From the Center of Experimental Orthopaedics
Saarland University

Director: Prof. Dr. med. Henning Madry

rAAV-mediated gene vector incorporated in an alginate-based
hydrogel for articular cartilage regeneration

Dissertation for the degree of Doctor of Medicine and Natural Sciences (MD-PhD)
Faculty of Medicine
SAARLAND UNIVERSITY
2024

Submitted by:
Wei Liu

born on: March.08.1989 in Nei Mongol, P. R. China



Day of Oral Examination: September.12.2024
Dean of the Faculty: Univ.-Prof. Dr. med. M. D. Menger
Examinants: Prof. Dr. Magali Madry

Prof. Dr. Tim Pohlemann

Prof. Dr. Markus Huber-Lang



Declaration

| hereby declare that this thesis is my own original work and effort. All experiments, except for
those specified, were exclusively performed by me. Except for the publications written by myself
listed in the publication list, the data presented here have not been submitted anywhere else for
any award. Where other sources of information and help that have been used, they have been

indicated and acknowledged.

Homburg, March.08.2024

Wei Liu



CONTENT

[IRESS o1 72N o o =7 =4 oo T 1
I ES] o T 11 == 7
I3 o I 1« = 8
N = 25 I O 9
2. ZUSAMMENFASSUNG ........cooiiiiiiirr s s s sn e s s aan e s mn e e mnn e s n e nnn s 10
3. INTRODUCTION.... ...ttt ss e as e s e s s e s e an e e e e ann e s e e an e e e e s amn e e n s 1"
3.1, Articular cartilage.........ccccueeiiiiiiiirr e ———————————— 1"
3.1.1. Microstructure and fUNCHION .........c..uuiiiiiie e 11
3.1.2. Macrostructure and fUNCHON.............uiiiiii e 13
3.1.3. SPECial TEAIUMES......ce i i as 14
3.1.4. Injuries and treatMeNtS ..........ooo s 15

3.2. Gene therapy for articular cartilage regeneration...........cccccviiiiiiinicn e 16
K TR 1= o T = o (o] SRR 17
3.2.2. GENE CANAIAALES ...ttt e e e e e e e e e e e e aaa s 21

3.3. Controlled release for gene therapy applications using alginate............cccccccuerrrnn... 27

K R R o [ 0 T= | (= TP P PP TPPPPPPI 28
3.3.2. Alginate hydrogel formation.............ooueiiiiiiii e 29
3.3.3. Alginate hydrogel diSSOIULION ...........uuiiiiiiiii e 30
3.3.4. Alginate hydrogel fEatures...........ooo i 31
3.3.5. Alginate hydrogels for gene therapy applications...........cccoccuvieiiiieiiiniii e 31

4. HYPOTHESES......... it s e s e e e e e e e s e e 32
5. MATERIALS. ...t e e an e e e n e e e an e e e e e mn e e e a e nnn e 33
5.1. Biological Materials ... 33
5.1.1. TiISSUES @NA CEIIS .....eeiiiiiiiii ettt e e s e e s eeeseeeeeeeeeeeeeeeeeas 33

LT I = Lo (T = T= T T IV T U T 33

Lo G T = 1 T ] 1= o1 o 33

£ 03 1 11 14T | 35
oI IS To] o N (=TT [=T o | - TSRO 35
5.2.2. LiQUIA FEAGENTS ....ceiiiiiiiiiti ettt e e 35
5.2.3. ANAIYSIS KIS ... 36



5.3. Laboratory formulations...........cccumiinin s 38

ST TR I V1= = TSRO 38
B.3.2. BUIFEIS ... et e e 38
ST TG TS 1] 0] (1] ISP 39

L T I 1o o1 =1 o V=T U o o == 41
5.4.1. CONSUMADIES .....ooiiiiie ettt e et e e e e e e e e ennes 41
Lo o [ U] 'o] 21T o | P 42
B5.4.3. SOMWAIE ..ottt e e et a e 43

1 I 00 44
6.1. StUAY deSigN.....coiieei i —————————————— 44
0t O O o [ Tor= T I= T ] o 0 V7= - 44
6.1.2. EXperimental deSigN ..........oooiiiiiiiiiie s 44
6.1.3. RESEAICH grOUPS ...ttt e e 46
6.2. Cell culture preparation............ccccccceiriiiiicrssserrrr s s ssss e e s s mmnn e e e e eennnan 47
6.2.1. Primary human osteoarthritic articular chondrocytes (hOACs) cultures.................... 47
6.2.2. Primary human mesenchymal stromal cells (hMSCs) cultures............ccccceeiiiieeenee. 47
6.2.3. Cell passaging and cell COUNtING..........oiiiiiiiiiiiii e 48
6.3. Production of FAAV VECLOIS ........ccccciiiiiiiiriiirs s s s s s 49
6.3.1. AAV-derived plasmids used in the StUAY ...........cooiiiiiiiiiii e 49
6.3.2. Plasmid transformation and enrichment...............cccoiiiii e 50
6.3.3. Plasmid isolation and quantification .............ccccceeiiiiiiiiiiii e 50
6.3.4. Packaging Of FAAV VECIOTS ..........eiiiiiiiiie ettt 51
6.4. Production and manipulation of rAAV/alginate hydrogel systems ..............cccccueevnne. 53
6.4.1. Preparation of alginate hydrogels. ... 53
6.4.2. Incorporation of rAAV vectors in alginate hydrogels............cccccooiiiiiiiiii e 53
6.4.3. Transduction of the cell targets with the rAAV/alginate hydrogel systems ................ 54
6.5. Cell culture ProCesSiNg.......ccccriiiiiriirriiirr s ane s 55
6.5.1. Cell CUItUre fIXatION ......coiieiiie e 55
6.5.2. Cell CUIUIE IYSIS ...t e et e e nee e e e e 55
6.6. Evaluation of rAAV vector release from the alginate hydrogel systems................... 55
6.7. Detection of transgene eXPresSSion ... 56
6.7.1. X-Gal STAINING ....eiiiiiiiii et 56
6.7.2. LiVE fIUOFESCENCE ......eeiiiiiiie et e e e 57
B.7.3. TGF-B ELISA ..ottt et e e nre e e e annes 57



6.7.4. SOX9 and TGF-B immunOdeteCtion ...........cccuuiiiiiii i 58

6.8. Biochemical analySes...........ccoccivmmmmiiiiiniier e 58
6.8.1. HOECNSE 33258 @SSAY ......uueeiiiiiiiiiiei it 58
6.8.2. Dimethylmethylene blue (DMMB) @SSaAY .........ccccuiiiiiiiiiiiiiiiie e 59
B.8.3. WST-1 @SS@Y ...eeeiieiiiiiie ittt e ettt ettt e e et e e e e ab e e e e e nb e e e e e nbe e e e e anre e e e e annes 59
6.8.4. AlCIAN DIUE @SSAY.......iiiiiiiiieee et 60
6.8.5. Bicinchoninic acid (BCA) @SSaY......cccuuuiiiiiiiiii ettt 60

6.9. Histological analyses.........ccccuciimmmmiiiiinicierrr s 61
6.9.1. Hematoxylin-eosin (H&E) Staining..........coocuiiiiiiiiiie e 61
6.9.2. Toluidine BlIue StaINING ......eeeiiiiiiiii s 61
6.9.3. Safranin O StAINING .....ccoiiii e 62
6.9.4. Alizarin red StaINING .. ......eeiieiee e 62

6.10. Immunocytochemical analysis ..........ccccriimmimi e ———— 63

6.11. Histomorphometrically analysis ...........ccoovmmmmmiininiiii e 63

6.12. Real-time reverse transcription polymerase chain reaction (RT-PCR).................... 64

6.13. Statistical analysis .........ccerrriiiiiic e ————————— 65

B S B 66

7.1. Ability of alginate-based hydrogels to deliver rAAV vectors in human osteoarthritic
articular chonNdroCytes ..o ——————— 66
7.1.1. Optimization of rAAV delivery in human osteoarthritic articular chondrocytes via
AlGINALE NYATOGEIS ... e e e e e 66
7.1.2. Kinetics of rAAV vector release from alginate hydrogels.............ccccceiiiiiiiiiiinnenee. 68

7.2. Ability of alginate-based hydrogels to deliver therapeutic rAAV vectors in human

osteoarthritic articular chondrocytes and in human mesenchymal stromal cells ...... 70
7.2.1. TranSgENE EXPIESSION .....uviiiieiiiiiiiititteea e e e e et e e e e e e e s st e e e e e e e e e e ansbn e e e e e e e e e e annnneeeeaeas 70
7.2.2. Effects on the biological and chondroreparative activities..............ccccooceeiininenenee. 76
7.2.3. Effects on the osteogenic, hypertrophic, and mineralization activities ...................... 82
B LS 0 U 1S [ 87

8.1. Ability of alginate-based hydrogels to deliver rAAV vectors in human osteoarthritic
articular chonNdroCytes ..o —————— 87

8.2. Ability of alginate-based hydrogels to deliver therapeutic rAAV vectors in human

osteoarthritic articular chondrocytes and in human mesenchymal stromal cells ...... 89
8.2.1. TranSgENE EXPIESSION ......ueiiieiiiiiiiitie e e e e e e ettt e e e e e e e be e et e e e e e e e e e e e e e e s annnneeeeeeas 89
8.2.2. Effects on the biological and chondroreparative activities.............ccccccceeeeeeiiiiiinenn... 90



8.2.3. Effects on the osteogenic, hypertrophic, and mineralization activities ...................... 91

8.3. Limitations and future direCtions .............cccccmiiiiiiiccciserr e 91
8.4. Clinical imMPliCatioNs........cccoiiiiiiiciirir i e s s snn e e e s s mmnn e e e e e e nnnan 92

9. CONCLUSIONS......ccoiiicceirrrrsrsssssssssnr s e s e s ss s s s ssmnr e e s s sssssssssmnnn e e s essassssnnnnsnesssssssssnnnsnsennssssnsasnnns 94
10. REFERENCGES.......ooo i siiscssssrr s s sssss s e s s s s s s ssmnn s e e s s s s s s smmn s e e s e e e s s s mmnnnnennssnnen 95
11. PUBLICATIONS AND PRESENTATIONS .........oiiiiriiissmeeese s sssssssssss s s s s smmene e s e snnas 113
11.1. PUDBLICAtIONS ... e 113
11.2. Oral presentations...........ccccciiiiiiiiiiciseerr s s snn e e e s e e s s mmnnnn e s 113
11.3. Poster presentations..........ccccccciiiiiiiiiiiirirr e 114
12. ACKNOWLEDGEMENTS. ......oooiiiiiiiiicerrresrsssssssssmssss s s s s s s ssssnes s s s s sssssssssmsssssssssssssnnnsnsssssssnns 115
13. CURRICULUM VITAE ... eeieiiiisccssnrrresssssssssssmsss s s s s s sssssssmns s s e s s ssssssssnsssssssssssssssnnnnnssssssnns 116



List of Abbreviations

°C Celsius

3D three-dimensional

AAV adeno-associated virus

ABC avidin-biotin complex

ACAN aggrecan

ACI autologous chondrocyte implantation
Ad adenovirus

ALK-1 activin receptor-like kinase-1
ALK-5 activin receptor-like kinase-5
ALP alkaline phosphatase

AOD average optical density

Ba* barium ion

BCA bicinchoninic acid

B-gal B-galactosidase

BMA bone marrow aspirate

BMP bone morphogenetic protein
BSA bovine serum albumin

Ca®" calcium ion

CaClz calcium chloride
CaClz2-2H20 calcium chloride-dihydrate
cap capsid (open reading frame, i.e. gene)
Cap capsid (protein)

Cd** cadmium ion

cDNA complementary DNA

cm centimeter

CMV-IE cytomegalovirus-immediate early
CO: carbon dioxide

Co*" cobalt ion

Col-l type-l collagen

Col-ll type-Il collagen

Col-X type-X collagen

COL1A1 type-I collagen (gene)



COL2A1
COL10A1
COMP
CSPCP
Ct

Cu2+

CXC motif
DAB
DMEM
DMMB
DNA
DNase
dNTPs

E. coli
ECM
EDTA
ELISA
Eu3+

FBS
FGF-2
fibrin-PCL
fibrin-PU
FLAG
For

G

G (needle)
g

GAGs
GAPDH
GOl

h

H&E
H202

HA

HBS

type-Il collagen (gene)

type-X collagen (gene)

cartilage oligomeric protein
cartilage-specific proteoglycan core protein
threshold cycle

copper ion

chemokines with sequence Cys-X-Cys at C-terminal
diaminobenzidine

Dulbecco’s Modified Eagle Medium
dimethylmethylene blue
deoxyribonucleic acid
deoxyribonuclease

deoxynucleotide triphosphates
Escherichia coli

extracellular matrix
ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
europium ion

fetal bovine serum

basic fibroblast growth factor
fibrin-poly(e-caprolactone)
fibrin-polyurethane

FLAG tag

forward

1,4-linked a-L-guluronic acid

gauge

gram

glycosaminoglycans
glyceraldehyde-3-phosphate dehydrogenase
gene of interest

hour

hematoxylin and eosin

hydrogen peroxide

hyaluronic acid

HEPES-buffered saline



HCI
HEK
HEPES
hFGF-2
hIGF-I
HIV
HMG
hMSCs
hOACs
HRP
hsox9
HSV
hTGF-B
ICC
IGF-I

IL-1B
ITRs

kbp

kg
kPa

La3+
lacZ
LAP
LB

LPL

MCS
mg
Mg?*
MgCl.

