, supra-physiological doses
of BMP-2 were not enhancing the chondrogenic resporBiochemical analysis
revealed that the DNA content, the total GAG sysith@and the GAG/DNA ratio were
significantly reduced in the Ad.BMP-2 transduced &aded group, when compared to
its corresponding untransduced control. Furthandduction with Ad.BMP-2 led to a
significant increase in hypertrophic (Col X) andtemgjenic (ALP) marker gene
expression, independent of mechanical stimulat©n. the other hand, mechanical
stimulation led to a significant increase in bolkie ttotal GAG production and the
GAG/DNA ratio (2-fold higher, when compared to tlhwloaded control group).
Further, the gene expression profile of the conwabled group was very promising,
especially concerning Col Il data. Compared touhkaded control group (baseline),
the chondrogenic marker genes aggrecan and Coéré ymassively and significantly
up-regulated, after 4 weeks of culture. Yet, no2f an increase in hypertrophic (Col

X) or osteogenic (ALP, Runx2, Osterix) marker gerpression was evident.

Finally, it has to be emphasised that, of all tharfgroups investigated, the control
loaded had the highest GAG production, the higl@&G/DNA ratio and the most
promising gene expression profile, as evidenced abysignificant increase in
chondrogenic marker gene expression (aggrecan aidllCand no changes in
hypertrophic (Col X) or osteogenic (ALP and Runx@arker gene expression. The
progression towards hypertrophy is one of the ntaew drawbacks of hMSCs, as
potential cell source for cartilage TE (Bosnakovskial., 2006; Pelttari et al., 2006;
Yoo et al., 1998). Further, even though mecharstatulation and transduction with
Ad.BMP-2 were able to enhancing the chondrogersparse, when hMSCs were used
as cell source (Neumann et al., 2013a), the cusardy suggest that hACPCs are
superior within the fibrin-PU scaffold system, redjag stable chondrogenic
differentiation. Even though total matrix productiovas not as high as in hMSCs
(hMSCs have a higher baseline level of GAG produngtiand Col Il gene expression
was not constantly observed, the cells seemed tergn stable chondrogenic

differentiation with no signs of hypertrophic diféatiation.
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Chapter 8: General Discussion.

The current thesis had two main foci. First, geaedfer methods, using different viral
vectors, were investigated and optimised (chapjefTBis chapter was divided into
three main parts. In the first part of chaptert3was investigated how retrovirally-
mediated over-expression of BMP-2 influenced hM8@sng monolayer proliferation.
In the second part of chapter 3, a modified enlér2 transduction protocol for
adenoviral vectors was introduced and comparedh® rbutine 2D transduction
protocol. This comparison was conducted using hM$@sch were seeded into three
different hydrogels (alginate, agarose and fibriPThe last part of chapter 3
introduced a fast and easy way to conduct a timatstluction of hMSCs, seeded into
fibrin-PU composite scaffolds, with Ad.BMP-2. Theswestigations were needed to
prepare for the main part of the thesis, which @pteinvestigate how gene transfer can
be utilised to modulate mechanically-driven chogéresis in 3D constructs. In the
second part of the thesis, the effect of differetimuli on the chondrogenic and
hypertrophic differentiation of chondroprogenitalls (hMSCs and hACPCs; chapter
4, 5, 6 and 7), was investigated. Chapter 4 focussethe application of mechanical
stimulation and adenoviral-mediated over-expressmin BMP-2, alone and in
combination, and its effect on the chondrogenidedéntiation and the progression
towards hypertrophy of monolayer-expanded hMSCs.chapter 5, the effect of
dorsomorphin, a small molecule that was suggestedsupress hypertrophic
differentiation by blocking BMP signalling, was ewmed. hMSCs were seeded into
fibrin-PU composite scaffolds and chondrogenic edéghtiation was induced by
exogenous application of TGF. Then, it was determined how dorsomorphin altered
chondrogenic and hypertrophic differentiation, wwiththis culture system. Work in
chapters 6 and 7 investigated the potential of hB&Rs a cell source for cartilage TE.
In chapter 6, the pellet culture model was usedaompare hMSCs, hACPCs and co-
cultures of both cell types. Serum-free conditiamsre used to analyse these cells
during TGFB1-driven chondrogenic and hypertrophic differemiat In chapter 7, it
was investigated how mechanical stimulation anchadeal-mediated over-expression
of BMP-2, alone and in combination, affect the difrmgenic and hypertrophic
differentiation of monolayer-expanded hACPCs. Ferththese combined results
allowed for a direct comparison between hMSCs (t#rag) and hACPCs (chapter 7).
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Viral gene transfer.

Retroviral vectors integrate into the host genoA®a consequence, they are passed to
the daughter cell during cell division. With theception of inducible vectors systems,
the production of the transgene product is coristély active. For basic research
applications, usually, a small number of cells @a@sduced with the retroviral vector.
The transduced cells are then further propagatei tine desired cell humbers are
reached. Most of the time, the gene of interesbé@es for a bioactive factor and control
cells are usually transduced with a non-bioactikendgene (Kuroda et al., 2006;
Salzmann et al., 2009). Hence, during the initiaholayer proliferation step, cells are
already exposed to the virally encoded bioactiwtoia It can be assumed that the cells
are influenced by this exposure. Still, it is rgret ever, investigated how this exposure
influences the starting cell population. Therefahe, first part of chapter 3 focussed on
the effect of Rv.BMP-2 transduction on hMSCs dunimgnolayer proliferation. hMSCs
were transduced with either Rv.BMP-2 or Rv.eGFPbsgquently, they were sub-
cultured and further proliferated, until they reegh70-80% confluency. The gene
expression profile, of both cell populations, waseistigated and additionally compared
to the gene expression profile of cells that weqeosed to recombinant human BMP-2
(Neumann et al., 2013b). Further, it was examirfegtroviral transduction itself is
detrimental for hMSCs. It was shown that, in the# of four donors, retroviral
transduction itself did not affect the cells. Tle#l< of the last demonstrated a change in
phenotype and confluency following retroviral trdastion. This was probably due to
the high age of the donor (81 years). Yet, thesgane product (BMP-2) itself had a
pronounced effect. The gene expression profile éetwRv.eGFP and Rv.BMP-2
transduced cells differed. Aggrecan message wasisantly elevated almost 9-fold in
Rv.BMP-2 transduced cells, if compared to Rv.eGrdduced cells. If cells were
exposed to 25-fold higher concentrations of exoger®MP-2 (Rv.BMP-2 transduced
cells produced between 3-4ng/ml of BMP-2), simé@dhanges in gene expression were
monitored. Col X message was significantly downdtatgd by approximately 50% and
aggrecan message was significantly up-regulated 13@0-fold. These results indicate
that the response towards BMP-2 seemed to be thicedependent for the gene Col X
and is dose-dependent for the gene aggrecan.
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The combined results suggest that controls nedx toarefully planned, if integrating
vectors are used, and cells are further propagated viral transduction. It has to be
ruled out that differences, obtained during latdture, are due to the initial differences
during cell proliferation. A possible approach tolve this problem can be the
application of an inducible vector system, sucfi@sOn. In this system, the expression
of the gene of interest can be tightly regulatedsd expression of the transgene
product is virtually absent. The aforementioned@atsystem comprises two vectors; a
regulator vector and a response vector. The remwatctor constitutively expresses the
tetracycline-controlled transactivator rtTA-AdvadcgUrlinger et al., 2000). The
response vector contains an inducible promoter hvismntrols the expression of the
gene of interest and does not contain any binditey fer endogenous mammalian
transcription factors. As a result, it is virtualbflent without prior induction. The
induction can be conducted through application bé ttetracycline derivative
doxycycline. Once induced, rtTA-Advanced binds be tinducible promoteon the
response vector and transcription of the gene tefést is activated. With this kind of
system, cells can be transduced with the inducieldor and monolayer-proliferated
without addition of doxycycline. Thereby, the ceNdl not be exposed to the gene of
interest during proliferation. After seeding thélseto a 3D environment, doxycycline
can be added to the culture medium. This procebsmable transcription of the gene
of interest and, thereby, induce transgene produoduction. In control cells,
doxycycline can be omitted from the culture mediamd, hence, no transgene is
produced. As a consequence, the same startingag@llation, which is transduced with
the inducible vector system, can be used for botitrol and treated cells. Further, the

exposure of treated cells, to the gene of interesitnited to the time of 3D culture.