ml

hydrochloric acid

human embryonic kidney
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
human basic fibroblast growth factor
human insulin-like growth factor |
human immunodeficiency virus

high mobility group

human mesenchymal stromal cells
human osteoarthritic articular chondrocytes
horseradish peroxidase

human sex-determining region Y-type high mobility group box 9
herpes simplex virus

human transforming growth factor beta
immunocytochemistry

insulin-like growth factor |
immunoglobulin G

interleukin 1 beta

inverted terminal repeats

kilo

kilobase pair

kilogram

kilopascal

liter

lanthanum ion

B-galactosidase (gene)
latency-associated peptide

lysogeny broth

lipoprotein lipase

1,4-linked B-D-mannuronic acid

molar

multiple cloning site

milligram

magnesium ion

magnesium chloride

milliliter



mM
MMP-13
Mn2+

MOI

MP

MSCs

N

N/A
Na;HPO4-7H,0
NaCl
NaOH
Nd3+

ng

Ni2+

nm

nM

oD

OA

OP

ORFs
Pb2+

PBA

PBE

PBS

PCR
Pen/Strep
PEO-PPO-PEO
Pg

PGs
pNaSS-PCL
PP
PPARG2
Pr

Pr3*

Pro

millimolar

matrix metalloproteinase 13
manganese ion

multiplicity of infection
megapixel

bone marrow-derived mesenchymal stromal cells
normal

not available

di-sodium hydrogen phosphate heptahydrate
sodium chloride

sodium hydroxide
neodymium ion

nanogram

nickel ion

nanometer

nanomolar

optical density
osteoarthritis

osteopontin

open reading frames

lead ion

peripheral blood aspirate
PBS-EDTA
phosphate-buffered saline
polymerase chain reaction

penicillin/streptomycin

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)

picogram

proteoglycans

poly(sodium styrene sulfonate)-poly(e-caprolactone)

polypropylene

peroxisome proliferator-activated receptor gamma 2

protein
praseodymium ion

promoter



PS
PTHrP
QPCR
rAAV
rcf

rep
Rep
Rev
RFP
RNA
RNase
rem

RT
RT-PCR
RUNX2
SD
SDF-1
SMAD
SOC-Medium
sox9
SOX9
Sr2+
ssDNA
SZP
TAE
Tb3+
TE
TEN
TGF-B
TIMPs
TNF-a
TBRII
viv

wiv
Whnt

polystyrene

parathyroid hormone-related protein
quantitative polymerase chain reaction
recombinant adeno-associated virus

relative centrifugal force

replication (open reading frame, i.e. gene)
replication (protein)

reverse

red fluorescent protein

ribonucleic acid

ribonuclease

revolution per minute

room temperature

reverse transcription polymerase chain reaction
runt-related transcription factor 2

standard deviation

stromal cell-derived factor 1

mothers against decapentaplegic

super optimal medium with catabolic repressor medium
sex-determining region Y-type high mobility group box 9 (gene)
sex-determining region Y-type high mobility group box 9 (protein)
strontium ion

single-stranded DNA

superficial zone protein

tris-acetate-EDTA

terbium ion

Tris-EDTA

Tris-EDTA-NaCl

transforming growth factor beta

tissue inhibitors of metalloproteinases

tumor necrosis factor alpha

type-ll transforming growth factor beta receptor
volume/volume

weight/volume

wingless and int



WST
X-Gal
Zn2+
Mg

1]

UM

um

water-soluble tetrazolium salts
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
zinc ion

microgram

microliter

micromolar

micrometer



List of Figures

Figure 1. Structure of the articular cartilage. ... 11
Figure 2. Structure of AAV and of rAAV vectors and rAAV-mediated transduction..................... 21
Figure 3. Alginate components and hydrogel formation. .............cccooiiiii e, 29
Figure 4. Experimental design of the study. ... 45
Figure 5. Experimental evaluations were performed in the study...........ccocccceiiiiiiiin . 46
Figure 6. rAAV vector production in HEK-293 Cells. ........cccuiiiiiiiiii e 49
Figure 7. Optimization of rAAV delivery in human osteoarthritic articular chondrocytes via alginate
RYAFOGEIS. ...ttt e e oo e e e e e e e e e e e e e nnne e 68
Figure 8. Kinetics of rAAV release from alginate hydrogels. ..........cccociiiiiiiiiiii, 69

Figure 9. Targeted transgene overexpression from the rAAV/alginate hydrogel systems in human
osteoarthritic articular CNONAIOCYIES..........oiiiiiiii e 73

Figure 10. Targeted transgene overexpression from the rAAV/alginate hydrogel systems in human
mesenchymal Stromal CelIS. ... 76

Figure 11. Effects of the rAAV/alginate hydrogel systems on the biological and chondrogenic
activities in human osteoarthritic articular chondroCytes. ... 79

Figure 12. Effects of the rAAV/alginate hydrogel systems on the biological and chondrogenic
activities in human mesenchymal stromal Cells.............coooiii e 82

Figure 13. Effects of the rAAV/alginate hydrogel systems on the osteogenic, hypertrophic, and
mineralization activities in human osteoarthritic articular chondrocytes.............cccciveeiiiiiiinnee. 84

Figure 14. Effects of the rAAV/alginate hydrogel systems on the osteogenic, hypertrophic, and
mineralization activities in human mesenchymal stromal cells. ............ccccceiiiiiii 86



List of Tables

Table 1. Gene transfer vectors currently used for articular cartilage repair .............cccccceeeeeeennn. 19
Table 2. Application of sox9 to enhance chondroregeneration in Vitro................ccccecovveeeeeeeennn. 23
Table 3. Application of sox9 to enhance articular cartilage regeneration in Situ ......................... 24
Table 4. Application of sox9 to enhance articular cartilage regeneration in vivo......................... 24
Table 5. Application of TGF- to enhance chondroregeneration in Vitro...............ccccccvveeeeeenennn. 26
Table 6. Application of TGF- to enhance articular cartilage regeneration in situ....................... 27
Table 7. Application of TGF- to enhance articular cartilage regeneration in vivo...................... 27
Table 8. Tissues and cells used in the StUAIES.............oeeiiiiiiiiii e 33
Table 9. Bacteria and viruses used in the Studies. ... 33
Table 10. Nucleic acids used in the StUdIES ............cc.uiiiiiiii e 33
Table 11. Proteins used in the StUAIES ...........ooooiiiiii e 34
Table 12. Saccharides used in the StUIES ............ooiiiiiii i 34
Table 13. Commercial media used in the StUAIES ...........cooiiiiiiiiiii e 35
Table 14. Solid reagents used in the StUAIES ..........c.uviiiiiii i 35
Table 15. Liquid reagents used in the studies................ueuiiiiiiiiiiiiiiiiieeeeeeeeee e 36
Table 16. Analysis Kits used in the StUdIES........... ... 36
Table 17. Reconstituted media used in the Studies ... 38
Table 18. Buffers used in the StUAIES ............ooiiiiiiii e 38
Table 19. Solutions used in the StUAIES ... 39
Table 20. Consumables used in the StUAIES ...........cooiiiiiiiiiii e 41
Table 21. Equipment used in the StUAIES ... 42
Table 22. Software used in the StUIES ..........coooiiiii i 43
Table 23. RESEAIrCN GrOUPS ........ui it e e e e e e 46
Table 24. Preparation of the rAAV/alginate hydrogel systems..........cccceeiiiiiiiiiiiiee e 53
Table 25. Preparation of the target cells for transduction ..............ccccoiiiiiii e 54
Table 26. Transduction conditions using the rAAV/alginate hydrogel systems...............ccccc....... 54



1. ABSTRACT

The articular cartilage has a limited capacity for self-healing and current clinical techniques met
limited success to support its regeneration. Recombinant adeno-associated virus (rAAV) vectors
emerged as adapted gene vehicles to treat traumatic cartilage defects and osteoarthritic lesions
especially when provided via biomaterials to sites of injury. The current work examined the
potential of alginate hydrogels for the controlled release of rAAV vectors to activate cartilage-
specific reparative activities in human osteoarthritic chondrocytes (hOACs) and in human
mesenchymal stromal cells (hMSCs) using highly chondroreparative sex-determining region Y-
type high mobility group box 9 (sox9) and transforming growth factor beta (TGF-B) gene
sequences. The feasibility of administering rAAV/alginate hydrogel systems upon controlled vector
release was monitored in human osteoarthritic chondrocytes (this feature has been already
successfully reported in human mesenchymal stromal cells) and the capability of therapeutic rAAV
(sox9, TGF-B)/alginate hydrogel systems to enhance chondroregeneration was tested both in
human osteoarthritic chondrocytes and human mesenchymal stromal cells. Upon optimization of
rAAV delivery via the alginate hydrogel (multiplicity of infection of 80, 0.2% alginate concentration,
1-minute gelation time), successful controlled release of rAAV from the rAAV/alginate hydrogel
system was noted over a period of 21 days. As a result of the effective, sustained levels of sox9
and TGF- overexpression via the rAAV/alginate hydrogel systems, significant enhancements in
the levels of cell proliferation and of specific extracellular matrix deposition (glycosaminoglycans,
proteoglycans, type-Il collagen) with reduced levels of particular unwanted activities (type-I/-X
collagen expression, mineralization) were overall reported in the cells. The present work
demonstrates the benefits of using alginate hydrogels to control the delivery of therapeutic rAAV
vectors as a means to strengthen the chondroreparative potential of human osteoarthritic
chondrocytes and human mesenchymal stromal cells, paving the way for a future application of
rAAV/alginate hydrogel systems as off-the-shelf treatments to improve the processes of cartilage

repair in patients.



2. ZUSAMMENFASSUNG

Der Gelenkknorpel verfligt nur Gber eine begrenzte Selbstheilungskapazitat, und die derzeitigen
klinischen Therapien zur Unterstlitzung seiner Regeneration sind nur begrenzt erfolgreich.
Rekombinante adeno-assoziierte virale (rAAV) Vektoren haben sich als geeignetes Genvehikel
zur Behandlung traumatischer Knorpeldefekte und arthrotischer Lé&sionen erwiesen,
insbesondere wenn sie Uber Biomaterialien in die Gelenkknorpeldefekte appliziert wurden. Die
vorliegende Arbeit untersuchte das Potenzial von Alginat-Hydrogelen fir die kontrollierte
Freisetzung von rAAV-Vektoren zur Aktivierung knorpelspezifischer reparativer Aktivitaten in
humanen arthrotischen Chondrozyten (hOACs) und in humanen mesenchymalen Stromazellen
(hMSCs)  unter Verwendung von  hochchondroreparativen  Gensequenzen  der
geschlechtsbestimmenden Region Y-Typ High Mobilty Group Box 9 (sox9) und des
transformierenden Wachstumsfaktors beta (TGF-B). Die Durchfiihrbarkeit der Applikation von
rAAV/Alginat-Hydrogelsystemen nach kontrollierter Freisetzung des Vektors wurde in humanen
arthrotischen Chondrozyten Uberpruft (Uber diese Eigenschaft wurde bereits erfolgreich in
humanen mesenchymalen Stromazellen berichtet), und die Fahigkeit der therapeutischen rAAV
(sox9, TGF-B)/Alginat-Hydrogelsysteme zur Verbesserung der Chondroregeneration wurde
sowohl in humanen arthrotischen Chondrozyten als auch in humanen mesenchymalen
Stromazellen getestet. Nach der Optimierung der rAAV-Applikation Uber das Alginat-Hydrogel
(Infektionsmultiplikation von 80, 0,2 % Alginatkonzentration, 1 Minute Gelierzeit) wurde eine
erfolgreiche kontrollierte Freisetzung von rAAV aus dem rAAV/Alginat-Hydrogelsystem Uber einen
Zeitraum von 21 Tagen festgestellt. Infolge der effektiven, anhaltenden Uberexpression von sox9
und TGF-B durch die rAAV/Alginat-Hydrogelsysteme zeigten die Zellen signifikante Steigerungen
ihrer  Proliferation und der Sekretion spezifischer extrazellularer  Matrixproteine
(Glykosaminoglykane, Proteoglykane, Typ-ll-Kollagen) mit reduzierten = Parametern
unerwunschter Aktivitaten (Typ-I/-X-Kollagen-Expression, Mineralisierung). Die vorliegende Arbeit
zeigt somit die Vorteile der Verwendung von Alginat-Hydrogelen zur Kontrolle der Zufiihrung
therapeutischer rAAV-Vektoren als Mittel zur Stéarkung des chondroreparativen Potenzials von
humanen arthrotischen Chondrozyten und humanen mesenchymalen Stromazellen auf. Sie ebnet
den Weg fir eine kunftige Anwendung von rAAV/Alginat-Hydrogelsystemen als zellfreier Ansatz

zur Verbesserung der Knorpelreparatur in der Klinik.
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3. INTRODUCTION

3.1. Articular cartilage

The articular cartilage is the gliding tissue covering the joints (Buckwalter & Mankin, 1998a). It
supporting load transmission and translation, shock absorption, and friction reduction in synovial
articulations (Anderson & Johnstone, 2017; Orth et al., 2015). The biological structure of the

articular cartilage is critical to its functions (Diduch et al., 2000) (Figure 1).
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Figure 1. Structure of the articular cartilage. (A) Microstructure and (B) macrostructure of the native articular cartilage (created with
BioRender).

3.1.1. Microstructure and function

The articular cartilage is composed of chondrocytes that produce and surround themselves with
a highly hydrated extracellular matrix (ECM) (Buckwalter & Mankin, 1998a; Olah & Madry, 2018;
Olah et al., 2021) (Figure 1A). The chondrocytes represent the main cell type in the articular
cartilage that also includes a population of stem cells (Nelson et al., 2014) or progenitor cells
(Dowthwaite et al., 2004; Fellows et al., 2017; Williams et al., 2010). Altogether, these cells
contribute only to 5% of the total cartilage volume (Buckwalter & Mankin, 1998a). At the adult age,
these cells rarely divide but they maintain an ability to produce and retain this extracellular matrix
after skeletal maturity (Coates & Fisher, 2012).