Gene transfer using adenoviral vectors allows foreffective local, albeit transient,
expression of the transgene product. Still, adeabtriansduction protocols are far from
perfect and require further optimisation. The ad@ad vector itself and the transduced
cell can be immunogenic. Further, at very high dpsglenoviral vectors are cytotoxic
(Brunetti-Pierri et al., 2004). A more efficientatrsduction protocol will allow to
significantly reducing the amount of viral vectaraded to generate a specific amount
of transgene product. This feature thereby might ke overcome the safety concerns

that are still present, regarding a clinical apgien of adenoviral vectors.
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Further, for a clinical application, a transductfoetocol that is no longer dependent on
a cell culture step is highly desirable. Therefamehe second part of chapter 3, a novel
3D transduction protocol for adenoviral vectors wasoduced. Its efficiency was
compared to the routine adenoviral transductiortgamad, which is conducted on cell
culture plastic (2D environment). Both transductimmtocols were compared using
Ad.BMP-2 as vector, hMSCs as the targeted cell ,tyipece different hydrogels
(alginate, agarose and fibrin-PU) for cell encagsah and two different vector doses
(5 MOI and 100 MOI) (Neumann et al.,, 2013c). It wdmmonstrated that the 3D
protocol is clearly superior, when compared to ddad transduction in 2D. This was
true for each condition investigated and indicabsd higher amounts of transgene
product produced per cell. At the same time, it wasluded that the 3D transduction
protocol is detrimental for hMSCs (no significarttaoges in DNA content were
monitored, when compared to both the routine 20igmal and untransduced control
cells) or that these differences originate fronfedldnces in BMP-2 retention within the
hydrogels. Strikingly, it was further shown that, agarose and fibrin-PU composite
scaffolds, application of the 3D transduction poatovith only 5% of the initial vector
dose led to a comparable or higher transgene ptrgudaduction, when compared to the
routine 2D transduction protocol using a MOI of 10the modified protocol has
already demonstrated its value during other worthiwithe thesis. In the Ad.BMP-2
and load study (chapter 4) and the hACPCs and stadly (chapter 7) it was used to
successfully transduce cells in 3D. In both cas$es)sduction was successful and
biologically relevant amounts of BMP-2 (100ng/ml @lbove) were generated, using

only 5 infectious viral particles per cell.

It is also worth noting that, when using the 3Dnsduction protocol, the duration of
transgene expression was more prolonged, when gemhpaclassical 2D transduction.
For example, in 2005, Palmer et @atgnsduced rabbit MSCs on tissue culture plastic
with different doses of an adenovirus encoding B&P-2. The transgene product
concentration peaked already at day 3 (in a 3 veegleriment) and steadily declined
thereafter (Palmer et al., 2005).
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Recent work of other groups demonstrated thatr@Bstluction can occur for non-viral
vectors (He et al., 2011) or lentiviral vectors {&8 and Shea, 2011However, the
present study has directly compared the efficieot8D adenoviral transduction to
standard 2D protocols. He et atgmpared classical transfection, reverse transiecti
and reverse transfection in 3D using a non-virahege@lelivery system (pullulan-
spermine/DNA complexes) (He et al., 2011). Revdraasfection was shown to be
superior, under serum-containing conditions, whemgared to classical transfection.
Furthermore, it was demonstrated that reversefeaimsn can be conducted in 3D and
that transgene expression is significantly highérday 9, when compared to
transduction in 2D. At the other time-points (dgyday 5, day 14 and day 21), there
were no significant differences in transgene exgoes In the current system, an
adenoviral vector was used to transduce hMSCspjpssed to rat cells) and a constant
and significant improvement of transgene produacdpction, over the course of 4
weeks, was demonstrated. It was further demondttate, if 3D transduction is used,
clinically relevant amounts of bioactive factorsndae produced with a much lower
vector dose (compared to classical transductio2). This feature might increase

safety, if the method is transferred into the clini

Also in 2011, Aviles et al., demonstrated that P&€affolds can be combined with
either collagen or fibrin hydrogels and that thesenposite scaffolds can be used to
entrap lentiviral particles, coding for green flascent protein (under the control of a
CMV promoter) or CMV-luciferase (Aviles and She@]12). No cells were added to the
constructs. The scaffolds were subsequently impthmto Cdl male micdn vivo
transgene expression peaked between day 3 and aag Fteadily declined thereafter.
Adenoviral vectors (non-integrating) have alreadderb approved for clinical trials
(Danthinne and Imperiale, 2000; Penny and Hammadtf)4), whereas lentiviral
vectors (integrating) will probably never be usadhe orthopaedic field. In addition,
the current study demonstrated a prolonged highl lefvtransgene expression, over the
course of 4 weeks, (instead of an early peakedesgmn which steadily declined

afterwards).
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Apart from its establishment and its successfulliegpon in work within the current
thesis, the 3D adenoviral transduction protocolhhgrove beneficial for botm vitro
work and, additionally, for a possible clinical &pation. If applied in the cell-culture
laboratory, it requires less time and a lower amooiwork, when compared to
classical 2D transduction. Further, a whole monaigassaging step can be conserved,
which is a desirable feature when working with MS@sreasing passage number has
been associated with a decline in proliferatioe,ratultilineage differentiation capacity
and potential for activation (Banfi et al., 2000pr&b et al., 2006; Crisostomo et al.,
2006). For a possible clinical application, it ®longer dependent on a time-consuming
and money-consuming cell culture step. Additionadlye to its increased efficiency, a
much lower viral vector dose is needed to genesatertain amount of transgene
product. This feature directly translates into @aged safety. Additionally, the amount
of administrative work, required to get clinical papval, would be significantly
reduced. It is much easier to achieve approvabhftechnique that does not leave the

operating theatre, due to the different regulatatgs that are applied.

These exciting observations leave room for furtheestigation. It would be interesting
to confirm that this novel transduction protocadalworks for chondrocytes. Together
with MSCs, chondrocytes represent the most commoségd cell type in cartilage TE
applications. On top of that, work within this tlee¢hACPCs and load study) has
already demonstrated its applicability for hACP@apther promising cell source in
cartilage TE. Besides, it would be interesting tmfam that the novel transduction
protocol works for other viral vectors, especiallgn-integrating vectors such as AAV.
Since the untimely and tragic death of Jessy Ggdsiin 1998, the administration of
adenoviral vectors, for human gene therapy appdicst is viewed with more caution.
The working group that investigated this incideabh@uded that "human gene transfer
experiments using adenoviral vectors should coetimith caution.” (2002 NIH report).
Still, it has to be kept in mind that during theudst in which Gelsinger was a
participant, extremely high doses of virus werengenjected directly into the hepatic
artery. This is a highly unusual protocol which leda cytokine storm and ultimate
organ failure. This is not the normal immunogengésponse being described when
discussing adenovirus, which in nature has the comoold as the most severe event.
In addition, articular cartilage represents a momaunoprivileged environment, due to
its intrinsic biology (no lymphatic system and rdodad supply).
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If the adenoviral vector (i vivo approach”) or the transduced cellex(Vivo approach™)
can be restricted to the cartilaginous tissue aadraphage infiltration can be avoided,
immunogenicity of the vector, respectively the s@dunced cell, might not represent such
a challenge. Nevertheless, AAV possess some distitheantages (reviewed e.g. in:
(Nixon et al., 2007; Steinert et al., 2008; Yourtgak, 2006)), when compared to
adenovirus. It is not known to cause any humanadiseand also does not express any
viral proteins within the infected cell. Lately, rogroup is also starting to investigate the

potential of this promising gene transfer vector.

Timing of administration is critical for the effeof many bioactive factors. Most viral
vectors are constitutively active. That means thair transgene expression cannot be
regulated. Inducible vectors are an exception te thle. Yet, these vectors possess
other disadvantages, such as low expression |eviglls,price or impaired availability.
With the new 3D transduction protocol, it is possito transduce cells within different
hydrogels (Neumann et al., 2013c). Assuming that ddenoviral vector is able to
penetrate the hydrogel, it should be possible todaot transduction after a certain
amount of time in 3D culture. The last part of dea@ opted to investigate if h(MSCs,
seeded into fibrin-PU composite scaffolds, canraesduced with Ad.BMP-2 during
3D culture. Cells were either left as untransducedtrols or were transduced with
Ad.BMP-2, after one week or two weeks of 3D cultureansduction was conducted by
simply dripping the adenoviral vector on top of ttedl-seeded scaffolds. A fast onset
(2 days after transduction) of transgene produatigpection was monitored for both the
week 1 and the week 2 group. Control cells andscphior to timed adenoviral
transduction did not produce BMP-2. On the contraajter delayed Ad.BMP-2
transduction, cells were able to produce biologycaklevant amounts of BMP-2
(100ng/ml or above). Further, it was shown thas tprocedure did not negatively
influence the total cell number. Even though it was used for further work within the
thesis, this brief study introduced a new potent@l for certain basic research
applications. It opens the possibility to investegthe effect of a timed administration
of a bioactive factor, without the need to applgxbgenously. Of course, these results
open further questions such as, is that procedsrefaasible for other viral vectors,
hydrogels or cells? Answering these questions vegsrid the scope of this short study

and they have to remain open for now.
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The results of the timed Ad.BMP-2 transduction gt¢uart of chapter 3 and (Neumann
et al., 2013c)) suggest that this protocol migistoabe applicable for alginate and
agarose. Further, it would be interesting to te#ite viral vector is able to completely

penetrate the hydrogel or if only cells in the aoe layer of the scaffold were

successfully transduced. An easy way to answer dhisstion would be to use an
adenoviral vector, which expresses a fluorescentepr, such as enhanced green
fluorescent protein. After transduction, scaffobdsild be sectioned and the distribution
of labelled (transduced) cells could be visualigsithg fluorescent microscopy. Possible
shortcomings of this system are that it is difficial apply in ann vivo setup and that

the transgene production, after delayed adenotramkduction, cannot be controlled or

switched off.