The extracellular matrix is composed of a pericellular, territorial, and interterritorial matrix
(Guilak et al., 2018; Wilusz et al., 2014). The extensively studied territorial matrix can be
considered as a chondron-surrounding structure consisting of a high concentration of soluble
proteoglycans (PGs) with rapid turnover, embedded in a dense meshwork of fibrous proteins with

low turnover (Buckwalter & Mankin, 1998a; Caron et al., 2012; Demoor-Fossard et al., 1998;
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Ragan et al., 2000; Van Osch et al., 1998a) (Figure 1A). Proteoglycans used as a cell cushion
consist of a protein core surrounded by long chains of starch-like molecules called
glycosaminoglycans (GAGs) (Platt et al., 1997) which can be classified in large, predominant
proteoglycans like aggrecan and in small, minor proteoglycans such as decorin, biglycan, asporin,
lumican, and fibromodulin (Demoor-Fossard et al., 1998; Grogan et al., 2014; Hauselmann et al.,
1994). Glycosaminoglycans include hyaluronic acid (HA), dermatan sulfate, chondroitin sulfate,
heparan sulfate, and keratan sulfate (Platt et al., 1997) while the major glycosaminoglycans
attached to the core protein include chondroitin-4/6-sulfate and keratan sulfate (Platt et al., 1997)
and non-hyaluronic acid glycosaminoglycans interacting with hyaluronic acid lead to
proteoglycans form large multi-molecular aggregates (aggregating proteoglycans) (Liu et al.,
1998). Aggrecan, also known as the cartilage-specific proteoglycan core protein (CSPCP), or
chondroitin-1-sulfate, is a protein encoded by the aggrecan gene in humans (Doege et al., 1991)
and is always the major population of synthesized proteoglycans (Hauselmann et al., 1992; Platt
et al., 1997). Its size varies depending on the age of the cartilage from which the cells are derived
(Hauselmann et al., 1992). Small proteoglycans are represented by decorin and biglycan with
leucine-rich regions in their core protein and chondroitin sulfate or dermatan sulfate chains
respectively (Demoor-Fossard et al., 1999) and interact with type-Il collagen (Demoor-Fossard et
al.,, 1998), taking 1-2% of the total mass of the proteoglycans as essential components of the
normal mature articular cartilage (Kokenyesi et al., 2000). Fibrous proteins used to support cells
are composed of insoluble structural proteins providing strength and resilience (type-Il collagen
and other collagens) and elastin and soluble specialized proteins that bind proteoglycans and
collagen fibers to receptors on the cell surface (fibronectin, laminin) (Buckwalter & Mankin, 1998a;
Caron et al., 2012; Demoor-Fossard et al., 1998; Ragan et al., 2000). Type-Il collagen is the basis
for the hyaline cartilage formed by homotrimers of type-Il collagen alpha 1 chains, representing
up to 50% of all proteins and 85-90% of collagens in the tissue (Beekman et al., 1997; Bonaventure
et al., 1994; Demoor-Fossard et al., 1999; Domm et al., 2004; Gagne et al., 2000; Hauselmann et
al., 1994; Kuettner et al., 1991; Kuettner, 1992; Newman, 1998; Poole et al., 2001; Ragan et al.,
2000). Other collagens include smaller amounts of type-VI (Gagne et al., 2000; Hauselmann et
al., 1994; Kuettner et al., 1991; Kuettner, 1992; Newman, 1998; Poole et al., 2001), -IX (Beekman
et al., 1997; Bonaventure et al., 1994; Demoor-Fossard et al., 1999; Domm et al., 2004; Gagne et
al., 2000; Hauselmann et al., 1994; Kuettner et al., 1991; Kuettner, 1992; Newman, 1998; Poole
et al., 2001; Ragan et al., 2000), -XI (Beekman et al., 1997; Bonaventure et al., 1994; Demoor-
Fossard et al., 1999; Domm et al., 2004; Gagne et al., 2000; Hauselmann et al., 1994; Kuettner
et al., 1991; Kuettner, 1992; Newman, 1998; Poole et al., 2001; Ragan et al., 2000), and -XIV
collagen (Kuettner et al., 1991; Kuettner, 1992; Newman, 1998; Poole et al., 2001) and few type-
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I/-X collagen (Schuurman et al., 2009), playing important roles in the formation and stability of
fibrils in the mature articular cartilage (Petit et al., 1996). Compared with the territorial matrix, a
variety of matrix molecules such as aggrecan monomers and small aggregates (Poole et al., 1982,
1991), type-VI (Poole et al., 1988, 1992) and -IX collagen (Hu et al., 2006; Poole et al., 1997),
hyaluronan (Knudson, 1993; Poole et al., 1991), biglycan (Kavanagh & Ashhurst, 1999), and
perlecan (SundarRaj et al., 1995), can be found either exclusively or at higher concentration in the
pericellular matrix. Interactions between molecular constituents of the extracellular matrix
contribute to its distinct macrostructure. Large quantities of water are confined by proteoglycans,
contributing to up to 70-80% of the cartilage wet weight (Newman, 1998), opposing the

deformation caused by compressive loading and tensile loading in the joint.

3.1.2. Macrostructure and function

The articular cartilage is subdivided in the superficial, middle, and deep zones (Buckwalter &
Mankin, 1998a; Olah & Madry, 2018; Olah et al., 2021) (Figure 1B). The superficial, tangential
zone is composed of ellipsoidal cells aligned parallel to the surface (Buckwalter & Mankin, 1998a).
In this zone, the chondrocytes have the smallest size (Coates & Fisher, 2012) and the cell density
is the most elevated (Coates & Fisher, 2012; Siczkowski & Watt, 1990; Vanderploeg et al., 2008;
Wong et al., 1996). The superficial zone represents approximately 10% of the articular cartilage
volume (Ulrich-Vinther et al., 2003), with the lowest biosynthetic activity (Wong et al., 1996) and
the highest amounts of small proteoglycans (Miosge et al., 1994; Poole et al., 1996) and type-ll
(Muir et al., 1970) and -l collagen (Hayes et al., 2007) deposition. The deposition of small
proteoglycans and type-ll collagen decreases with the distance from the superficial zone
(Schuurman et al., 2009), while clusterin (Herzog & Federico, 2006; Yamane et al., 2007) and the
superficial zone protein (SZP) (Flannery et al., 1999; Schumacher et al., 1994, 1999) are found
exclusively in this zone. Collagen fibers are orientated at high densities in bundles parallel to the
articulating surface along with the cells, giving the superficial zone the highest ability of tensile
stiffness and strength (Bank et al., 1998; Kempson et al., 1973). The middle zone is composed of
randomly distributed spherical chondrocytes within a matrix with collagen fibrils arranged in an
oblique orientation to the surface (Buckwalter & Mankin, 1998a), displaying a middle size at the
lowest cell density (Coates & Fisher, 2012). This zone approximately accounts for 60-70% of the
articular cartilage volume (Ulrich-Vinther et al., 2003) with a high deposition of hyaluronic acid
(Asari et al., 1994), dermatan sulfate (Asari et al., 1994) and cartilage intermediate layer protein
(Maroudas et al., 1969). The deep zone contains the largest cells (Coates & Fisher, 2012)

arranged in columns aligned perpendicular to the surface (Buckwalter & Mankin, 1998a) with a
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middle-range cell density (Coates & Fisher, 2012). This zone almost occupies 10-15% of the
articular cartilage volume (Ulrich-Vinther et al., 2003), with the highest amounts of large
proteoglycans (Muir et al., 1970), type-X collagen (Muir et al., 1970), cartilage oligomeric protein
(COMP) (DiCesare et al., 1995), and keratan sulfate (Asari et al., 1994; Bayliss et al., 1983)
deposition. Chondroitin sulfate has been reported to have either the highest deposition in the deep
(Asari et al., 1994) or in the middle zone (Bayliss et al., 1983) depending on methods of evaluation
and on the variability of the samples tested. Large proteoglycans are orientated at high density in
vertical columns perpendicular to the articulating surface along with the cells, allowing the deep
zone to have a higher ability of compressive and resilience (Coates & Fisher, 2012).

Differences in cell morphology, cell densities, cell metabolism, and matrix biochemical
composition in each zone are the reasons of the different functions in the zonal articular cartilage
(Grogan et al., 2014). The assembly of biomolecules determines the functionally defined cartilage,
supporting its ability to transmit load, absorb shock, and reduce friction (Van Osch et al., 1998a),
while alterations of any of its components may decrease its ability to withstand loads placed across
it (Diduch et al., 2000).

3.1.3. Special features

The special biological features of the articular cartilage include its low cellularity, low proliferation,
low cell migration, low vascularization, and low nutrition and waste diffusion, overall explaining
that the articular cartilage is intrinsically unable to readily regenerate itself (Athanasiou et al., 2001;
Buckwalter & Mankin, 1998b; Frenkel & Di Cesare, 1999; Hall et al., 1996; Hunziker, 2002; Mankin,
1982; Muir, 1995; O'Driscoll, 1998; Pearle et al., 2005; Sophia Fox et al., 2009; Stockwell, 1978).
As a result, chondrocytes are difficult to obtain in large quantities for instance in implantation
protocols in cartilage regeneration (De Ceuninck et al., 2004; Domm et al., 2004; Grunder et al.,
2004; Hauselmann et al., 1992; Lemare et al., 1998). In particular, the culture and expansion of
chondrocytes in vitro remains problematic (Buckwalter & Mankin, 1998b; Mierisch et al., 2003)
since these cells differentiate into different phenotypes during expansion culture (Grandolfo et al.,
1993; Van Osch et al, 1998b), including via transdifferentiation (hypertrophy/osteoblast
expression) (Qin et al., 2020; Wolff & Hartmann, 2019) and dedifferentiation (fibroblast expression)
(Charlier et al., 2019; Sandell & Aigner, 2001) relative to the normal differentiation state (original
expression). Normally differentiated chondrocytes are found at the early stages of monolayer
culture (Shakibaei & De Souza, 1997), with a main deposition of type-Il collagen (Hayashi et al.,
1986; von der Mark et al., 1976), aggregating proteoglycans (Colowick et al., 1987), and zonal

characteristic protein (such as SZP) (Mhanna et al., 2013), accompanied by low levels of alkaline
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phosphatase (ALP) activity (Grandolfo et al., 1993). Transdifferentiation chondrocytes are
detected in high-density monolayer or organoid cultures (Shakibaei & De Souza, 1997) with a
main deposition of type-X collagen (Beekman et al., 1997; Binette et al., 1998; Grandolfo et al.,
1993), non-aggregating proteoglycans (Grandolfo et al., 1993; Liu et al., 1998), and osteopontin
(OP) (Beekman et al., 1997; Binette et al., 1998; Grandolfo et al., 1993) accompanied by high
levels of ALP activity (Grandolfo et al., 1993; Loty et al., 1998), matrix vesicle formation (Grandolfo
et al., 1993), and endochondral ossification (Binette et al., 1998) mostly occurring at a fetal stage
(Binette et al., 1998). Dedifferentiating chondrocytes are found in low density monolayer culture
(majority) (Beekman et al., 1997; Darling & Athanasiou, 2005; Jonitz et al., 2011) with a main
deposition of type-I/-Ill/-V collagen (Bonaventure et al., 1994; Caron et al., 2012; Hicks et al., 2007)
and of non-aggregating proteoglycans (Liu et al., 1998; Shakibaei & De Souza, 1997)
accompanied by an increase in CD44 fragmentation (Takahashi et al., 2010) and a decrease in
the expression of type-Il transforming growth factor beta receptor (TBRII) and of transforming
growth factor beta (TGF-B) response (Bauge et al., 2013) mostly occurring at an adult stage
(Binette et al., 1998; Domm et al., 2004; Gagne et al., 2000). The chondrocyte phenotype is
affected by factors such as the cell adhesion status and the cell shape, and it differs in monolayer
and three-dimensional (3D) culture systems (Liu et al., 1998) indicating that geometric entrapment
is essential for the maintenance of the chondrocyte phenotype in vitro (Cooke et al., 2017).
Suspension with hydrogels seems to be an excellent method of geometric embedment for
chondrocytes (Grandolfo et al., 1993; Grunder et al., 2004) likely promoting the retention of the
original phenotype (Hauselmann et al., 1996; Heiligenstein et al., 2011a) that is precisely required

for articular cartilage regeneration.

3.1.4. Injuries and treatments

Articular cartilage injuries resulting from trauma or osteoarthritis (OA) (Reinhard et al., 2024),
affecting more than 60% of examined patients (Widuchowski et al., 2007), may further deteriorate
if left untreated (Buckwalter & Brown, 2004; Mankin, 1974). From a macroscopic perspective
(morphology), changes affecting the articular cartilage include extended matrix discontinuities,
clefts, and erosions, while from a microstructural point of view (pathology), they include
chondrocyte hypertrophy, apoptosis, and necrosis, and a loss of proteoglycans (Buckwalter &
Mankin, 1998a) that gradually and eventually lead to the formation of large cartilage defects,
classified as either chondral defects restricted to the articular cartilage or osteochondral defects
that further disrupt the underlying subchondral bone (Madry, et al., 2010, 2011a). The injured

articular cartilage has a limited intrinsic capacity for self-healing and the chondrocytes adjacent to
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the lesions do not substantially contribute to the reconstruction of the cartilage (Madry et al.,
2011a).

Clinical strategies to manage articular cartilage injuries include conservative treatments to
reduce pain and/or maintain mobility and surgical treatments to induce repair and/or to replace
the damaged (osteo)chondral tissue (Madry et al., 2011a, Madry 2022). Conservative treatments
include non-pharmacological interventions (physical therapy) and pharmacological treatments
(oral, topical and intra-articular applications) and met contrasted success (Buckwalter & Mankin,
1998a; Madry et al., 2011a). Surgical interventions include marrow stimulation (e.g. microfracture),
autologous chondrocyte implantation (ACI), and the transplantation of autologous or allogeneic
osteochondral grafts (Madry et al., 2011a). Microfracture is an adapted procedure to repair small
(< 2.5 cm?) defects, mostly in young patients (< 40) and especially suited to treat defects located
in the femoral condyles (Jiang et al., 2020). ACI avoids immune rejection but needs intensive
surgery to acquire chondrocytes (Jiang et al., 2020). Osteochondral graft transplantation using
non-weight-bearing articular surfaces from the patient is relatively simple to perform, also avoiding
immune rejection, but also suited for small defects (Jiang et al., 2020). Yet, none of these options
allow to achieve full cartilage regeneration in sites of lesions. Microfracture leads to the
development of a fibrocartilaginous repair tissue lacking the original hyaline structure of the native
cartilage and unable to withstand mechanical loading (Cucchiarini & Madry, 2014a; Kuettner et al.,
1991; Kuettner, 1992; Madry et al., 2011a; Welton et al., 2018). AClI may be complicated by
phenotype changes of the chondrocytes (hypertrophy), insufficient regenerative cartilage, and
disturbed fusion (Cucchiarini & Madry, 2014a; Kuettner et al., 1991; Kuettner, 1992; Madry et al.,
2011a; Welton et al., 2018). Else, osteochondral graft transplantation may be impeded by disease
transmission, graft failure, donor site morbidity, donor-to-recipient site incongruity, and
hemarthrosis (Cucchiarini & Madry, 2014a; Kuettner et al., 1991; Kuettner, 1992; Madry, et al.,
2011a; Welton et al., 2018). Overall, such outcomes show the critical need for improved strategies

for cartilage regeneration (Ross et al., 2024).