The effect of mechanical stimulation and adenoviramediated
over-expression of BMP-2 on human chondroprogenitorcell

chondrogenesis and hypertrophy.

Articular cartilage is challenged with loading fescon a daily basis. Further, it is
widely accepted that mechanical forces play a rimleboth development and
maintenance of articular cartilage. Functional Tiest to better mimic theini vivo
situation” by applying mechanical stimulation aglitidnal stimulus (reviewed for
example in (Estes et al., 2004; Grad et al., 2&Elly and Jacobs, 2010; Potier et al.,
2010). Yet, as the physiological movement of thetjs very complex, the application
of a single stimulus, such as compression, flueavflor hydrostatic pressure, will not
adequately reflect theituation that prevailsn vivo. This is why, a novel bioreactor
system, based on tribological considerations, wagldped (Wimmer et al., 2004).
This bioreactor system is able to generate up teethdifferent mechanical stimuli
(compression, shear and flexion), which can beieg@imultaneously or individually.
It already has been used to gain more insightimtatro chondrogenesis of hMSCs
without the need to apply TGFE exogenously (Kupcsik et al., 2010; Li et al., 200
Li et al., 2009c; Li et al., 2011; Schatti et &011). Further, the combined application
of complex mechanical stimulation and retroviralelia¢ed over-expression of BMP-2
demonstrated a beneficial, synergistic effect @nréadifferentiation of de-differentiated

bovine chondrocytes (Salzmann et al., 2009).

[239]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 8: General Discussion

These combined results led to the development of $tudies within the thesis. In
chapter 4, it was investigated how complex mecl@rstimulation and adenoviral-
mediated over-expression of BMP-2, alone and in hination, influence the

differentiation of monolayer-expanded hMSCs. In ptba 7, the question how the
application of the two stimuli (alone and in condtion) influence the differentiation of
hACPCs was addressed. Further, by using the resiulisth studies, it was possible to
directly compare the chondrogenic/hypertrophic ptigé of these cell types, under the
investigated conditions (fibrin-PU scaffold systemo, exogenous TGP1, four weeks

of culture),

In chapter 4, the chondrogenic differentiation #mel progression towards hypertrophy
of hMSCs was investigated (Neumann et al., 201Galls were either transduced with
Ad.BMP-2, in 3D using a MOI of 5, or were left asttansduced controls. After 3 days
of pre-culture, the samples were subjected to mrechlstimulation (1 hour per day, 6
days per week) or left as free-swelling controlsteA7 or 28 days, samples were
harvested. Outcome measurements were BMP-2 coatientin the culture medium,
DNA content (indicator for total cell number), GA@oduction (indicator for matrix
synthesis) and gene expression analyses (chondcoged hypertrophic/osteogenic
genes were investigated). It was confirmed thaBMP-2 transduced cells produced
biologically relevant amounts of BMP-2 (100ng/mlaiyove). Load had no significant
effect on BMP-2 production, even though a trendatas a higher release in the loaded
groups was investigated. The total cell number masnfluenced by time, mechanical
stimulation or adenoviral-mediated over-expressibBMP-2. This result indicates that
neither proliferation nor cellular death was theedqmminant response towards the
culture environment. Consistent with previous waikhin our group, the bulk amount
of synthesised GAG was released to the culture unedLi et al., 2009c). Further, in
the control group, the total amount of GAG produeed the GAG/DNA ratio was
significantly elevated by mechanical stimulatiom e other hand, transduction with
Ad.BMP-2 led did not significantly influence the @Aproduction or the GAG/DNA

ratio.
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The sole application of mechanical stimulation @a.BMP-2 transduction) led to a
general trend towards an increase in gene expres¥iet, for most genes these
differences were small and are most likely not my hiological relevance. Exceptions
were the hypertrophic matrix protein Col X (modehat up-regulated) and the
chondrogenic matrix proteins Col Il and aggrecaagsively up-regulated). In addition,
it was shown that both stimuli had a synergistfe@fon Col 1l message, on the early
time-point, and that Ad.BMP-2 transduction was pinedominant stimulus for the gene
aggrecan, which is probably differently regulatedhen compared to the other genes
investigated. Finally, it was of interest that therease in aggrecan gene expression, in
the Ad.BMP-2 transduced groups, was not reflectedth@ protein level. This
discrepancy has already been described in work engroup and in work from other
groups (Barry et al.,, 2001; Kisiday et al., 2008jpsik et al., 2010; Schatti et al.,
2011). It must be noted that Ad.BMP-2 transducatso led to a significant increase in
SOX9 message at the early time point (for both amdol and loaded samples). This
increase was rather small (around 10-fold to 18jfoYet, as SOX9 is a transcription
factor, this increase might well have a strongdgaial effect and indicated a positive

effect of Ad.BMP-2 transduction on chondrogenesis.

In chapter 7, the chondrogenic differentiation #mel progression towards hypertrophy
of hACPCs, under the same conditions as describechfSCs (chapter 4), was
investigated. The same outcome parameters wergsadalAdditionally, the amount of
TGF$1 in the culture medium was quantified. Furthegreater panel of genes were
analysed. First, it was shown that hACPCs are bkndogenously produce TGH;

in medium lacking exogenous growth factors. In AdmB-2 transduced samples, a trend
towards increases TGFE medium concentration was evidenced, when comptred
untransduced controls. This trend was significaming) the pre-culture period (both
loaded and unloaded) and during the first weekuttuce (unloaded only). During the
four weeks of culture, TGB1 medium levels declined in the Ad.BMP-2 transduced
samples but stayed rather constant in untransdooetiols. As opposed to hMSCs,
mechanical stimulation had no significant effect TW@F{$1 medium levels (Li et al.,
2009b).

[241]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Chapter 8: General Discussion

Analysis of the BMP-2 concentration within the cw# medium revealed that
biologically relevant amounts of BMP-2 (100ng/mlatrove) were constantly generated
in Ad.BMP-2 transduced samples. Interestingly, oaded samples, BMP-2 medium
levels significantly declined with time. In unloatlsamples, however, no significant
changes were observed, which resulted in a sigmfidifference between the loaded
and the unloaded group, after 4 weeks of culturearfication of total DNA content
revealed that, when both stimuli were simultanepw@giplied, the total cell number
significantly decrease between week 1 and week culbfire. Similar to hMSCs, most
of the GAG produced was released into the cultuegiom (Neumann et al., 2013a).
Also, the general response towards mechanical Etroo and Ad.BMP-2 transduction
was similar between both cell populations. Mechanistimulation significantly
increased the total amount of GAG produced in tbetrol group and, further, the
GAG/DNA ratio in the control group and in the Ad.BVR transduced group. On the
contrary, in the loaded group, transduction withBY¥P-2 led to a significant decrease
in total GAG production and in the GAG/DNA ratio.

The genes Col I, Notch I, SOX9 and Runx2 were tbeeg that were the least
influenced by the stimuli applied, if compared lte bther genes that were investigated.
For Runx2, no significant differences in gene egpi@n were detected. The influence
of Ad.BMP-2 transduction on the remaining gened thare investigated was very
interesting. It led to a massive and significartréase in BMP-2 message. Further, it
led to a significant increase in aggrecan expressidhe unloaded groups, at both day
7 and day 28. In the repeat of the experiment widsakll was constantly detected,
Ad.BMP-2 transduction led to a significant decreasegene expression within the
loaded group (at both time-points). In additionemaviral-mediated over-expression of
BMP-2 resulted in a massive and significant incegasALP message (early osteogenic
marker) in all groups investigated (unloaded aratlénl at both day 7 and day 28) and
to a significant increase in Col X message (hypettic marker) in the loaded group, at
the late time-point. On the other hand, mechanstahulation led to a significant
increase in aggrecan message in the control grobpth time-points. In the repeat of
the experiment where Col Il message was constdetlcted, load led to a massive and
significant up-regulation of Col Il in the contrgroup at day 28. Yet, neither the
hypertrophic marker gene Col X, nor the osteogaracker genes ALP and Runx2 were
up-regulated, when compared to the respective detbaontrol.
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In summary, the loaded control group, at day 28] kb@ most promising gene
expression profile, when compared to the otheretlgeups investigated, regarding
genes related to chondrogenesis and progressiardeviaypertrophy. In this group, the
chondrogenic genes (Col Il and aggrecan) were feigntly up-regulated, whereas no
significant changes in hypertrophic (Col X) or agenic (Runx2, ALP) marker gene

expression were detected.

When the results of both studies were taken togedhd directly compared, several
differences between the cell populations (hMSCs aA€CPCs) became obvious.
Following Ad.BMP-2 transduction, hACPCs were abte generate higher BMP-2
medium levels, when compared to hMSCs. These diffsgs might originate from the
fact that hACPCs had a higher total cell numbersaenple, when compared to hMSCs.
The peak BMP-2 concentration generated was almdsfo81 higher in hACPCs.
Further, hACPCs produced biologically relevant ameuof BMP-2 (100ng/ml or
above) during the whole duration of the study, udahg the pre-culture period. For
hMSCs, this was only true starting from week 1 (BRIPbaded) or week 2 (BMP-2
unloaded) of culture (Neumann et al., 2013a). R#ggr TGF$1 production, initial
differences between the control and the Ad.BMPaRgduced groups were detected in
hACPCs. The Ad.BMP-2 transduced groups producedifsigntly more TGF81,
during the three day pre-culture period, when caegb#o untransduced controls. After
7 days, this difference was only significant in tlneloaded group. Later during the
study, no significant differences between groupseveketected. Strikingly, after 7 days
of culture, TGFB1 medium levels in the controls groups (no Ad.BMBE&hsduction)
were comparable between hACPCs and hMSCs (seet (&l., 2009b)). Li et al., did
not further track TGHB1 production and therefore it was not possibleamgare TGF-
B1 production between hMSCs and hACPC at later fhmiets.

Quantification of the total DNA content indicatdtat hACPCs had a higher total cell
number than hMSCs, after both one week and fouksvekculture. Yet, they displayed

a trend towards decreasing cell numbers betweelk Wesnd week 4 of culture. This

trend reached statistical significance in the BRBnd loaded group only. In hMSCs,
for every group that was investigated, the totdll members stayed constant between
week 1 and week 4 of culture (Neumann et al., 2P13a
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When matrix production was compared between badthygees, they showed a similar
response towards both stimuli. For both hMSCs aAG@RCs, the bulk amount of

synthesised GAG was released into the culture medAlso, mechanical stimulation

consistently led to a significant increase in biattal GAG production and GAG/DNA

ratio, in the control group. On the contrary, ire ttbaded group, transduction with
Ad.BMP-2 led to a significant decrease in total GAf@duction and GAG/DNA ratio

in both cell types. The baseline level of matringuction was higher in hMSCs, when
compared to hACPCs. Depending on the group invastily the GAG/DNA ratio was

between approximately 3-fold and up to almost 4l8-thigher in hMSCs. Yet, for

hACPCs, mechanical stimulation led to a stronge&rease in matrix synthesis, as
indicated by the GAG/DNA ratio, when compared to 3. For hACPCs, the

GAG/DNA ratio was doubled when the control unloa@ded the control loaded group
were compared. For hMSCs, the increase in GAG/DE#of between these groups,
was only around 1.4-fold (Neumann et al., 2013a).

On the gene level, both cell types responded eiffily. Mechanical stimulation led to

an increase in chondrogenic and hypertrophic magare expression in hMSCs.
Transduction with Ad.BMP-2 displayed a synergigftect on Col Il message, at the
early time-point, and, further, was the predominatimulus for aggrecan gene
expression. For hACPCs, mechanical stimulationifogmtly increased aggrecan and
Col Il message, by day 28, in the control grouprtiermore, it did not influence

hypertrophic or osteogenic marker gene expresdiorhACPCs, transduction with

Ad.BMP-2 led to a significant up-regulation of thgpertrophic marker gene Col X (at
the late time-point) and the osteogenic marker g (at both time-points). Further,

it did not led to an increase in Col Il gene expi@s. Even though over-expression of
BMP-2 significantly increased the expression ofraggn in the unloaded group, it was
not the predominant stimulus, as opposed to hMSGsmarised, hMSCs had a higher
baseline level of chondrogenic response. In thérabgroup, mechanical stimulation

increased matrix production (total GAG and GAG/DN#io) and the expression of
chondrogenic marker genes Col Il and aggrecan. iYatso led to an increase of the
hypertrophic marker gene Col X. Over-expressiorBbP-2 displayed a synergistic

effect on Col Il message and was the predominamukis for the gene aggrecan. Yet,
the total GAG production was significantly decrehse Ad.BMP-2 transduced and

loaded samples, when compared to untransducedtntr
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hACPCs displayed a lower chondrogenic baselinel leueresponded more robustly,
when compared to hMSCs. Sole application of medahnstimulation led to an
increase in matrix production (total GAG and GAG/®NKatio) and to an increase in
chondrogenic marker gene expression (aggrecan ahtd)CYet, hypertrophic (Col X)
and osteogenic (Runx2, ALP) marker gene expressene not elevated. On the other
hand, transduction with Ad.BMP-2 decreased thel t@AG production and the
GAG/DNA ratio in the loaded group. Further, it léd an up-regulation of the
hypertrophic marker Col X (at the late time-poiat)d the osteogenic marker ALP (at
both time-points).

The results of both studies leave room for furtiveork. In my opinion, the
chondrogenic differentiation of both cell typeslistieeds to be improved, yet with
different emphasis. The current results suggest tbeahMSCs, it would be necessary
to focus on how to prevent hypertrophic differetia. For instance, a follow up study
could focus on the effect of mechanical stimulatenmd adenoviral-mediated over-
expression of PTHrP. For hACPCs, the main emphstsislld be on how to further
improve their matrix production. Examples would the combination of mechanical
stimulation and adenoviral-mediated over-expresspB80X9 or IGF-1. SOX9 is the
master transcription factor for chondrogenesisngyshis combined approach, it already
has been demonstrated that it possible to indueectiondrogenic differentiation of
hMSCs without the exogenous application of dexaasgihe and TGB1. (Kupcsik et
al., 2010). IGF-1 is one of the main anabolic festor cartilage matrix production and
is widely utilised in cartilage TE (Balcom et &012; Gelse et al., 2003; Madry et al.,
2013; Palmer et al., 2005; Steinert et al., 200B@glly, it is interesting to note that the
time-frames investigated are actually quite shorttfie development of chondrogenesis

from progenitors.
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Effect of dorsomorphin on hMSC hypertrophy.

The unwanted progression towards hypertrophy, durifGF{-driven in vitro
chondrogenesis, is the main obstacle for a suadeapplication of MSC in cartilage
TE (Pelttari et al., 2006; Yoo et al., 1998). Onemeg candidate to block this
progression towards hypertrophy is PTHrP. It careibleer applied exogenously or it
can be provided by articular chondrocytes duringualbure (Fischer et al., 2010; Kim
et al., 2008; Lee and Im, 2012; Mueller et al., 20Recently, promising data were
generated using a different approach. Hellingmath emworkers showed that both
phosphorylated SMAD 2/3-mediated T@Fnd phosphorylated SMAD 1/5/8-mediated
BMP signalling play crucial roles during early stagpf chondrogenic differentiation in
hMSCs (Hellingman et al., 2011). Further, at lastages during chondrogenic
differentiation, inhibition of phosphorylated SMAR/3-mediated TGE- signalling
inhibited chondrogenesis. On the contrary, durlmgse later stages of chondrogenesis,
the inhibition of phosphorylated SMAD 1/5/8-medat&8MP signalling impeded

terminal differentiation and mineralisation.

The Hellingman study utilised the pellet culturedeband 10uM of dorsomorphin was
applied to block phosphorylated SMAD 1/5/8 (BMPyralling. The pellet culture
model is currently the most commonly used modesttaly in vitro chondrogenesis.
Yet, the fibrin-PU composite system possesses akumzneficial features, when
compared to the pellet culture model. For instaiice, possible to apply mechanical
stimulation, the size of the scaffold (2 x 8 mmdox 8 mm) better reflects the clinical
demand and it compares favourably regarding gepeession related to endochondral
ossification (Li et al., 2009a). Recent data, whiokestigated chondrogenesis of
hMSCs in monolayer culture, gave further eviderig BMP-2 induces hypertrophic
differentiation of hMSCs (Caron et al., 2013). Tdfere, it was of interested to
determine how blocking of phosphorylated SMAD 1/Bi8diated BMP signalling
influences the differentiation of h(MSCs, within thilerin-PU composite system. hMSCs
were seeded at 2 x 4€ell per sample into 2 x 8 mm fibrin-PU compositaffolds. In
order to induce chondrogenic differentiation, tlaenples were cultured for two weeks
in "classical" serum-free chondrogenic medium wifing/ml of exogenous TGft.

Afterwards, samples were divided into two groups.
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In the control group, samples were further cultuseder identical conditions. In the
dorsomorphin group, 10uM of dorsomorphin were aoi#lly added to block BMP
signalling. After 4 weeks of culture, samples wieagvested and biochemical analyses,

gene expression analyses, histology and immunalhistoistry were conducted.

The combined result showed that exposure to 10 fiMoosomorphin blocked the
general differentiation potential of hMSCs (botlortrogenic and hypertrophic), in the
fibrin-PU composite system. This diminished diffetiation potential was likely due to
the cytotoxic effect monitored, when cells were asgd to 10 uM of dorsomorphin,
within this system. This cytotoxic effect was ewided by a significant decrease in the
total DNA content in the dorsomorphin group, whemeared to the control group.
Further, biochemical analyses revealed that thed swhount of GAG, secreted into the
culture medium, was significantly lower in the dorsrphin group, when compared to
the control group. When the GAG secretion was nooad on a weekly basis, it became
evident that these differences originate from disfiad GAG production during the
third and, especially, during the fourth week oftute. Interestingly, the GAG/DNA
ratio, after 4 weeks of culture, was not differeetween the groups. Yet, as already
discussed in section 5-3, the study design waspitntnal and it could not be definitely
determined if, in the dorsomorphin group, a smal®ount of cells produced the same
amount of GAG, when compared to cells in the cdrgroup or if a smaller amount of

cells additionally produced less GAG, when compaoecklls in the control group.