3.2. Gene therapy for articular cartilage regeneration

Current clinical repair techniques for articular cartilage injuries show limited success in promoting
tissue restoration, meanwhile the role of genetic components in cartilage regeneration has been
investigated, with findings suggesting that genetic factors contribute significantly to cartilage repair
(Goh et al., 2023; Makris et al., 2015; Rai et al., 2012). Thus, gene therapy has emerged as a
promising tool for cartilage regeneration, aiming at either overexpress therapeutic factors such as

growth or transcription factors or to suppress the expression of genes that support the cartilage
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destruction, either as a standalone approach or in combination with surgical interventions (Evans
& Huard, 2015; Madry & Cucchiarini, 2016; Steinert et al., 2009).

3.2.1. Gene vectors

Gene delivery involves introducing foreign or therapeutic gene sequences into target cells to treat
specific diseases, providing prolonged expression of the transgene compared with traditional
therapeutic products (Madry et al., 2020a; Rey-Rico & Cucchiarini, 2016a). Nevertheless, a direct
application of therapeutic gene in their recombinant forms is hindered by their short
pharmacological half-life (Cucchiarini & Madry, 2005) due to the susceptibility of naked
deoxyribonucleic acid (DNA) to degradation by nucleases present in biological media and since
the hydrophilic polyanionic nature and large size of DNA molecules prevent passive DNA
penetration through the cell membrane (Ilbraheem et al., 2014; Nam et al., 2009). Therefore,
vectors capable of carrying therapeutic molecules in target cells must be paired with DNA
(Iboraheem et al., 2014). Gene delivery vectors currently involved in articular cartilage repair include
non-viral vectors (Cucchiarini et al., 2015; Gelse et al., 2008; Goomer et al., 2000) and viral
vehicles (Cucchiarini & Madry, 2019; Garza-Veloz et al., 2013; Gelse et al., 2003; Madry et al.,
2020a, 2020b; Mbita et al., 2014; Meng et al., 2020; Venkatesan et al., 2020a).

3.2.1.1. Non-viral vectors

Gene delivery via non-viral vectors (transfection) is the incorporation of DNA alone (e.g. gene-gun
technique) or complexed with plasmids (Mesure et al., 2019), peptides (Qadir et al., 2019), cationic
(Wang et al., 2018), anionic (Lee & Huang, 1997), ionizable polymers (Vedadghavami et al., 2022),
in a target cell population (Bono et al., 2020). The use of niosomes (nioplexes) (Carballo-Pedrares
etal., 2021), dendrimers (dendriplexes) (Rai et al., 2019), and gold or carbon nanostructures (Sum
et al., 2018) are also more recent approaches. Non-viral vectors are generally considered safe
carriers as they do not carry the risk of insertional mutagenesis (non-viral vectors are kept in
episomal forms) and have low immunogenicity (non-viral vectors do not have intrinsic viral coding
sequences) (Thomas et al., 2003). While, non-viral gene transfer approaches are commonly
employed for the ex vivo modification of cells (Madry & Cucchiarini, 2011) as their gene transfer
(transfection) efficacy (up to 40% for primary articular chondrocytes) (Madry & Trippel, 2000) is

lower than those achieved with viral vectors (Madry et al., 2003a).
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3.2.1.2. Viral vectors

Gene delivery via viral vectors (transduction) is dependent on the natural cellular entry pathways
of the viruses they are derived from (Madry & Cucchiarini, 2016). Adenoviruses (Ad), retroviruses
and lentiviruses, herpes simplex virus (HSV), and adeno-associated viruses (AAV) are the most
common viruses which have been manipulated so far for gene transfer purposes (Madry et al.,
2020b; Robbins et al., 1998).

Adenoviral vectors allow to achieve high transduction efficiencies and elevated transgene
expression levels in a variety of cells (between 90% and close to 100% in chondrocytes, in
particular human osteoarthritic articular chondrocytes, and up to 80% in human mesenchymal
stromal cells) (Baragi et al., 1995; Doherty et al., 1998; Nixon et al., 2000), enabling direct in vivo
application, but their use is limited by their immunogenicity and decreased transgene expression
over time (1-2 weeks), mostly due to the degradation of the transduced cells by cytotoxic T cells
(Cucchiarini & Madry, 2010; Rey-Rico & Cucchiarini, 2016a). Retroviral vectors may integrate into
the genome of the host cells, enabling transgene maintenance over prolonged periods of time, but
they have low transduction efficiencies (less than 20% in human mesenchymal stromal cells
before cell selection) (Allay et al., 1997), do not transduce nondividing cells, and carry a risk of
insertional mutagenesis that may lead to tumor gene activation (Glass et al., 2014; Murphy et al.,
2003; Rey-Rico & Cucchiarini, 2016a). Lentiviral vectors have been used as alternatives as they
can modify nondividing cells at higher levels of efficiency (up to 95% in chondrocytes, in particular
human osteoarthritic articular chondrocytes, and 70% in MSCs) (Gouze et al., 2002; Meyerrose
et al.,, 2008), but again the problem of mutagenesis upon integration is remaining plus the
psychological issues of introducing human immunodeficiency virus (HIV)-derived sequences in
the host (Madry & Cucchiarini, 2016). Vectors derived from the HSV have high transduction
efficiencies and can infect nondividing cells but mediate only very short-term transgene expression
(some days) (Rey-Rico & Cucchiarini, 2016a, 2016b; Robbins & Ghivizzani, 1998; Wu et al., 2013).
In marked contrast, due to their unique properties, rAAV vectors are currently the most adapted
vehicles for gene transfer in vitro and in vivo, the basic details being discussed in the next

paragraph. The features of non-viral and viral vectors are summarized in Table 1.
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Table 1. Gene transfer vectors currently used for articular cartilage repair

Class of Structural features Functional features References
vectors

Maintenance Other features Efficacy Other features
non-viral episomal e large capacity low e low immunogenicity (Madry et al., 2005)
vectors * no quiescent ¢ short expression
adenoviral episomal e large capacity high e high immunogenicity ~ (Appaiahgari & Vrati, 2015)
vectors o free quiescent ¢ short expression
retroviral integrative e large capacity low e high immunogenicity ~ (Hacein-Bey-Abina et al., 2008)
vectors (mutagenesis) * no quiescent « long expression
lentiviral integrative e large capacity high e high immunogenicity ~ (Naldini et al., 1996)
vectors (mutagenesis) « free quiescent « long expression
HSV episomal e large capacity high e high immunogenicity ~ (Goins et al., 2016)
vectors o free quiescent ¢ short expression
rAAV mostly episomal e small capacity high e low immunogenicity (Berns & Linden, 1995)
vectors o free quiescent ¢ long expression

Abbreviations: HSV: herpes simplex virus; rAAV: recombinant adeno-associated virus.

3.2.1.3. rAAV vectors

AAV is a replication-defective virus (genus Dependoparvovirus) of the family Parvoviridae, with a
diameter of ~ 26 nanometers (nm) and a linear single-stranded DNA (ssDNA) genome of ~ 4.8
kilobase pairs (kbp) (Cucchiarini & Rey-Rico, 2017; Naso et al., 2017; Wu et al., 2010) (Figure
2A). The AAV genome comprises inverted terminal repeats (ITRs) at both ends of the DNA strand
and the two open reading frames (ORFs, i.e. genes) rep (four overlapping RP78, RP68, RP52,
and RP40 genes encoding Rep proteins required for the AAV life cycle) and cap (overlapping
sequences for the VP1, VP2 and VP3 capsid proteins) (Bohenzky et al., 1988; Jay et al., 1981;
Kyostio et al., 1994). rAAV vectors were originally created by deleting portions of the AAV rep and
cap genes and replacing these with a transgene cassette composed of a heterologous promoter
(Pro), the gene of interest (GOI), and a poly-adenylation signal (pA), demonstrating that only the
ITRs are required in cis for the replication and packaging of rAAV genomes provided that rep, cap,
and helper virus functions are provided in trans (Flotte, 2004). This feature leads to the
nonpathogenic ability and low frequency random integration of the rAAV genome into the host
genome (Daya & Berns, 2008), to the low immunogenicity of rAAV chiefly restricted to the
presence of neutralizing antibodies against the AAV capsid proteins, and to almost no cytotoxicity
(Chirmule et al., 1999; Hernandez et al., 1999; Ponnazhagan et al., 1997) (Figure 2B). rAAV
vectors can infect both quiescent and dividing cells at very high gene transfer efficiencies (up to
95% in chondrocytes, in particular human osteoarthritic articular chondrocytes, and close to 92%
in MSCs for at least 150 days) (Cucchiarini et al., 2011; Madry et al., 2003a; Podsakoff et al., 1994;
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Rey-Rico et al., 2015a; Wu et al., 2006), with their small size enabling direct in vivo gene transfer
through the dense extracellular matrix (Cucchiarini et al., 2013; Cucchiarini & Madry, 2014b;
Ulrich-Vinther et al., 2004). Entry of rAAV vectors in target cells include initial receptor binding on
the target cell's surface, internalization via endocytosis, escape from the endosomal compartment,
localization and unpacking of the episomal genome within the nucleus, subsequent transcription
and translation processes, and finally, release of the rAAV transgene product (Figure 2C). Overall,
rAAV vectors have thus more potential to be engineered as an exclusive tool vector in gene
therapy to carry candidate genes for amplifying the efficacy of cartilage regeneration therapies.
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Figure 2. Structure of AAV and of rAAV vectors and rAAV-mediated transduction. (A) AAV particle and genome including rep and cap,
(B) rAAV particles and genome including a transgene cassette composed of a heterologous promoter, the gene of interest, and a poly-
adenylation signal, (C) and episomal genome packaging of rAAV transfection. Abbreviations: AAV: adeno-associated virus; cap: capsid
(open reading frame, i.e., gene); Cap: capsid (protein); DNA: deoxyribonucleic acid; GOI: gene of interest; ITRs: inverted terminal
repeats; kbp: kilobase pair; pA: poly-adenylation signal; Pro: promoter; rAAV: recombinant adeno-associated virus; rep: replication

(open reading frame, i.e. gene); Rep: replication (protein) (created with BioRender).

3.2.2. Gene candidates

Gene candidates play a crucial role in gene therapy for cartilage regeneration (Hodgkinson et al.,
2020; Khalid et al., 2022; Maihofer et al., 2021). Considering the roles of gene candidates for
cartilage (chondro-)regeneration (Ashraf et al., 2016; Cheng et al., 2012; Steinert et al., 2009),
differentiation (Ashraf et al., 2016; Cheng et al., 2012), signaling pathways (Li et al., 2023; Zhou
et al., 2019), immune response (Kwon et al., 2022), network pharmacology (Ye et al., 2020; Zhang
etal., 2021), and gene delivery (Frisch et al., 2016a; Yang et al., 2020), the sex-determining region
Y-type high mobility group box 9 (sox9) and TGF-B have been known as exclusive factors
contributing to the development of effective gene-based therapies for cartilage regeneration
(Cucchiarini et al., 2013, 2018; Frisch et al., 2016a, 2016b).

3.2.2.1. Structure and functions of sox9

The sox9 gene is located on chromosome 17g24.3 in humans (Jedidi et al., 2018; Murakami et
al., 2000; Symon & Harley, 2017). This region is characterized by relatively few genes and a high
proportion of non-coding DNA (Huang et al., 2005). A 30-base pair element in the first intron of the
sox9 gene acts as an enhancer, which aids in the regulation of gene expression (Huang et al.,
2005). The proximal promoter region is found between 193 and 73 bp from the transcription start
site, is crucial for maximal promoter activity (Poree et al., 2008). The protein product, SOX9, has
509 amino acids and four functional domains as a transcription factor, and has the ability to bind
to specific DNA sequences and one of the key functional domains of the SOX9 protein is the high
mobility group (HMG) box (Chen et al., 2021). The complex structure and regulation pattern is
consistent with the significant roles of sox9 in various developmental processes (Chen et al., 2021).
SOX9 is essential for the development and differentiation of skeletal elements, including cartilage,
bone, and other connective tissues through the regulation of a cascade of downstream factors in
a stage-specific manner (Kozhemyakina et al., 2015; Lefebvre & Dvir-Ginzberg, 2017; Murakami
et al.,, 2000; Symon & Harley, 2017; Whyte et al., 2013). It is particularly important for

chondroregeneration, the process by which cartilage is formed (Lefebvre & Dvir-Ginzberg, 2017).
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Specifically, SOX9 regulates the expression of several genes involved in chondroregeneration
(Bernard & Harley, 2010; Liu et al., 2017; Symon & Harley, 2017), the formation of cartilage during
embryonic development (Zhao et al., 1997), the differentiation of mesenchymal cells into
chondrocytes (Ikeda et al., 2004; Kozhemyakina et al., 2015; Li et al., 2018; Nishimura et al., 2017,
2018), and the cells that produce and maintain cartilage throughout life (Hattori et al., 2010a).
SOX9 is also related to hypertrophic and osteogenic differentiation (Ikeda et al., 2004). The sox9
gene is also involved in the development of the male reproductive system. In mammals, it is
responsible for initiating the differentiation of the gonads into testes, which then leads to the
development of male reproductive structures (Wang et al., 2017, 2021). Mutations or dysregulation
of the sox9 gene are associated with various disorders and conditions, including campomelic
dysplasia (a skeletal disorder), sex reversal (abnormal development of the reproductive system),
and certain forms of cancer (Argentaro et al., 2003; Fan et al., 2023; Knarston et al., 2019;
Kobayashi et al., 2005; Matheu et al., 2012; Nelson et al., 2011; Tonni et al., 2013).

3.2.2.2. rAAV-FLAG-hsox9 for articular cartilage regeneration

Transferring a therapeutic sox9 gene sequence via rAAV carriers is a unique way of gene therapy
for cartilage (chondro-)regeneration in vitro (Table 2), in situ (Table 3), and in vivo (Table 4). While
delivery of the rAAV-FLAG-tagged human sox9 (rAAV-FLAG-hsox9) vector has negligible effects
on cellular proliferative activities, it may be empowered by an additional use of fibrin-polyurethane
(fibrin-PU) scaffolds in a hydrodynamic environment (Venkatesan et al., 2018a), by combined
interventions with rAAV-human basic fibroblast growth factor (rAAV-hFGF-2) (Cucchiarini et al.,
2009) or rAAV-human transforming growth factor beta (rAAV-hTGF-B) (Tao et al., 2016a, 2016b,
2017), or by the manipulation of special biomaterials such as poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) (Rey-Rico et al., 2018). Still, rAAV-FLAG-hsox9
delivery leaded to an increased synthesis of major extracellular matrix components
(proteoglycans/glycosaminoglycans and type-ll collagen) (Cucchiarini et al., 2007, 2009, 2013;
Daniels et al., 2019; Meng et al., 2020; Rey-Rico et al., 2018; Tao et al., 2016a, 2016b, 2017;
Venkatesan et al., 2012, 2017, 2018a, 2018b, 2020a), reducing the levels of markers of
hypertrophy, terminal and osteogenic/adipogenic differentiation (type-I and type-X collagen, ALP,
matrix metalloproteinase 13 (MMP-13), and osteopontin with diminished expression of the
osteoblast-related transcription factor runt-related transcription factor 2 (RUNX2); lipoprotein
lipase (LPL), peroxisome proliferator-activated receptor gamma 2 (PPARG2), as well as their
ability to undergo proper osteogenic/adipogenic differentiation (Cucchiarini et al., 2013; Daniels et
al., 2019; Meng et al., 2020; Rey-Rico et al., 2018; Tao et al., 2016a, 2016b, 2017; Venkatesan et

22



al., 2012, 2017, 2018a, 2018b, 2020a). These effects are accompanied with decreased levels of
B-catenin (a mediator of the wingless and int-1 (Wnt-1) signaling pathway for osteoblast lineage
differentiation) and enhanced parathyroid hormone-related protein (PTHrP) expression (an
inhibitor of hypertrophic maturation and calcification) via sox9 treatment (Cucchiarini et al., 2013;
Venkatesan et al., 2012). Moreover, rAAV-FLAG-hsox9 can reverse the deleterious effects
afforded by the OA cytokines (interleukin 1 beta, IL-1B, or tumor necrosis factor alpha, TNF-a)
(Urich et al., 2020).

Table 2. Application of sox9 to enhance chondroregeneration in vitro

Treatments Targets Additional Duration/ Proliferation/ References
interventions  Conditions Extracellular
matrix
rAAV-FLAG-hsox9 rabbit normal alginate 21 days/ not altered/ (Cucchiarini et al., 2013)

chondrocytes incorporation 3D culture enhanced
human normal/OA  alginate 26 days/ not altered/ (Cucchiarini et al., 2007)
chondrocytes incorporation 3D culture enhanced
human normal/OA  aggregate 21 days/ not altered/ (Daniels et al., 2019)
chondrocytes culture 3D culture enhanced
rabbit normal N/A 21 days/ not altered/ (Cucchiarini et al., 2013)
MSCs monolayer culture enhanced
human normal aggregate 21 days/ not altered/ (Venkatesan et al., 2012)
MSCs culture 3D culture enhanced
human normal aggregate 21 days/ enhanced/ (Venkatesan et al., 2018a)
MSCs culture/ 3D culture enhanced

fibrin-PU/

bioreactors
minipig normal N/A 21 days/ not altered/ (Frisch et al., 2016a)
BMA monolayer culture enhanced
human normal fibrin/ 28 days/ not altered/ (Venkatesan et al., 2017)

BMA

bioreactors

monolayer culture

enhanced

human normal fibrin-PCL 21 days/ not altered/ (Venkatesanet al., 2018b)
BMA monolayer culture enhanced
rAAV-FLAG-hsox9/ human normal/OA  alginate 26 days/ enhanced/ (Cucchiarini et al., 2009)
rAAV-hFGF-2 chondrocytes incorporation 3D culture enhanced
rAAV-FLAG-hsox9/ human normal/OA  N/A 21 days/ enhanced/ (Tao et al., 2016b)
rAAV-hTGF- chondrocytes monolayer culture N/A
human normal aggregate 21 days/ enhanced/ (Tao et al., 2016a)
MSCs culture 3D culture enhanced
human normal N/A 21 days/ enhanced/ (Tao et al., 2017)
BMA monolayer culture enhanced
rAAV-FLAG-hsox9/ human OA N/A 10 days/ enhanced/ (Rey-Rico et al., 2018)
PEO-PPO-PEO chondrocytes monolayer culture enhanced
rAAV-FLAG-hsox9/ human normal N/A 21 days/ not altered/ (Meng et al., 2020)
carbon dots MSCs monolayer culture enhanced
rAAV-FLAG-hsox9/ human normal N/A 21 days/ not altered/ (Venkatesan et al., 2020a)

pNaSS-PCL

BMA

monolayer culture

enhanced
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Abbreviations: 3D: three-dimensional; BMA: bone marrow aspirate; fibrin-PCL: fibrin-poly(e-caprolactone); fibrin-PU: fibrin-
polyurethane; FLAG: FLAG tag; hFGF-2: human basic fibroblast growth factor; hsox9: human sex-determining region Y-type high
mobility group box 9; hTGF-B: human transforming growth factor beta; MSCs: bone marrow-derived mesenchymal stromal cells; N/A:
not available; OA: osteoarthritis; PEO-PPO-PEO: poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); pNaSS-PCL:

poly(sodium styrene sulfonate)-poly(e-caprolactone); rAAV: recombinant adeno-associated virus.

Table 3. Application of sox9 to enhance articular cartilage regeneration in situ

Treatments Targets Additional Duration/ Proliferation/ References
interventions  Conditions Extracellular
matrix

rAAV-FLAG-hsox9 human normal/OA  N/A 10 days not altered/ (Cucchiarini et al., 2007)

cartilage enhanced
rAAV-FLAG-hsox9/ human normal/OA  N/A 10 days enhanced/ (Cucchiarini et al., 2009)
rAAV-hFGF-2 cartilage enhanced
rAAV-FLAG-hsox9/ human normal/OA  N/A 21 days N/A/ (Tao et al., 2016b)
rAAV-hTGF- cartilage enhanced
rAAV-FLAG-hsox9/ human OA N/A 10 days enhanced/ (Rey-Rico et al., 2018)
PEO-PPO-PEO cartilage enhanced

Abbreviations: FLAG: FLAG tag; hFGF-2: human basic fibroblast growth factor; hsox9: human sex-determining region Y-type high
mobility group box 9; hTGF-B: human transforming growth factor beta; N/A: not available; OA: osteoarthritis; PEO-PPO-PEO:

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); rAAV: recombinant adeno-associated virus.

Table 4. Application of sox9 to enhance articular cartilage regeneration in vivo

Treatments Species Targets Duration/ Proliferation/ References
Conditions Extracellular
matrix
rAAV-FLAG-hsox9 rabbit normal 16 weeks not altered/ (Cucchiarini et al., 2013)
osteochondral enhanced
defect
rAAV-FLAG-hsox9 sheep normal 24 weeks not altered/ (Lange et al., 2021)
osteochondral enhanced
defect
rAAV-FLAG-hsox9/ minipig normal 4 weeks enhanced/ (Madry et al., 2020a)
PEO-PPO-PEO chondral enhanced
defect

Abbreviations: FLAG: FLAG tag; hsox9: human sex-determining region Y-type high mobility group box 9; PEO-PPO-PEO:

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); rAAV: recombinant adeno-associated virus.

3.2.2.3. Structure and functions of TGF-3

The TGF- genes are encoded by three separate genes (TGFB1, TGFB2, and TGFB3) in humans.
Each of these genes produces a different type of TGF-$ protein (TGF-B1, TGF-B2, and TGF-B3
respectively) (Komai et al., 2018; Tominaga & Suzuki, 2019). All TGF-( types are encoded as large
protein precursors (Tominaga & Suzuki, 2019). TGF-1 contains 390 amino acids, while TGF-2
and TGF-B33 each contain 412 amino acids (Tominaga & Suzuki, 2019). Each TGF-f protein has
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an N-terminal signal peptide of 20-30 amino acids required for secretion from a cell, a pro-region
named latency-associated peptide (LAP), and a 112-114 amino acid C-terminal region that
becomes the mature TGF- molecule following its release from the pro-region by proteolytic
cleavage (Dallas et al., 2002; Tominaga & Suzuki, 2019). TGF- proteins perform many cellular
functions during metabolism (Goncalves Junior et al., 2016; Huang et al., 2020; Lee, 2018;
Tominaga & Suzuki, 2019). TGF-B controls cell proliferation, differentiation, and apoptosis
(programmed cell death) in a wide range of cell types (Kwon et al., 2011). TGF-( is crucial for
embryonic development and tissue morphogenesis, and plays a role in regulating inflammation
and immune responses (Liu et al., 2021). TGF-B stimulates the synthesis of extracellular matrix
components by regulating the homeostasis between extracellular matrix synthesis and
degradation (Hu et al.,, 2022; Zou et al., 2021). TGF-B also stimulates the migration and
proliferation of fibroblasts, which are responsible for producing the extracellular matrix and
promoting tissue regeneration (Blaney Davidson et al., 2009; Chen et al., 2012; Wu et al., 2008).
TGF-B signaling interacts with numerous other signaling pathways, such as the Wnt, Notch, bone
morphogenetic protein (BMP) and mothers against decapentaplegic (SMAD) pathways and
dysregulation of TGF-B signaling has been implicated in various diseases, including OA-like
disease characterized by severe cartilage degeneration and chondrocyte hypertrophy and other
disease like cancer, fibrosis, autoimmune disorders, and cardiovascular disorder (Hasson et al.,
2010; Honda et al., 2017; Hu et al., 2022; Kwon et al., 2011; Oliveira Silva et al., 2020; Remst et
al., 2014; Shen et al., 2013; Su et al., 2019; Thielen et al., 2019; Tu et al., 2021; Van der Kraan,
2017; Yang et al., 2022).

3.2.2.4. rAAV-hTGF- for articular cartilage regeneration

Genetic modification using TGF- may provide a valuable strategy for cartilage
(chondro-)regeneration in vitro (Table 5), in situ (Table 6), and in vivo (Table 7). The expression
of TGF-B achieved via rAAV gene transfer enhances both the proliferative via activation of the
stromal cell-derived factor 1 (SDF-1)/chemokine (chemokines with sequence Cys-X-Cys at C-
terminal, CXC motif) receptor 4 pathway (Asen et al., 2018) and cartilage matrix deposition
(proteoglycans/glycosaminoglycans and type-Il collagen) (Venkatesan et al., 2013) via stimulation
of the critical sox9 chondroregenerative pathway (Frisch et al., 2014), which may be reinforced
with combined interventions using rAAV-human insulin-like growth factor | (hIGF-1) (Morscheid et
al., 2019a) or rAAV-FLAG-hsox9 (Tao et al., 2016a, 2016b, 2017), or using special biomaterials
such as PEO-PPO-PEO (Rey-Rico et al., 2017), carbon dots (Meng et al., 2020), or poly(sodium
styrene sulfonate)-poly(e-caprolactone) (pNaSS-PCL) (Venkatesan et al., 2021). Notably,
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sustained rAAV production of TGF-B reduces the expression of chondrocyte hypertrophic and
osteogenic and terminal differentiation (type-l collagen, type-X collagen, MMP-13, PTHrP, (-
catenin) while increasing that of protective tissue inhibitors of metalloproteinases (TIMPs) and of
the TGF-B receptor | in a manner that restores a favorable activin receptor-like kinase-1/activin
receptor-like kinase-5 (ALK1/ALKS5) balance (Frisch et al., 2016b; Meng et al., 2020; Morscheid et
al., 2019a, 2019b; Rey-Rico et al., 2017; Tao et al., 2016a, 2016b, 2017; Venkatesan et al., 2013,
2021). Strikingly, in the conditions applied elsewhere, hypertrophy and osteogenic differentiation
events may also be activated by rAAV-hTGF-B in association with enhanced levels of 3-catenin
and Indian hedgehog and decreased PTHrP expression (Cucchiarini et al., 2018; Frisch et al.,

2014, 2017). Translation of the current approach may yet need to regulate TGF- expression

(Cucchiarini et al., 2018; Frisch et al., 2014, 2017).

Table 5. Application of TGF- to enhance chondroregeneration in vitro

Treatments Targets Additional Duration/ Proliferation/  References
interventions  Conditions Extracellular
matrix
rAAV-hTGF-B human normal/OA  N/A 21 days/ enhanced/ (Venkatesan et al., 2013)
chondrocytes monolayer culture enhanced
human normal N/A 21 days/ enhanced/ (Frisch et al., 2014)
MSCs monolayer culture enhanced
human normal aggregate 21 days/ enhanced/ (Frisch et al., 2014)
MSCs culture 3D culture enhanced
minipig normal N/A 21 days/ enhanced/ (Frisch et al., 2016a)
BMA monolayer culture enhanced
human normal N/A 21 days/ enhanced/ (Frisch et al., 2016b)
BMA monolayer culture enhanced
human normal N/A 21 days/ enhanced/ (Frisch et al., 2017)
PBA monolayer culture enhanced
rAAV-hTGF-B/ human normal aggregate 21 days/ enhanced/ (Morscheid et al., 2019a)
rAAV-hIGF-I MSCs culture 3D culture enhanced
rAAV-hTGF-B/ human normal/OA  N/A 21 days/ enhanced/ (Tao et al., 2016b)
rAAV-FLAG-hsox9 chondrocytes monolayer culture N/A
human normal aggregate 21 days/ enhanced/ (Tao et al., 2016a)
MSCs culture 3D culture enhanced
human normal N/A 21 days/ enhanced/ (Tao et al., 2017)
BMA monolayer culture enhanced
rAAV-hTGF-B/ human OA N/A 10 days/ enhanced/ (Rey-Rico et al., 2017)
PEO-PPO-PEO chondrocytes monolayer culture enhanced
rAAV-hTGF-B/ human normal N/A 21 days/ enhanced/ (Meng et al., 2020)
carbon dots MSCs monolayer culture enhanced
rAAV-hTGF-B/ human normal N/A 21 days/ enhanced/ (Venkatesan et al., 2021)
pNaSS-PCL BMA monolayer culture enhanced
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Abbreviations: 3D: three-dimensional; BMA: bone marrow aspirate; FLAG: FLAG tag; hIGF-I: human insulin-like growth factor |; hsox9:
human sex-determining region Y-type high mobility group box 9; hTGF-B: human transforming growth factor beta; MSCs: bone
marrow-derived mesenchymal stromal cells; N/A: not available; OA: osteoarthritis; PBA: peripheral blood aspirate; PEO-PPO-PEO:
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); pNaSS-PCL: poly(sodium styrene sulfonate)-poly(e-caprolactone);

rAAV: recombinant adeno-associated virus.