Gene expression analyses revealed that the chardoognarker genes Col Il and
aggrecan and the hypertrophic marker gene Col Xeveggnificantly lower in the
dorsomorphin group, when compared to the controligr These results indicated that
exposure to 10uM of dorsomorphin had a negativecefbn general differentiation of
hMSCs (both chondrogenic and hypertrophic), wittie fibrin-PU composite system.
As already mentioned, this is probably due to tgtotoxic effect observed, after
exposure to 10puM of dorsomorphin. This observatwas further confirmed by
histology (Safranin-O/Fast Green) and immunohistotistry (for the matrix proteins
Col 11, aggrecan and Col X). Depending on the paldéir donor, Safranin-O staining
was either significantly diminished or completelysant in the dorsomorphin group, as
opposed to the control group. The same observatamamade, when the chondrogenic
matrix proteins Col Il and aggrecan, as well ashiggertrophic matrix protein Col X,

were specifically detected using immunohistochemyist
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The observation that exposure to 10uM of dorsomorigads to a cytotoxic effect and,
thereby, blocks the general differentiation of hMStnflicts, at least to some degree,
with the findings of Hellingman and co-workers (Heiman et al., 2011). This group
was able to demonstrate that blocking of phosphtegl SMAD 1/5/8 signalling, by
exposure to 10uM of dorsomorphin, inhibited terrhoiéferentiation without affecting
chondrogenesis. Yet, the outcome of their study wasially dependent on the
chondrogenic capacity of the individual donor. liietchondrogenic capacity of the
donor was rather low, as evidenced by a lack ofICototein deposition after 2 weeks
of culture, exposure to dorsomorphin blocked onisicantly diminished further Col 1l
protein incorporation (Hellingman et al., 2011) sBkes the cytotoxic effect, there exist
other, less likely, explanations for the observdtences between this study and the
Hellingman study. They might also have originateahf differences in culture time (4
weeks in this study, 5 weeks in the Hellingman gfuat chondrogenic inducer (TGF-
B1 in this study, TGH2 in the Hellingman study). Further, the differemde culture
system (fibrin-PU composite scaffolds in this stugegllet culture in the Hellingman
study) might have influenced the cellular respomiséhe pellet culture model, cells are
in close contact to each other and can communimatdirect cell-cell contact or cell-
matrix contact and not only by paracrine signallilmgthe fibrin-PU composite system,
cells are separated from each other and the maite raf cell-cell interaction is via
paracrine signalling molecules. Yet, it has to Inepkasised that the dorsomorphin
concentration of 10uM was chosen according to thelysof Hellingman et al.,
(Hellingman et al., 2011). When compared to thesdBnpacked pellets, the fibrin-PU
composite system allows for a better medium petietraThis potentially translates to
a higher dorsomorphin concentration within the fddf especially in the centre. As
indicated by the DNA data, exposure to 10uM of dorsrphin had a detrimental effect
on the total cell number, within the fibrin-PU cooste scaffolds. This decrease in total
cell number was due to a lower cellular prolifevatiand/or an increase in cell death.
This feature then likely diminished the generalfaténtiation potential of hMSCs
within the dorsomorphin group, when compared todbetrol group. In retrospect, it
would have been crucial to perform a dose-respoesefirst. Thereby, a non-toxic
dorsomorphin concentration could have been deteunihhis concentration then could
have been used to analyse the effect of dorsonmrmm the chondrogenic and

hypertrophic differentiation potential of h(MSCs thin the fibrin-PU composite system.
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Further, it might have been helpful to increase th#éure time before addition of
dorsomorphin. Thereby, cells would have more timeptoduce a mature matrix.
Dorsomorphin has been suggested to prevent thepbbpdation of SMAD 1/5/8 by
selectively inhibiting the BMP type | receptors ALX ALK3 and ALK6 (Yu et al.,
2008). Recent work of Vogt and co-workers questiotie specificity of dorsomorphin
for BMP signalling (Vogt et al., 2011). Among othsubstances, the group tested
dorsomorphin and LDN-193189 (a dorsomorphin deevagainst a panel of up to 123
protein kinases. It was shown that dorsomorphin BD#-193189 are able to non-
specifically inhibit several protein kinases andtgan was suggested, especially for the
application of dorsomorphin (Vogt et al., 2011).efd exist several other options for
the specific blocking of BMP signalling apart froapplication of dorsomorphin.
Examples are, for instance, secreted BMP-2 antatmrauch as Noggin or Chordin, or
other molecules that act on the receptor levelh siscthe inhibitory SMAD 6. Noggin
and Chordin form complexes with BMPs (extracellukmd prevent them from binding
to their receptor (reviewed e.g. in: (Pogue andrisy@006; Wu et al., 2007). SMAD 6
acts intercellularly and seems to selectively bl8MP signalling (Goto et al., 2007,
Hanyu et al., 2001; Horiki et al., 2004). It comgzetvith receptor activated SMADs for
the binding onto the phosphorylated type | BMP péass.
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Co-culture of hMSCs and hACPCs.

In TE of articular cartilage, co-cultures of moteam one cell type are increasingly
considered as attractive alternative to the sofdiegtion of a single cell type (Fischer
et al., 2010; Gan and Kandel, 2007; Meretoja et 2012; Wu et al., 2011). This
approach allows for cell-cell signalling and, tHereis hypothesised to have a positive
effect, such as increased proliferation or enhanli#éerentiation. The most commonly
investigated cell sources are MSCs and chondracy®ker options can be, for
instance, the use of chondrocytes in a differenénpltypic state or the use of
chondrocytes harvested from different zones witritncular cartilage. In 2004, it has
been demonstrated that a cell population with pmitigelike characteristics can be
isolated from the superficial zone of bovine afcucartilage (Dowthwaite et al.,
2004). These cells were termed ACPCs and latehdurtharacterised (Hayes et al.,
2008; Khan et al., 2009). More recently, it hasrnbgleown that hACPCs can be isolated
from the superficial zone of equine cartilage anoinf full-depth human articular
cartilage (McCarthy et al., 2011; Williams et &010). Recent work of McCarthy and
co-workers directly compared the chondrogenic aygertrophic potential of equine
MSCs and equine ACPCs using the pellet culture in@deCarthy et al., 2011). The
group demonstrated that ACPCs were able to undaadde chondrogenesis, whereas
MSCs showed distinct signs of hypertrophic difféi@ion, as evidenced by the
absence of immunolabelling for the proteins CoRxinx2 and matrilin-1. Furthermore,
Williams and co-workers showed that hACPCs did exjpiress Col X or ALP, when
induced towards the chondrogenic phenotype, in dlogenic medium containing 2%
serum (Williams et al., 2010). These results ledht development a study where the
chondrogenic and hypertrophic potential of h(MSCd RACPCs was directly compared
(chapter 6). In addition, it was investigated ifadtures of both cell populations have a
modulating effect on their chondrogenic differetitin. The pellet culture model with
250, 000 cells per pellet, using varying ratiosnsstn hMSCs and hACPCs, was used.
Cells were cultured for three weeks in "classicaBrum-free chondrogenic medium

containing 10pg/ml of exogenous TQE-
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Outcome measurements were biochemical analyses (BAB and GAG/DNA), RT-
PCR, histology (Safranin-O/Fast Green) and immustobhemistry (for the matrix
proteins Col I, aggrecan and Col X). Furthermanepne run of the experiment, both
cell populations were labelled with different flescent dyes. The labelled pellets were
harvested, after 7 or 21 days, and analysed usogeEcent microscopy. Thereby, it
was tracked if the ratio between hMSCs and hACRE@yed constant during culture.
Finally, part of the secretome of both cell popolaé was analysed in order to track

differences in their cytokine release profile.

The combined results were unexpected and showdd ithahis particular model,

hACPCs were not able to undergo chondrogenesighéfuico-culture had no beneficial
effect on chondrogenic differentiation, if comparéa the 100% hMSCs group.
Chondrogenesis was only induced in the 100% hMS@sirmthe 90% hMSCs + 10%
hACPCs group. This was evidenced by a significaotgase in total GAG production
and a significantly higher GAG/DNA ratio, when coaned to the 25% hMSCs + 75%
hACPCs group, the 10% hMSCs + 90% hACPCs grouptlaad 00% hACPCs group.
Furthermore, the expression of the chondrogenikenagene Col Il was significantly
higher in the 100% hMSCs group, when comparedeadl®% hMSCs + 90% hACPCs
group and the 100% hACPCs group. These results ezgrirmed on the protein level.
Safranin-O staining was only evident in the 100%3®4 and 90% hMSCs + 10%
hACPCs group. Further, these groups were the ordyps where the chondrogenic
matrix proteins Col Il and aggrecan were detectedmunohistochemically.

Unfortunately, these groups also demonstrated ipediabelling for the hypertrophic

matrix protein Col X, indicating progression towsitaypertrophy.

The analysis of fluorescently labelled cells intikchthat hMSCs did not seem to
survive well, if co-cultured with hACPCs. If the anmt of hAACPCs was 25% or 50%,
almost no hMSCs were detected after 3 weeks ofi@ultf the amount of hACPCs was
75% or 90%, no hMSCs were evident, after both 72ihdays of. Similar observations
were already made when rabbit or human MSCs wereultored with chondrocytes
from bovine or human origin (Meretoja et al., 202y et al., 2011). Still, after 21
days, there were no significant differences in Dbbftent between the groups and it
has to be emphasised that this conclusions canlmnlgrawn under the assumptions
that both fluorescent dyes have similar propertiabelling-efficiency, stability) and

that both cell population divide at a similar rate.
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Summarised, these results conflicted with the swidiicCarthy et al., (McCarthy et

al., 2011). One explanation might be species diffees. It is possible that hACPCs
behave differently, when compared to equine ACPGs, there exist a more likely

explanation; the presence of a low amount (2%)estire within the chondrogenic

medium used during the equine study. Serum contaizsy bioactive factors and it

might contain one factor that is necessary forct@ndrogenic induction of equine and
human ACPCs. On the other hand, hMSCs might eitloémeed this factor or they
might produce it by themselves. The lack of thipdthetical factor would consequently
explain why hMSCs are able to undergo chondrogenasder serum-free conditions,
whereas hACPCs are not.

The secretome analysis revealed that around 10%tathl of 174 analysed cytokines,
were more abundant (2-fold difference or more)he secretome of hMSCs or in the
secretome of hACPCs. The most interesting candidgtigkines that might partially

explain for the observed differences were IGF mgdiroteins and HGF. IGF binding
proteins regulate the availability of IGF’s, suchl&F-1 (Bhakta et al., 2000). IGF-1
has been shown to increase cartilage matrix pragugvan der Kraan et al., 2002;
McQuillan et al., 1986) and over-expression of IGFnediated by genetically modified
chondrocytes, improved the repair of an osteochar#fect in the rabbit (Madry et al.,
2013). HGF was over 13-fold more abundant in tleeieme of hMSCs. Interestingly,
it has been shown to increase proliferation, migraand matrix synthesis in foetal and

juvenile lapine and murine chondrocytes (Takebayeisal., 1995).

One next step could be to rule out that the obskditterences, between hACPCs and
equine ACPCs, are simply due to species differentless, it would be interesting to
investigate if hACPCs are able to undergo chondregis in chondrogenic medium
containing 2% of serum. The results of the hACPs$ laad study (increase in GAG
production, GAG/DNA ratio and chondrogenic generegpion profile) indeed indicate
that hAACPCs have the potential to undergo stabdedtogenesis. Additionally, if their
chondrogenic induction is possible, it would besresting to track which factor, within
the serum, is crucial for this process. This wahieh allow using a chemical-defined,
serum-free medium for chondrogenic induction. Asuse contains a plethora of
bioactive factors, this feature would better alloamparing results between different
studies. The secretome analysis already providets land suggested possible starting

candidate molecules.
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One possibility would be to test the effect of HG&dditionally, the observed
differences in IGF binding proteins point towardsrade of IGF-1 and/or insulin.
Previous work, using bovine cartilage explants, dlesirated that IGF-1 is the key
factor within serum that is responsible for thanstiation of proteoglycan synthesis
(McQuillan et al., 1986). Further, it was demonstdathat the degree of proteoglycan
synthesis is dependent on IGF-1 or insulin conegiotn. Due to the high cost of
recombinant IGF-1, IGF-1 is usually replaced by ulms within the standard
chondrogenic medium. Yet, the insulin concentratiaised within the classical
"Johnstone medium”, was optimised for MSCs (Johrestet al., 1998). It might be
possible that hACPCs either need a higher dosasoilin or that they need IGF-1 for
chondrogenic differentiation. The modification iIGH binding proteins expression

between the two cell types may offer some insighhis direction.

Further, by using the current study design, it wad possible to confirm that
co-culture of hMSCs and hACPCs has a modulatingcefbn their chondrogenic
differentiation. Thus, if only the results of theepent study are taken into account, the
combined application of these cell sources is ratanted. In retrospect, as thevitro
chondrogenic induction of hACPCs was not successftihis model, this observation
was not very surprising. Once this problem is sttbe picture might change. Then, it
might be warranted to repeat the co-culture expamimlt would be interesting to
determine if a similar degree of chondrogenesisev@n an enhanced chondrogenic
potential, can be obtained by replacing some of HAREPCs with hMSCs. hMSCs
might then act as trophic mediators and furtherease the chondrogenic capacity of
hACPCs. Similar observations have already been rautg bovine MSCs and bovine
chondrocytes (Meretoja et al., 2012). In contrastrtature chondrocytes, hACPCs
maintain their differentiation potential even aglniPDs (Khan et al., 2009). This
feature allows generating significantly more cdilem the same amount of starting
material, when compared to articular chondrocykesther, chondrocytes tend to de-
differentiate during monolayer proliferation (voerdVvark et al., 1977). Even though
re-differentiation is possible (Benya and Shaffé882; Bonaventure et al., 1994;
Stoddart et al., 2006), it would be easier to abthe required amount of cells, using
hACPCs, especially if allogeneic cells are usede Hpplication of allogenic cells
would eliminate the need to perform a cartilage pbyo from each individual
donor/patient and thereby would allow for an easganslation into clinical practise.
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Future clinical application.

All experiments within the current thesis weire vitro work, focussing on basic
research questions. It was, among others, investigeow complex, multiaxial load and
adenoviral gene transfer influences the chondragienef chondroprogenitor cells.
Thus, a possible clinical translation of these Itesa not as far away as it might seem at
first sight. On the contrary, very valuable resultere gained which, regulatory

problems aside, in theory can be directly impleraémnto clinical practise.

The application of the modified 3D transduction tpoml for adenoviral vectors
dramatically reduced the amount of viral vectordeskto generate the desired amount
of transgene product. As the acute inflammatorpease towards adenoviral vectors is
dependent on the vector dose, this feature widdadly translate into increased safety.
Further, the 3D transduction protocol is fast, gasgpply and no longer dependent on a
cell culture step. This opens the door for a dirggplication within the operating

theatre.

Another benefit that makes a possible clinical gfation much easier is that most
components of the current work have already begmoapd for clinical use and are
nowadays already widely used. The approach to entae cells in fibrin resembles
the microfracture procedure, which is a commonkydusirst line treatment for cartilage
defects (Steadman et al., 2002). The additional afsehe PU scaffold provides
mechanical stability. Yet, depending on the meatanenvironment after surgery,
which is dependent on the rehabilitation protocpplieed, it might not even be
necessary to use a scaffold. The European Mediéigeacy has recently approved an
AAV gene therapy protocol (for web reference sdehfistone et al., 2013)) and this is
likely to open the door to more viral gene ther@pproaches as more safety data is

obtained.
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The currently used bioreactor system is able to imitlne mechanical situation that
prevailsin vivo much more precisely, when compared to other boboes that are only
able to apply a single stimulus. Thereby, the adBon and emphasis of several
mechanical stimuli can be investigated and compdretheory, this bioreactor system
might help to optimise currently available rehdhtion protocols, which are applied
after acute cartilage injury, microfracture or ACODf course, the decision which
protocol is used depends on the surgical procetthatewas applied to treat the defect.
Still, the exact parameters of the rehabilitatioatpcol are usually strongly biased by
the experience and the preference of the respestnvgeon/physiotherapist. The
bioreactor system is partially able to simulate diféerent steps during rehabilitation.
Culture under free-swelling conditions correspomalghe time where the patient is
resting (no mechanical stimulation). Sole applmatdf shear forces corresponds to the
time where the patient undergoes constant passot®m The combined application of
shear and compression corresponds to the time whergatient is allowed partial
weight-bearing on crutches. The exact time-framéhee three individual stimuli can
be varied and optimised, regarding improved chogeinesis of the desired cell type.
Then, it might be possible to transfer these resuito an adapted rehabilitation
protocol. This would allow to dramatically reducirtpe number of experimental
animals needed. Further, as it is very difficultstmulate these different conditions in
most animal models, it might even be possible tedtly translate the results into the

clinics without the need for additional wivo work.

Summarised, the combined results within the thesight help to develop a new
one-step approach to treat cartilage defects. dorth a surgeon could harvest bone-
marrow directly in the operating theatre and isoldte mononuclear fraction, which
contains hMSCs, through Ficoll gradient centrifugiat Alternatively, the surgeon
could use autologous or allogenic hACPCs. Thersetleells could be mixed with fibrin
and a viral vector, such as adenovirus or AAV, egping the desired transgene. The
cellffibrin/virus mix could then either be directlnjected into the defect or,
alternatively, first seeded into PU scaffolds ahdnt implanted. Finally, the patient

would be able to undergo a pre-tested and optimsieabilitation protocol.
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A.1 Images effect of exposure of hMSCs to 8ug/ml tiPolybrene"

for 2 hours.