Table 6. Application of TGF-f to enhance articular cartilage regeneration in situ

Treatments Targets Additional Duration/ Proliferation/ References
interventions  Conditions Extracellular
matrix

rAAV-hTGF-B human normal/OA  N/A 90 days enhanced/ (Venkatesan et al., 2013)

cartilage enhanced
rAAV-hTGF-B/ human OA aggregated 21 days enhanced/ (Morscheid et al., 2019b)
rAAV-hIGF-I cartilage MSCs enhanced
rAAV-hTGF-B/ human normal/OA  N/A 21 days N/A/ (Tao et al., 2016b)
rAAV-FLAG-hsox9 cartilage enhanced
rAAV-hTGF-B/ human OA N/A 10 days enhanced/ (Rey-Rico et al., 2017)
PEO-PPO-PEO cartilage enhanced

Abbreviations: FLAG: FLAG tag; hIGF-I: human insulin-like growth factor I; hsox9: human sex-determining region Y-type high mobility
group box 9; hTGF-B: human transforming growth factor beta; MSCs: bone marrow-derived mesenchymal stromal cells; N/A: not
available; OA: osteoarthritis; PEO-PPO-PEO: poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide); rAAV: recombinant

adeno-associated virus.

Table 7. Application of TGF-@ to enhance articular cartilage regeneration in vivo

Treatments Species Targets Duration/ Proliferation/ References
Conditions Extracellular
matrix
rAAV-hTGF-B minipig normal 4 weeks enhanced/ (Cucchiarini et al., 2018)
osteochondral enhanced
defect

Abbreviations: hTGF-B: human transforming growth factor beta; rAAV: recombinant adeno-associated virus.

3.3. Controlled release for gene therapy applications using alginate

Gene therapy of rAAV-FLAG-hsox9 and rAAV-hTGF-B has shown promise for cartilage
regeneration (Cucchiarini & Madry, 2005, 2019; Madry & Cucchiarini, 2016; Madry et al., 2020a).
Yet, an adapted application of rAAV-therapeutic gene candidate in the clinical situation is still
restricted by possible immune responses in the recipient including a pre-existence of neutralizing
antibodies against the AAV capsid proteins in the human population (Rey-Rico et al., 2016a),
which may be addressed by a controlled release of rAAV vectors from biomaterials to protect the
viral capsids against such neutralization while enhancing the spatial and temporal availability of
therapeutic gene in a defined target (Madry et al., 2020a; Meng et al., 2020; Rey-Rico et al.,
2015b, 2017, 2018; Venkatesan et al., 2021, 2020a). While encouraging data are reported, none
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of the tested biomaterials gave thus far full satisfaction in terms of complete tissue repair
(Cucchiarini & Madry, 2019), supporting the concept of testing novel biological material for the
controlled release of therapeutic rAAV vectors in an improved manner (Xu et al., 2024).

Alginate has been used as a biocompatible material that can easily form hydrogels under
mild conditions with a lack of immunogenicity and of inflammatory responses, making it a
promising system for various tissue engineering approaches (Glukhova et al., 2021; Liu et al.,

2022), especially as an experimental controlled release platform.
3.3.1. Alginate

Alginates are an unbranched linear copolymers composed of 1,4-linked B-D-mannuronic acid (M)
and 1,4-linked a-L-guluronic acid (G) with regions exclusively composed of one unit or of the other
(consecutive M block/residues, consecutive G block/residues) or with regions where the
monomers approximate an alternating sequence (alternating MG block/residues) (Li et al., 2019;
Loredo et al., 1996), which can be isolated from brown algae (Saltz & Kandalam, 2016; Van
Susante et al., 1995) that belong to phaeophyceae (seaweeds) (Loredo et al., 1996; Yang et al.,
2013) or are extracted from bacteria such as Pseudomonas or Azotobacter (Sun & Tan, 2013)
(Figures 3A-3C). Alginate can be of nonbiomedical- or biomedical-grade quality (mostly employed)
(Heiligenstein et al., 2011a), of low (commonly used), medium, or high viscosity (Heiligenstein et
al., 2011a), and of low or high molecular weight (also termed polymer chain length) (Loredo et al.,
1996). Alginate is hydrophilic, water-soluble, and thickening in neutral conditions, and can form

hydrogel when present in polyvalent cations (Homicz et al., 2003; Madry et al., 2014).
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Figure 3. Alginate components and hydrogel formation. (A-B) Alginate components include G and M, (C) and their combination termed
homopolymeric G, homopolymeric M, and homopolymeric G&M, (D) and alginate gelation via ionic bridges formation between
homopolymeric G and calcium ion. Abbreviations: Ca?": calcium ion; G: 1,4-linked a-L-guluronic acid; M: 1,4-linked B-D-mannuronic

acid (created with BioRender).

3.3.2. Alginate hydrogel formation

Gelation occurs when polyvalent cations cooperatively interact with blocks of M/G monomers to
form ionic bridges (Loredo et al., 1996; Paige & Vacanti, 1995; Sun & Tan, 2013) followed by the
formation of the 3D hydrogel network via Van der Waals forces between alginate segments
(Gaumann et al., 2000; Khan & Ahmad, 2013) (Figure 3D). Cations that crosslink with alginate
hydrogels include divalent cations (calcium ion-Ca?*, barium ion-Ba?*, strontium ion-Sr?*, cadmium
ion-Cd?*, cobalt ion-Co?*, copper ion-Cu?*, manganese ion-Mn?*, nickel ion-Ni**, lead ion-Pb?*,
zinc ion-Zn**) (Abbah et al., 2008; Chen et al., 2007; DeRamos et al., 1997; Knight et al., 2002;
Mierisch et al., 2003; Sun & Tan, 2013; Tigli & Gumusderelioglu, 2009; Wang et al., 2003; Wong,
2004; Wong et al., 2001), trivalent cations (lanthanum ion-La*", praseodymium ion-Pr¥*,
neodymium ion-Nd**, europium ion-Eu®", terbium ion-Tb*") (DeRamos et al., 1997), or multiple
cations (Co?* and Ca*") (Focaroli et al., 2016) but neither magnesium ion-Mg®* nor monovalent
cations (Chen et al., 2007; DeRamos et al., 1997; Goh et al., 2012). During crosslinking, divalent
metal ions exhibit a preference for GG blocks and an increase in the extent of binding when
increasing ionic radius, while trivalent metal ions display a preference for GG blocks and an
increase in the extent of binding for both GG and MM blocks when increasing the charge density
(DeRamos et al., 1997). The contrast in the modes of interaction of divalent and trivalent cations
with alginic acid may be related to differences in coordination number and/or to hydration
remaining in the inner sphere of ions (DeRamos et al., 1997).

The physicochemical and bioscaffold properties of alginate have been reported to depend
on the M/G ratio (Hunt & Grover, 2010; Park et al., 2009) and on the concentration of the alginate
and gelling solutions (Ca**) (Paige & Vacanti, 1995). First, M/G ratios differ according to the source
of raw material used in alginate manufacture (Hunt & Grover, 2010; Park et al., 2009), with high
M/G ratio alginates primarily derived from Macrocystis pyrifera (Loredo et al., 1996)/Durvillea
potarum (Dornish et al., 2001) and low M/G ratio alginates from Laminaria hyperborean (Loredo
et al., 1996). M/G ratios have also an impact on the biological activities of the chondrocytes at
incorporation, including cell adhesion, colonization, migration, nutrition diffusion, and proliferation
(Wang et al., 2003). Low M/G ratio alginates retain greater tensile strength (Hunt & Grover, 2010;
Wang et al., 2003), offering a substrate against which traction can be exerted and therefore aid

cell adhesion, colonization, and subsequent migration (Wang et al., 2003). Additionally, the
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diffusion of large molecules is impeded by alginate, an effect that is less evident for alginates with
low M/G ratio (Enobakhare et al., 2006). In this regard, low M/G ratio alginates allow for optimal
cell proliferation (Heiligenstein et al., 2011a). The mechanical properties which include dynamic
modulus, peak strain, and peak stress is improved when using low M/G ratio alginates while high
M/G ratio alginates yield weaker and more elastic hydrogels (Andrade et al., 2011; Loredo et al.,
1996; Wong et al., 2001). Second, alginate concentrations of 0.5-4% (weight/volume, w/v) and
Ca?* concentrations of 15-144 mM have been reported to be suitable for cartilage regeneration
(Jang et al., 2014; Paige et al., 1996). A hydrogel with optimal handling characteristics can be
obtained with alginate at 1-1.5% (w/v) and Ca?* at 30-50 mM (Paige & Vacanti, 1995). Most
research was developed with alginate at 1.2% (w/v) and Ca?* at 102 mM (Chuang et al., 2012;
Cohen et al., 2003; Guo et al., 1989; Hwang et al., 2007; Jin et al., 2007; Madry et al., 2003b,
2005; Marijnissen et al., 2002; Samuel et al., 2018; Stockwell, 1978; Varshney et al., 2010). The
adhesion, colonization, and migration of embedded cells are enhanced when increasing the
concentration of alginate (Enobakhare et al., 2006; Ren et al., 2012) or of Ca®* (Jang et al., 2014;
Khan & Ahmad, 2013), while the diffusion of large molecules becomes gradually impeded
(Enobakhare et al., 2006; Wang et al., 2008). The effects of the alginate and Ca** concentrations
occur in a dose-dependent manner (Ren et al., 2012; Zhang et al., 2020). Of note, the stiffness
(Enobakhare et al., 2006) and compressive modulus (Ren et al., 2012) increase with the alginate
concentration and the compressive while the shear moduli increase with the Ca®* concentration
(Jang et al., 2014). At low Ca?* concentrations, temporary hydrogels can be obtained as highly
viscose solutions while stable gelation may result from permanent associations of crosslinking
structures at high Ca?* levels (Khan & Ahmad, 2013). Specially, Ca®* concentrations of 36-, 72-,
and 144-mM using alginate at 2% has no effect on hydrogel degradation (Jang et al., 2014).

3.3.3. Alginate hydrogel dissolution

Alginate hydrogels dissolve upon loss of polyvalent cations, releasing high and low molecular
weight alginate strands (Bouhadir et al., 2001) via spontaneous or induced dissolution.
Spontaneous dissolution occurs upon substitution of crosslinking polyvalent by monovalent ions
such as Na* (Smidsred & Skjak-Braek, 1990). Large differences are reported in dissolving times
(Ishikawa et al., 1999; Matthew et al., 1995; Wu et al., 2002) possibly as a result of differences in
experimental models, implant volumes, material forms, and external environment (Wang et al.,
2003). Induced dissolution occurs by chelation of crosslinking polyvalent ions with dissolving buffer
(Loredo et al., 1996; Petit et al., 1996; Shakibaei & De Souza, 1997; Wan et al., 2008) including
ethylenediaminetetraacetic acid (EDTA) (50 mM) (De Ceuninck et al., 2004; Wan et al., 2008),
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citrate (55 mM sodium citrate in 0.15 M NaCl) (Jonitz et al., 2011; Wan et al., 2008), and phosphate
solution (Grandolfo et al., 1993; Shakibaei & De Souza, 1997). Typically, 50 mM EDTA is more
cytotoxic than 55 mM citrate and 55 mM citrate is more cytotoxic than phosphate-buffered saline
(PBS) when dissolved for the same period of time (Cohen et al., 2011). One of the major
advantages of alginate is that the hydrogel where cells entrapped can be dissolved by chelation
(Hauselmann et al., 1992, 1994).

3.3.4. Alginate hydrogel features

Alginate hydrogels can be prepared in a microscopically homogeneous manner (Aydelotte et al.,
1998) with a compression modulus from 1 to 1,000 kilopascal (kPa) (Drury et al., 2004) and a
shear modulus from 0.02 to 40 kPa (Drury et al., 2004). Such hydrogels exhibit pH-responsive
properties, with higher swelling ratios when increasing pH values due to chain expansion from the

presence of ionic carboxylate groups on the backbone (Sun & Tan, 2013).

3.3.5. Alginate hydrogels for gene therapy applications

Alginate has gained significant attention in the field of tissue engineering due to its physiochemical
and mechanical features that allow this material to form hydrogels (Lee & Mooney, 2012). The
ability of alginate to mimic the native extracellular matrix also provides a unique opportunity to
generate adapted scaffolds for the regeneration of cartilage tissue (Liu et al., 2022). The
incorporation of rAAV vectors within alginate hydrogels and their release from such hydrogels,
based on the concept of alginate-based cell delivery and implantation for articular cartilage
regeneration (Heiligenstein et al., 2011a, 2011b; Kaul et al., 2006; Madry et al., 2003b, 2005), is
a feasible and attractive method that has been explored by our institute using rAAV vectors
carrying a reporter gene (lacZ coding for B-galactosidase) to genetically modify reparative human
mesenchymal stromal cells in a spatiotemporal, controlled delivery manner (Diaz-Rodriguez et al.,
2015). Yet, there is no data indicating that this innovative, alginate hydrogel-guided rAAV vector
delivery system (1) can be applied to human osteoarthritic articular chondrocytes as another
source of cells relevant of articular cartilage regeneration and (2) can deliver therapeutic genes
such as sox9 and TGF-B in either human osteoarthritic articular chondrocytes or human
mesenchymal stromal cells as an effective tool to durably trigger the reparative activities of these
targets for improved cartilage (chondro-)regeneration. The focus of this thesis was therefore to
investigate this novel strategy to offer convenient, future therapeutic options for the treatment of

articular cartilage lesions.
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4. HYPOTHESES

The goal of this thesis was therefore to evaluate - for the first time to our best knowledge- the
potential of alginate hydrogels to incorporate and deliver therapeutic rAAV vectors as highly
innovative systems to stimulate the reparative activities of human osteoarthritic articular
chondrocytes and human mesenchymal stromal cells via administration of highly potential genes
coding for the SOX9 and TGF-B factors as future sources of improved therapeutic cells for the

purpose of articular cartilage regeneration.

To implement this strategy, the following hypotheses were tested:

1. Alginate-based hydrogels are capable of efficiently and durably incorporating and
delivering rAAV vectors as a means to genetically modify human osteoarthritic articular

chondrocytes.

2. Alginate-based hydrogels are capable of efficiently and durably incorporating and
delivering therapeutic (sox9, TGF-B) rAAV vectors to both reparative human
osteoarthritic articular chondrocytes and human mesenchymal stromal cells in order to
stimulate their reparative activities for the purpose of improved articular cartilage

regeneration.
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5. MATERIALS

5.1. Biological materials

5.1.1. Tissues and cells

Table 8. Tissues and cells used in the studies

Tissues and cells

Origin or Manufacturers

HEK-293 cells
human bone marrow aspirates

human femoral condyles

Gene Therapy Center of University of Pittsburgh (PA, USA)
Department of Orthopaedic Surgery, Saarland University Hospital, (Homburg, Germany)

Department of Orthopaedic Surgery, Saarland University Hospital, (Homburg, Germany)

Abbreviation: HEK: human embryonic kidney.

5.1.2. Bacteria and viruses

Table 9. Bacteria and viruses used in the studies

Bacteria and viruses

Specifications

Manufacturers

Ad5 helper virus (sheared)

E. coli

N/A Gene Therapy Center of University of North Carolina (NC, USA)

One Shot TOP10

Invitrogen (Karlsruhe, Germany)

Abbreviations: Ad: adenovirus; E. coli: Escherichia coli; N/A: not available.

5.1.3. Biomolecules

Table 10. Nucleic acids used in the studies

Category Nucleic acids Specifications Manufacturers
DNA DNA D1501, 50 mg Sigma (Taufkirchen, Germany)
hsox9 cDNA with FLAG tag, 1.7 kbp Institute for Human Genetics and
Anthropology of Albert-Ludwig
University (Freiburg, Germany)
hTGF-B cDNA pORF9-hTGFB1, 1.2 kbp Invivogen (Toulouse, France)
lacZ cDNA N/A Division of Infectious Disease of
Harvard Medical School (MA, USA)
RFP cDNA N/A Division of Infectious Disease of
Harvard Medical School (MA, USA)
plasmids AAV-2 plasmid from pSSV9, with CMV-IE Gene Therapy Center of University
of North Carolina (NC, USA)
Ad8 helper plasmid  from pSSV9, with rep and cap Gene Therapy Center of University
of North Carolina (NC, USA)
primers ACAN For NDPRXMJ, GAGATGGAGGGTGAGGTC Invitrogen (Karlsruhe, Germany)

ACAN Rev
COL10A1 For
COL10A1 Rev

NDRWR7G, ACGCTGCCTCGGGCTTC
NDT2KTE, CCCTCTTGTTAGTGCCAACC
NDU7FDC, AGATTCCAGTCCTTGGGTCA

Invitrogen (Karlsruhe, Germany)

Invitrogen (Karlsruhe, Germany)

(
(
(
(

Invitrogen (Karlsruhe, Germany)
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Category Nucleic acids Specifications Manufacturers

COL1A1 For ND2XJJP, ACGTCCTGGTGAAGTTGGTC Invitrogen (Karlsruhe, Germany)
COL1A1 Rev ND33D4M, ACCAGGGAAGCCTCTCTCTC Invitrogen (Karlsruhe, Germany)
COL2A1 For NDMGAGP, GGACTTTTCTCCCCTCTCT Invitrogen (Karlsruhe, Germany)
COL2A1 Rev NDNK32M, GACCCGAAGGTCTTACAGGA Invitrogen (Karlsruhe, Germany)
GAPDH For NDYMWEV, GAAGGTGAAGGTCGGAGTC Invitrogen (Karlsruhe, Germany)
GAPDH Rev NDZTPYT, GAAGATGGTGATGGGATTTC Invitrogen (Karlsruhe, Germany)
hsox9 For NDH6MCV, ACACACAGCTCACTCGACCTTG Invitrogen (Karlsruhe, Germany)
hsox9 Rev NDKCFWT, GGGAATTCTGGTTGGTCCTCT Invitrogen (Karlsruhe, Germany)
hTGF-B For NDFVX4J, TACCATGCCAACTTCTGTCTGGGA Invitrogen (Karlsruhe, Germany)
hTGF-B Rev NDGZTPG, ATGTTGGACAACTGCTCCACCTTG Invitrogen (Karlsruhe, Germany)

Abbreviations: AAV: adeno-associated virus; ACAN: aggrecan; Ad: adenovirus; cap: capsid (open reading frame, i.e. gene); cDNA:
complementary deoxyribonucleic acid; CMV-IE: cytomegalovirus-immediate early; COL10A1: type-X collagen (gene); COL1A1: type-
| collagen (gene); COL2A1: type-ll collagen (gene); DNA: deoxyribonucleic acid; For: forward; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase; hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-f: human transforming growth factor
beta; kbp: kilobase pair; lacZ: $-galactosidase; mg: milligram; N/A: not available; ORF: open reading frames; rep: replication (open

reading frame, i.e. gene); Rev: reverse; RFP: red fluorescent protein.

Table 11. Proteins used in the studies

Category Proteins Specifications Manufacturers

agents BSA A7284, 50 ml Sigma (Taufkirchen, Germany)
glutamine G7513, 20 ml Sigma (Taufkirchen, Germany)
recombinant FGF-2 100-18b, 5 ug Peprotech (Cranbury, USA)

antibodies  anti-SOX9 (C-20) sc-17341, goat Santa Cruz (Dallas, USA)
anti-TGF-1 (V) sc-146, rabbit Santa Cruz (Dallas, USA)
anti-type-| collagen ab90395, mouse Abcam (Berlin, Germany)
anti-type-ll collagen 11-116B3, mouse DSHB (Lowa City, USA)
anti-type-X collagen C7974, mouse Sigma (Taufkirchen, Germany)
biotinylated anti-goat IgG (H+L) VC-BA-9500, horse Biozol (Eching, Germany)
biotinylated anti-mouse IgG (H+L) VC-BA-9200, goat Biozol (Eching, Germany)
biotinylated anti-rabbit IgG (H+L) VC-BA-1000, goat Biozol (Eching, Germany)

enzymes collagenase (CLS) C1-22,232U/mg, 19 Biochrom (Berlin, Germany)
papain P3125, 2x, 100 mg Sigma (Taufkirchen, Germany)
RNase-free DNase M6101, 1 U/ul, 1 ml Promega (Madison, USA)
trypsin EDTA T4174, 10x, 100 ml Sigma (Taufkirchen, Germany)

Abbreviations: BSA: bovine serum albumin; DNase: deoxyribonuclease; EDTA: ethylenediaminetetraacetic acid; FGF-2: basic
fibroblast growth factor; g: gram; IgG: immunoglobulin G; mg: milligram; ml: milliliter; RNase: ribonuclease; SOX9: sex-determining

region Y-type high mobility group box 9; TGF-B: transforming growth factor beta; ug: microgram; pl: microliter.

Table 12. Saccharides used in the studies

Saccharides Specifications Manufacturers

agarose 15510-019, 100 g Fisher (Schwerte, Germany)
chondroitin sulfate 27043, 109 Sigma (Taufkirchen, Germany)
D (+)-sucrose 10239610, 1 kg Fisher (Schwerte, Germany)

Abbreviations: g: gram; kg: kilogram.
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Table 13. Commercial media used in the studies

Mixtures Specifications Manufacturers

DMEM 41965039, 500 ml Gibco (Schwerte, Germany)
FBS 10270-106, 500 ml Gibco (Schwerte, Germany)

LB 12795027, 500 g Invitrogen (Schwerte, Germany)
Opti-MEM 31985-047, 500 ml Gibco (Schwerte, Germany)
SOC-Medium S1797, 5 ml Sigma (Taufkirchen, Germany)

Abbreviations: DMEM: Dulbecco’s Modified Eagle Medium; FBS: fetal bovine serum; g: gram; LB: lysogeny broth; ml: milliliter; Opti-

MEM: improved Minimal Essential Medium; SOC-Medium: super optimal medium with catabolic repressor medium.

5.2. Chemicals

5.2.1. Solid reagents

Table 14. Solid reagents used in the studies

Solid reagents

Specifications

Manufacturers

alcian blue 8GX
alginate

ampicillin

CaClz-2H20
chloroquine

D-cysteine HCI monohydrate
DMMB

eosin

fast green

guanidine hydrochloride
HEPES

Hoechst 33258
NazHPO4-7H20

NaCl

NaOH

toluidine blue

A5268, 100 g
GRINDSTED AlgPH155
A9518,5g

C5080, 500 g

C6628, 25 g

C8005, 1g
20335.01,1g
7089.1,50 g

211922, 5g
G3272,25g
B24701555, 100 g
B2883, 25 mg

$9390, 500 g

S7653, 1 kg

S8045, 500 g

89640, 25 g

Sigma (Taufkirchen, Germany)
Danisco (Brabrand, Denmark)
Sigma (Taufkirchen, Germany)
Sigma (Taufkirchen, Germany)
Sigma (Taufkirchen, Germany)
Sigma (Taufkirchen, Germany)
Serva (Heidelberg, Germany)
Carl Roth (Karlsruhe, Germany)
MP (llikirch, France)

Sigma (Taufkirchen, Germany)
Fisher (Schwerte, Germany)

Sigma (Taufkirchen, Germany)

Sigma (Taufkirchen, Germany)

(

(

(

Sigma (Taufkirchen, Germany)

(

Sigma (Taufkirchen, Germany
(

)
)

Sigma (Taufkirchen, Germany

Abbreviations: CaClz-2H20: calcium chloride-dihydrate; DMMB: dimethylmethylene blue; g: gram; HCI: hydrochloric acid; HEPES: 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; kg: kilogram; mg: milligram; Na:HPO4-7H20: di-sodium hydrogen phosphate

heptahydrate; NaCl: sodium chloride; NaOH: sodium hydroxide.

5.2.2. Liquid reagents
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Table 15. Liquid reagents used in the studies

Liquid reagents

Specifications

Manufacturers

acetic acid (glacial)
alizarin red

distilled water

distilled water

EDTA

ethanol

ethanol

formaldehyde

formic acid

glycerol

H202

HCI

hematoxylin A nach weigert
hematoxylin B nach weigert
hematoxylin nach harris
isopropanol

NaOH

PBS

PCR-grade water
penicillin-streptomycin

red blood cell lysing buffer
safranin O

TAE buffer

Tris-HCI

triton X100

trypan blue

A6283, 100 ml
TMS-008-C, 50 ml
11518886, 500 ml
W4502, 11

15575-038, 100 ml
10644795, Mol Biology Grade, 500 ml
K928.3, >99.7%, 2.5 |
PZN 02653025, 4%, 1 |
10457830, 90%, 500 ml
G5516, 100 ml

30%, 100 ml

84415, 37%, 100 ml
X906.1, 500 ml

X907.1, 500 ml

X903.1, 500 ml
10215331, 11

$2770, 1N, 100 ml
D8537, 1x, 500 ml
T143.5, 20 ml

P4333, 104 U/ml-104 pg/ml, 100 ml
R7757, 100 ml

CNO1.1, 500 ml
15558-042, 1 |
15568-025, 1 |

3051.3, 250 ml

T8154, 0.4%, 20 ml

Sigma (Taufkirchen, Germany)

EMD Millipore (Darmstadt, Germany)
Gibco (Schwerte, Germany)

Sigma (Taufkirchen, Germany)
Gibco (Schwerte, Germany)

Fisher (Schwerte, Germany)

Carl Roth (Karlsruhe, Germany)

Otto Fischar (Saarbrucken, Germany)
Fisher (Schwerte, Germany)

Sigma (Taufkirchen, Germany)

UKS (Homburg, Germany)

Sigma (Taufkirchen, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)
Acros Organics (Schwerte, Germany)
Sigma (Taufkirchen, Germany)
Sigma (Taufkirchen, Germany)

Carl Roth (Karlsruhe, Germany)
Sigma (Taufkirchen, Germany)
Sigma (Taufkirchen, Germany)

Carl Roth (Karlsruhe, Germany)
Gibco (Schwerte, Germany)

Gibco (Schwerte, Germany)

Carl Roth (Karlsruhe, Germany)

Sigma (Taufkirchen, Germany)

Abbreviations: EDTA: ethylenediaminetetraacetic acid; H202: hydrogen peroxide; HCI: hydrochloric acid; I: liter; ml: milliliter; NaOH:

sodium hydroxide; PBS: phosphate-buffered saline; PCR: polymerase chain reaction; TAE: Tris-acetate-EDTA; ug: microgram.