100 pm

Figure A-1: Control hMSCs at day 1. Themage was taken at the
side of the well.

100 pm

Figure A-2: hMSCs exposed to 8ug/ml of "Polybrene'at day 1. The
image was taken at the side of the well.
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100 pm

Figure A-3: Control hMSCs at day 1. The image wasaken in the
middle of the well.

100 pm

Figure A-4: hMSCs exposed to 8ug/ml of "Polybrene'at day 1. The
image was taken in the middle of the well.

[275]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishagpdrtrophy

Appendix



100 pm

Figure A-5: hMSCs exposed to 8ug/ml of "Polybrene"at day 3.
The image was taken at the side of the well.

100 pm

Figure A-6: hMSCs exposed to 8ug/ml of "Polybrene"at day 3.
The image was taken in the middle of the well.

[276]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishagpdrtrophy

Appendix



Appendix

100 pm

Figure A-7: hMSCs exposed to 8ug/ml of "Polybrene"at day 6.
The image was taken at the side of the well.

Figure A-8: hMSCs exposed to 8pg/ml of "Polybrene'at day 6. The
image was taken in the middle of the well.
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A.2 Images effect retroviral transduction on hMSCs.

100 pm

Figure A-9: Mock-treated hMSCs 3 days after treatmet.

100 pym

Figure A-10: Rv.eGFP transduced hMSCs 3 days after
transduction

100 pm

Figure A-11: Rv.BMP-2 transduced hMSCs 3 days after
transduction
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100 pm

Figure A-12: Mock-treated hMSCs 5 days after treatnent

100 ym
Figure A-13: Rv.eGFP transduced hMSCs 5 days after
transduction

100 pm

Figure A-14: Rv.BMP-2 transduced hMSCs 5 days after
transduction
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100 pm
Figure A-15: Mock-treated hMSCs 7 days after treatnent

100 pm

Figure A-16: Rv.eGFP transduced hMSCs 7 days after
transduction

100 pym

Figure A-17: Rv.BMP-2 transduced hMSCs 7 days after
transduction
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Figure A-18: Mock-treated hMSCs 8 days after treatnent

100 pm

Figure A-19: Rv.eGFP transduced hMSCs 8 days after
transduction

100 pym

Figure A-20: Rv.BMP-2 transduced hMSCs 8 days after
transduction
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A3. Array maps of the different sub-arrays from the Ray Bio

human Cytokine array G-series.

M
i POS1 POS2 | POS3 | NEG | NEG ANG BDNF | BLC | BMP4 | BMP6 | CkB 81| CNTF EGF | CCLM
EGF

2 POS1 POS2 | POS3 | NEG | NEG ANG BDNF | BLC | BMP4 | BMP6 | CkB 81| CNTF

3 | CCL24 | CCL26 | FGF6 | FGF7 | Fit-3L | CX3CL1 | GCP-2 | GDNF | CSF2 | I-309 | IFN-y | IGFBP1 | IGFBP2 | IGFBP4

4 | CCL24 | CCL26 | FGF6 | FGF7 | FIt-3L | CX3CL1 | GCP-2 | GDNF | CSF2 | 1-309 | IFN-y | IGFBP1 | IGFBP2 | IGFBP4

S IGF-I IL-10 | IL-13 | IL-15 | IL-16 | IL-1a | IL-1B | IL-1ra | IL-2 IL-3 IL-4 IL-5 IL-6 IL-7

6 IGF-I IL-10 | IL-13 | IL-15 | IL-16 | IL-<1a | IL-1B | IL-1ra | IL-2 IL-3 IL-4 IL-5 IL-6 IL-7

7 Leptin LUGHT (MCP1|MCP2| MCP3 | CSF1 MDC MG | MIP<15 | MP3a | NAP-2 NT3 NT4 | PARC

8 | Leptn | UGHT (MCP1|MCP2| MCP3 | CSF1 MDC MG | MP-15 | MP3a | NAP-2 NT3 NT4 | PARC

9 |PDGFBB| RANTES | SCF | SDF-1 | TARC | TGF1 | TGF3 | TNFa | TNF8 | NEG | NEG | NEG | NEG | NEG

10| PDGFBB | RANTES | SCF | SDF-1 | TARC | TGF1 | TGFf3 | TNFa | TNF$ | NEG NEG NEG NEG NEG

Figure A-21: Array map of sub-array G-Series 6. Figire adapted from the official user manual
provided by RayBiotech.

A B C D E F G H | J K L M N

1| POS1 | POS2 | POS3 | NEG | NEG | Acrp30 | AgRP | ANGPT2 | AREG | Ax | bFGF | BNGF | BTC | CCL28

2 | POS1 | POS2 | POS3 | NEG | NEG | Acp30 | AgRP | ANGPT2 | AREG | Axd | bFGF | BNGF | BTC | CCL28

3 | CTACK | Dtk EGFR | ENA-78 | Fas | FGF4 | FGF9 | CSF3 | GITRL | GITR | GRO [GRO-a ( HCC-4 | HGF

4 | CTACK | Dtk EGFR | ENA-78 | Fas | FGF4 | FGF9 | CSF3 | GITRL | GITR | GRO [GRO-a ( HCC-4 | HGF

IL-12 | IL-12 IL-2

S |ICAM1 [ ICAM3 | IGFBP3 | IGFBP6 | SIGF-IR | IL1R4 |IL-1 R1| IL-11 p40 p70 IL-17 Ra sIL-6R | IL-8
IL-12 | IL-12 IL-2

6 |ICAM1 [ICAM3 | IGFBP3 | IGFBP6 | SIGF-IR | IL1R4 |IL-1 R1| IL-11 p40 p70 IL-17 Ra sIL-6R | IL-8

7 | FTAC | XClL1 MIF MP-la | MIP<1 | MIP3a | MSPa NT4 OPG OSM | PLGF | sgp130 | STNFR2 | STNFR1

8 | FTAC | XCl1 MIF MP-la | MIP<1 | MIP3a | MSP<a NT4 OPG OSM | PLGF | sgp130 | STNFR2 | STNFR1

TRAIL | TRAL

9TECKTIVPITIVP2'IHPOR3 R4l.F’ARVEGF-AVEGF-DI“EGI‘EGI‘EGI‘EGI‘EG

TRAIL | TRAL

10TECKTIV|”ITIVP21'HF'OR:3 R4LPARVEGF-AVEGF-DI‘BSI‘EGI‘EGI‘EGI‘EG

Figure A-22: Array map of sub-array G-Series 7. Figre adapted from the official user manual
provided by RayBiotech.
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A B C D E F G H I J K L M N
1| POS1 | POS2 | POS3 | NEG NEG |ActivinA| ALCAM (g;;'o) BWPS | BMP7 | CTF1 | CD14 |CXCL16| DR6
2 | POS1 | POS2 | POS3 | NEG NEG |ActivinA| ALCAM (g;;'o) BWPS | BMP7 | CTF1 | CD14 |CXCL16| DR6

IL-10 | IL-13 | IL-18 | IL-18 IL-2
3 | Endoglin | ErbB3 | SELE | FASLG | ICAM2 | IGF-Il |IL-1 R2 RB Ra2 BPa RB MMP3 RB IL2Ry

IL-10 | IL-13 | IL-18 | IL-18 IL-2

4 | Endogin | ErbB3 | SELE | FASLG | IcAM2 | I6F-1 |14 Rz| 'ce? | L0310 | Ie® | mmes | T | LRy

s | w2r | B2 | o | pao | Lap MBI L | seLL (csFir| mmpt | MYP | MPo | MPIF1 | NGFR

6| L2r | =2 | o [P0 | Lap [MBUM LE | seLL [csFir| mmet | MY | Mo | MPIFT | NGFR
PDGF- | PDGF . .

7 | Pocraa| PRSF | POOF | poGF RG| PECAMN | Prolactin| SCFR | SDF1B | SigkoS | TGFa |TGFfR2| Ted | Te2 | TIMP4
PDGF- | PDGF . .

8 |Pooraa| PO | PRSF | POGF RS | PECAMN | Prolactin| SCFR | SDF1B | Sigecs | TGFa |TGRE2| Ted | Te2 | TIMP4

o | coms | VESF|VESF | Nec | NEG | NEG | NEG | NEG | NEG | NEG | NEG | NEG | NEG | NEG

10| cous | VESF | VESF | Nec | NEG | NEG | NEG | NEG | NEG | NEG | NEG | NEG | NEG | NEG

Figure A-23: Array map of the sub-array G-Series 8Figure adapted from the official user manual
provided by RayBiotech.
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A4. Complete overview of all 174 cytokines from theRay Bio

human Cytokine array G-series.

Acrp30 GCP-2 IL-2 Rbeta NT-4
Activin A GCSF IL-2 Rgamma Oncostatin M
AgRP GDNF IL-21R
ALCAM GITR IL-3 PARC
Amphiregulin GITR-Ligand L4 PDGF AA
Angiogenin GM-CSF IL-5 PDGF Ralpha
Angiopoietin-2 GRO IL-5 Ralpha PDGF Rbeta
Ax GRO-alpha * PDGF-AB
HCC4 IL-6 R PDGF-BB
BDNF PECAM-1
bFGF 1-309 IL-8
BLC ICAM-1 IL-9 Prolactin
BMP-4 ICAM-2 IP-10 RANTES
BMP-5 ICAM-3 I-TAC SCF
BMP-6 SCFR
BMP-7 IGFBP-1 Leptin SDF-1
b-NGF Leptin R SDF-1beta
BTC LIF sgp130
Cardiotrophin-1 LIGHT Siglec-5
CCL-28 IGFBP-6 L-Selectin sTNF RII
CD14 IGF-l Lymphotactin sTNF-RI
CK beta 8-1 IGF-I SR MCP-1 TARC
CNTF IGF-lI TECK
CTACK IL-1RII MCP-3 TGF beta2
CXCL- 16 IL-1 R4/ST2 MCP-4 TGF-alpha
DR6 (TNFRSF21 IL-1RI M-CSF TGF-beta 1
IL-10 M-CSF R TGF-beta 3
EGF IL-10 Rbeta MDC Thrombopoietin
EGF-R IL-11 _ Tie-1
ENA-78 IL-12 p40 Tie-2
Endoglin IL-12 p70 MIP-1alpha TIMP-1
Eotaxin IL-13 MIP-1beta TIMP-2
Eotaxin-2 IL-13 Ralpha2 MIP-1-delta TIMP-4
Eotaxin-3 IL-15 MIP-3-alpha TNF-alpha
ErbB3 IL-16 MIP-3beta TNF-beta
E-Selectin IL-17 . MMP1 TRAIL R3
Fas Ligand IL-18 BPalpha MMP-13 TRAIL R4
Fas/TNFRSF6 IL-18 Rbeta MMP-9 uPAR
FGF4 IL-1alpha MPIF-1 VE-Cadherin
FGF-6 IL-1beta MSP-alpha VEGF
IL-1ra NAP-2 VEGF R2
FGF-9 IL-2 NGF R VEGF R3
Flt-3 Ligand IL-2 Ralpha NT-3 VEGF-D
Fractalkine IL-2 Rapha

Figure A-24: Overview of the 174 cytokines which we analysed, using the Ray Bio human
Cytokine array G-series, for the secretome analysisf hMSCs and hACPCs. Cytokines highlighted
in green were more abundant (2-fold or higher) in MSCs, cytokines highlighted in orange were
more abundant (2-fold or higher) in hACPCs

[284]

The effectof mechanical stimulation and biological factors
on human chondroprogenitor cell chondrogenesishgpdrtrophy



Appendix

A5. Immunohistochemical detection of the matrix praeins
aggrecan, collagen Il and collagen X, within fibrirPU composite

scaffolds, seeded with cells from donor Pat 52 ardbnor Pat 53.

| 1“2 I b
a
| 1000 yom '
Control Dorso
=l
negative :
Control

Figure A-25: Aggrecan immunohistochemistry of hMSCdrom donor Pat 52 (3 age 24). Cells have
been cultured in fibrin-PU composite scaffolds for28 days. During the first two weeks of culture,
both groups were cultured in chondrogenic medium. @sequently, they were cultured for another
two weeks in either chondrogenic medium (control) 0in chondrogenic medium supplemented with
an additional 10uM of dorsomorphin (Dorso). Scaffals were fixed in 99.5% methanol and cryo-
sectioned. Aggrecan immunohistochemistry was condted using the 1-C-6 antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.

Representative images (control a, Dorso b and negat control c) are shown.
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Figure A-26: Col Il immunohistochemistry of hMSCs fom donor Pat 52 (¢ age 24). Cells have
been cultured in fibrin-PU composite scaffolds for28 days. During the first two weeks of culture,
both groups were cultured in chondrogenic medium. @sequently, they were cultured for another
two weeks in either chondrogenic medium (control) oin chondrogenic medium supplemented with
an additional 10uM of dorsomorphin (Dorso). Scaffads were fixed in 99.5% methanol and cryo-
sectioned. Col II immunohistochemistry was conductk using the CIICI antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.
Representative images (control a, Dorso b, and netjze control ¢) are shown. Images of the
negative control sections were taken with a highanagnification.
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| negative

i\Control =7, _
Figure A-27: Col X immunohistochemistry of hMSCs fiom donor Pat 52 ¢ age 24). Cells have
been cultured in fibrin-PU composite scaffolds for28 days. During the first two weeks of culture,
both groups were cultured in chondrogenic medium. @sequently, they were cultured for another
two weeks in either chondrogenic medium (control) oin chondrogenic medium supplemented with
an additional 10uM of dorsomorphin (Dorso). Scaffals were fixed in 99.5% methanol and cryo-
sectioned. Col X immunohistochemistry was conductedsing the Col-10 antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.
Representative images, (control a, Dorso b and netjze control c) are shown. Images of the
negative control sections were taken with a highenagnification.
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Figure A-28: Aggrecan immunohistochemistry of hMSCdrom donor Pat 53 (Yage 20). Cells have
been cultured in fibrin-PU composite scaffolds for28 days. During the first two weeks of culture,
both groups were cultured in chondrogenic medium. @sequently, they were cultured for another
two weeks in either chondrogenic medium (control) oin chondrogenic medium supplemented with
an additional 10puM of dorsomorphin (Dorso). Scaffads were fixed in 99.5% methanol and cryo-
sectioned. Aggrecan immunohistochemistry was condted using the 1-C-6 antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.

Representative images (control a, Dorso b and negeat control c) are shown. The dark spot on top
of figure A-28 a is an air bubble that was createduring cover-slipping.
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cultured in fibrin-PU composite scaffolds for 28 dgs. During the first two weeks of culture, both
groups were cultured in chondrogenic medium. Subseggntly, they were cultured for another two
weeks in either chondrogenic medium (control) or irchondrogenic medium supplemented with an
additional 10pM of dorsomorphin (Dorso). Scaffoldswere fixed in 99.5% methanol and cryo-
sectioned. Col Il immunohistochemistry was conduct using the CIICI antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.
Representative images (control a, Dorso b and nega¢ control c) are shown. Images of the negative
control sections were taken with a higher magnificéion.
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o ™ Pa

Figure A-30: Col X immunohistochemistry of hMSCs fom donor Pat 53 Qage 20). Cells have been
cultured in fibrin-PU composite scaffolds for 28 dgs. During the first two weeks of culture, both
groups were cultured in chondrogenic medium. Subsegently, they were cultured for another two
weeks in either chondrogenic medium (control) or irchondrogenic medium supplemented with an
additional 10pM of dorsomorphin (Dorso). Scaffoldswere fixed in 99.5% methanol and cryo-
sectioned. Col X immunohistochemistry was conductedising the Col-10 antibody as primary
antibody. Negative control sections were treated Wi PBS-T instead of the primary antibody.
Representative images (control a, Dorso b and negat control ¢) are shown. Images of the negative
control sections were taken with a higher magnificéion.
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A6. Publications and conference abstracts, assoost with the
PhD work.

Publications:

¢ Neumann,AJ., Alini,M., Archer,C.W., and Stoddart)M (2013).
Chondrogenesis of Human Bone Marrow-Derived Mesgmelh Stem Cells Is
Modulated by Complex Mechanical Stimulation and wAalaral-Mediated
Overexpression of Bone Morphogenetic Protein 2stesEng Part A.

*  Neumann,A.J., Alini,M., Archer,C.W., and StoddartJM(2013). Retroviral-
mediated overexpression of human bone morphogepketiein 2 affects human
mesenchymal stem cells during monolayer proliferatiA cautionary note.
Electron J Biotechnol 16.

* Neumann,A.J., Schroeder,J., Alini,M., Archer,C.\&hd Stoddart,M.J. (2013).
Enhanced Adenovirus Transduction of hMSCs Using Bidrogel Cell
Carriers. Mol. Biotechnol. 53, 207-216.

* Neumann A.J, Gardner O.F.W, Alini M., Archer C.wdaStoddart M.J. "The
effect of complex mechanical stimulation and adémdwnediated
overexpression of bone morphogenetic protein 2 . ¢hondrogenesis of

human articular cartilage progenitor cells". (maomyst in preparation).
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Conference abstracts:

"Enhanced gene delivery using adenoviral vectopester). ORS 2011: 2011
Annual Meeting of the Orthopaedic Research Socitpuary 18-16" , 2011,
Long Beach, California, United States of America.

"The effect of retroviral-mediated overexpressidrB¥MP-2 on hMSCs during
monolayer proliferation” (poster). ICRS 2012: 10forld Congress of the
International Cartilage Repair Society, May15", 2012 Montreal, Canada.
"Combined effect of mechanical load and BMP-2 oxpression on the
chondrogenesis of human bone marrow derived stdsY ¢goster). ICRS 2012:
10th World Congress of the International Cartilag®epair Society,
May 12" -15" | 2012 Montreal, Canada.

"Combined effect of mechanical load and BMP-2 oxpression on the
chondrogenesis of human bone marrow derived stelis" ogoster). 2013
Annual Meeting of the Orthopaedic Research Socidanuary 2629" San

Antonio, Texas, United States of America.
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