5.2.3. Analysis kits

Table 16. Analysis kits used in the studies

Analysis kits and constituents Specifications Manufacturers

1%t Strand cDNA Synthesis kit for RT-PCR (AMV) 11483188001 Roche (Mannheim, Germany)
RT-PCR 10x Reaction Buffer N/A
RT-PCR AMV Reverse Transcriptase N/A
RT-PCR Control RNA N/A
RT-PCR Deoxynucleotide Mix N/A
RT-PCR MgCl: N/A
RT-PCR primer pair N/A
RT-PCR RNase Inhibitor N/A
RT-PCR Water N/A
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Analysis kits and constituents

Specifications Manufacturers

B-gal Staining kit
Iron buffer
X-Gal solution

AAV2 Titration ELISA
ELISAASSB 20x
ELISA Biotin Concentrate
ELISAKC
ELISA STOP
ELISA Strep-HRP 20x
ELISATMB

ABC-HRP kit
ABC Reagent A
ABC Reagent B

BCA Protein assay
BCABSA
BCA Reagent A
BCA Reagent B

Brilliant Il Ultra-Fast SYBR Green QPCR Master Mix
Master Mix

Cell Proliferation Reagent WST-1
WST-1

DAB Substrate kit
DAB buffer
DAB H:02
DAB stain

ELISA Human TGF-1 Immunoassay kit
ELISA Calibrator Diluent RD5-53 Concentrate
ELISA Color Reagent A
ELISA Color Reagent B
ELISA Diluent RD1-21
ELISA Stop Solution
ELISATGF-31 Conjugate
ELISA TGF-31 Microplate
ELISA TGF-$1 Standard
ELISA Wash Buffer Concentrate

Plasmid DNA Purification kit
Cell Lysis Solution
Cell Resuspension Solution
Column Wash Solution
Endotoxin Removal Solution
Neutralization Solution
Nuclease-Free Water
PureYield Binding Column

PureYield Clearing Column

11828673001
11828673001
11828673001
PRATV
K16-02
K14-34
K10-31
K18-02
K14-35
K60-02+
PK-4000
30015

30016

23225

23209

23228
1859078
600882
600882-51
05015944001
11644807001
SK4100
30040

30041

30039
DB100B
895587
895000
895001
895215
895174
893003
891124
891126
895003
PureYield
A7125
A7115
A252B
A251B
A1485
P119C
A245A
A246A

Roche (Mannheim, Germany)

Progen (Heidelberg, Germany)

Vector Laboratories (Eching, Germany)

Fisher (Rockford, USA)

Agilent (Waldbronn, Germany)

Roche (Mannheim, Germany)

Vector Laboratories (Eching, Germany)

R&D (Wiesbaden, Deutschland)

Promega (Madison, USA)
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Analysis kits and constituents Specifications Manufacturers

RNeasy Protect Mini kit 74104 QIAGEN (Hilden, Germany)
RNeasy Collection Tubes 0890321/148021457
RNeasy Mini Spin Column 160045920
RNeasy RLT Lysis Buffer 163048274
RNeasy RNase-Free Water 163043375
RNeasy RPE Wash Buffer 166044704
RNeasy RW1 Wash Buffer 0169027829

Abbreviations: AAV: adeno-associated virus; ABC: avidin-biotin complex; BCA: bicinchoninic acid; BSA: bovine serum albumin; cDNA:
complementary DNA; DAB: diaminobenzidine; DNA: deoxyribonucleic acid; ELISA: enzyme-linked immunosorbent assay; H20::
hydrogen peroxide; HRP: horseradish peroxidase; MgCl2: magnesium chloride; QPCR: quantitative polymerase chain reaction; RNase:
ribonuclease; RT-PCR: reverse transcription polymerase chain reaction; TGF-f: transforming growth factor beta; WST-1: water-

soluble tetrazolium salt-1; X-Gal: 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside; $-gal: B-galactosidase.

5.3. Laboratory formulations

5.3.1. Media

Table 17. Reconstituted media used in the studies

Media Ingredients

bacteria culture medium 99.9% (v/v) LB

0.1% (v/v) 100 mg/ml ampicillin
cell culture medium 1% (v/v) Pen/Strep

10% (v/v) FBS

89% (v/v) DMEM
post-transfection medium 1% (v/v) 100X glutamine

15% (v/v) FBS

84% (v/v) DMEM
transfection medium 10% (v/v) FBS

120 pM chloroquine stock

90% (v/v) Opti-MEM

Abbreviations: DMEM: Dulbecco’s Modified Eagle Medium; FBS: fetal bovine serum; LB: lysogeny broth; mg: milligram; ml: milliliter;

Opti-MEM: improved Minimal Essential Medium; Pen/Strep: penicillin/streptomycin; v/v: volume/volume; uM: micromolar.

5.3.2. Buffers

Table 18. Buffers used in the studies

Buffers Ingredients

HBS 2x 1.5 mM NazHPO;-7H20
280 mM NaCl
50 mM HEPES

PBE 0.01 M EDTA

0.1 M NazHPO4-7H20
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Buffers Ingredients
TE 0.1x 1 mM EDTA

10 mM Tris/HCI
TEN 1x 1 mM EDTA

10 mM Tris/HCI

100 mM NaCl

Abbreviations: EDTA: ethylenediaminetetraacetic acid; HBS: HEPES-buffered saline; HCI: hydrochloric acid; HEPES: 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid; M: molar;

mM: millimolar; Na:HPOs-7H20: di-sodium hydrogen phosphate

heptahydrate; NaCl: sodium chloride; PBE: PBS-EDTA; PBS: phosphate-buffered saline; TE: Tris-EDTA; TEN: Tris-EDTA-NaCl.

5.3.3. Solutions

Table 19. Solutions used in the studies

Solutions

Ingredients

-gal staining working solution

ABC working solution

alcian blue working solution

alizarin red differentiation solution

BCA working solution

DAB working solution

digestion solution

DMMB sample solution

DMMB solution A

DMMB solution B

DMMB solution C

DMMB working solution

5% (v/v) X-Gal solution

95% (v/v) Iron buffer

10 ml PBS

2 drops Reagent A

2 drops Reagent B

1% (w/v) alcian blue 8GX

1 N HCI

0.01 % (v/v) 37% HCI
99.99% (v/v) 95% ethanol
2% (v/v) Reagent B

98% (v/v) Reagent A

2 drops buffer

2 drops H20:2

4 drops DAB

5 ml distilled water

98% (v/v) DMEM

0.2% (w/v) collagenase

2% (vi/v) Pen/Strep

50% (v/v) DMMB solution A
50% (v/v) cell lysate

10 mM D-cysteine HCI monohydrate
PBE

53 M chondroitin sulfate
DMMB solution A

0.2% (v/v) DMMB solution B
99.8% (v/v) DMMB solution A
0.3% (v/v) 90% formic acid
0.5% (v/v) 95% ethanol
2.56% (v/v) 1 M NaOH

16 mg dimethylmethylene blue-chloride
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Solutions

Ingredients

eosin solution

fast green solution

hematoxylin solution

Hoechst sample solution

Hoechst standard solution

Hoechst working solution

lysis solution

polymerase chain reaction system (50 pl)

pre-infection solution

reverse transcription system (20 pl)

transfection solution

toluidine blue solution

0.5% (w/v) eosin

distilled water

0.02% (w/v) fast green
distilled water

50% (v/v) hematoxylin A nach weigert
50% (v/v) hematoxylin B nach weigert
20% (v/v) cell lysate

80%(v/v) TEN buffer

10 mM DNA

PBE

2 mM Hoechst

TEN buffer

125 mM papain

PBE

150 nM primers

4% (v/v) cDNA

50% (v/v) Master Mix

46% distilled water

0.75% (v/v) 3-10 MOI Ad5 helper virus
99.25% (v/v) DMEM

4% (v/v) reverse transcriptase
5% (v/v) RNase inhibitor

10% (v/v) 10x reaction buffer
10% (v/v) dNTPs

10% (v/v) primer

20% (v/v) MgCl:2

41% (v/v) RNA

18 mM target plasmid

6 mM Ad8 helper plasmid
45% (vIv) TE buffer

5% (v/v) 2.5 M CaCl2

50% (v/v) HBS

1% (wl/v) fast green

distilled water

Abbreviations: ABC: avidin-biotin complex; Ad: adenovirus; BCA: bicinchoninic acid; CaClz: calcium chloride; cDNA: complementary
DNA; DAB: diaminobenzidine; DMEM: Dulbecco’s Modified Eagle Medium; DMMB: dimethylmethylene blue; DNA: deoxyribonucleic
acid; dNTPs: deoxynucleotide triphosphates; EDTA: ethylenediaminetetraacetic acid; H202: hydrogen peroxide; HBS: HEPES-
buffered saline; HCI: hydrochloric acid; HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; M: molar; mg: milligram; MgClz:
magnesium chloride; ml: milliliter; mM: millimolar; MOI: multiplicity of infection; N: newton; NaCl: sodium chloride; NaOH: sodium
hydroxide; nM: nanomolar; PBE: PBS-EDTA; PBS: phosphate-buffered saline; Pen/Strep: penicillin/streptomycin; RNA: ribonucleic

acid; RNase: ribonuclease; TE: Tris-EDTA; TEN: Tris-EDTA-NaCl; v/v: volume/volume; w/v: weight/volume; X-Gal: 5-bromo-4-chloro-

3-indolyl-B-D-galactopyranoside; 3-gal: B-galactosidase; pl: microliter.
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5.4. Laboratory supplies

5.4.1. Consumables

Table 20. Consumables used in the studies

Consumables

Specifications

Manufacturers

8x tube strips (QPCR)

96-well Mikrotestplatten F-Profil (BCA)

96-well plates (QPCR)
Bunsen burner

cell culture inserts

cell scrapers

cell strainers

Cellstar flask
centrifugation tubes
centrifugation tubes
centrifugation tubes
Cutfix stainless scalpel
Erlenmeyer flask
forceps

glass bottom

glass bottom

hydrogel spatula
multiwell plates
multiwell plates
multiwell plates
multiwell plates

needles

OptiPlate-96 black (Hoechst-Assay)

parafilm

Petri dishes

PP tubes

PP tubes

PS tubes

safe-lock tubes

stripette serological pipets
stripette serological pipets
syringe filters

syringes

syringes

tips

tips

tips

weighing paper

401428

9293.1

401333

Labogaz 206

Millicell PICM01250, 0.4 ym
83.1832

10321264, 100 ym
658170, T75

188271, 15 ml
227261, 50 ml
AB0620, 0.2 ml
5518075

FB33142, 11

N/A

9653620,100 ml
9653640, 500 ml

N/A

3598, 96 well
657160, 6 well
662160, 24 well
677180, 48 well

21G

6005270

PM-996

83.3902.300, 10 cm
10451043, 1.5 ml
187261, 14 ml
191160, 14 ml
0030121.589, 1.5 ml
734-1739 (4489), 25 ml
86.1254.001, 10 ml
KH54.1, 0,22 pm
Inject 4606108V, 10 ml
Inject 9166017V, 1 ml
741045, 100-1,000 ml
741065, 10-200 pl
9260.1, 0.5-10 pl
1-7217, 10x13 cm

Agilent (Waldbronn, Germany)

Carl Roth (Karlsruhe, Germany)

Agilent (Waldbronn, Germany)

Campingaz (Wallis and Futuna, France)
Merck (County Cork, Ireland)

SARSTEDT (Numbrecht, Germany)

Fisher (Schwerte, Germany)

Greiner Bio-One (Frickenhausen, Germany)
Greiner Bio-One (Frickenhausen, Germany)
Greiner Bio-One (Frickenhausen, Germany)
Fisher (Schwerte, Germany)

Aesculap (Tuttlingen, Germany)

Fisher (Schwerte, Germany)

UKS (Homburg, Germany)

Fisher (Schwerte, Germany)

Fisher (Schwerte, Germany)

UKS (Homburg, Germany)

Corning (Durham, USA)

Greiner Bio-One (Frickenhausen, Germany)
Greiner Bio-One (Frickenhausen, Germany)
Greiner Bio-One (Frickenhausen, Germany)
B BRAUN (Melsungen, Germany)

Perkin Elmer (Hamburg, Germany)

Carl Roth (Karlsruhe, Germany)
SARSTEDT (Numbrecht, Germany)
Eppendorf (Hamburg, Germany)

Greiner Bio-One (Frickenhausen, Germany)
Greiner Bio-One (Frickenhausen, Germany)
Eppendorf (Hamburg, Germany)

Corning (Durham, USA)

SARSTEDT (Numbrecht, Germany)

Carl Roth (Karlsruhe, Germany)

B BRAUN (Melsungen, Germany)

B BRAUN (Melsungen, Germany)

Greiner Bio-One (Frickenhausen, Germany)
Greiner Bio-One (Frickenhausen, Germany)
Carl Roth (Karlsruhe, Germany)

neoLab (Heidelberg, Deutschland)
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Abbreviations: BCA: bicinchoninic acid; cm: centimeter; G (needle): gauge; I: liter; N/A: not available; ml: milliliter; PP: polypropylene;

PS: polystyrene; QPCR: quantitative polymerase chain reaction; pl: microliter; um: micrometer.

5.4.2. Equipment

Table 21. Equipment used in the studies

Equipment

Specifications

Manufacturers

analytical balance

autoclave

biosafety cabinet

centrifuge

combination shaker

eluator vacuum elution device
freezer

freezer

freezer

hemocytometer

incubator

incubator chamber

light microscope

fluorescent microscope (inverted)
metal bath

microliter centrifuge
microplate reader

digital camera

mini cooler

mixer

multiplex quantitative PCR system
PCR Thermal Cycler

pipettes

pipettes

pipettes

pipettes

pipetus

power supply

Prism high speed centrifuge
pumps

safety cabinet
spectrophotometer

universal laboratory centrifuge
vortex

water bath

ABT [100-5NM]

AMA-240

BioWizard Silver Line

5804 R

K15/500

A1071

BL-V-720

GSS32421/02

PLATINUM 550H

0640110

CB150

IH50

BX45

CK41

CT™M

Z216MK

GENios A-5082

DP22

89511-794

Junior 3000

Mx3000P® QPCR operator system
5332

Eppendorf research [0.5-10 pl]
Eppendorf research [10-100 pl]
Eppendorf research [100-1,000 pl]
Eppendorf research [20-200 pl]
9907200

U-RFL-T

C2500

25227-02

2-453-GAHD

613102238

Z300

V-1 plus

WTB

Kern (Balingen, Germany)

Astell (Sidcup, England)

KOJAIR (Mantta-Vilppula, Finland)
Eppendorf (Hamburg, Germany)

Noctua (Vienna, Austria)

Promega (Madison, USA)

Kirsch (Willstatt-Sand, Germany)

Bosch (Gerlingen, Germany)

Angelantoni (Massa, Italy)

Marienfeld (Lauda-Konigshofen, Germany)
BINDER (Tuttlingen, Germany)

Noctua (Vienna, Austria)

OLYMPUS (Hamburg, Germany)
OLYMPUS (Hamburg, Germany)
HTA-BioTec (Bovenden, Germany)
Hermle LaborTechnik (Wehingen, Germany)
TECAN (Grodig, Austria)

OLYMPUS (Hamburg, Germany)

VWR (Darmstadt, Germany)

Frobel Labortechnik (Lindau, Germany)
Agilent (Waldbronn, Germany)

Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
Hirschmann Laborgerate (Eberstadt, Germany)
OLYMPUS (Hamburg, Germany)

Labnet (Mexico)

WELCH (Denver, USA)

Kottermann (hanigsen, Germany)
Eppendorf (Hamburg, Germany)

Hermle LaborTechnik (Wehingen, Germany)
bioSan (Riga, Latvia)

Memmert (Schwabach, Germany)

Abbreviations: PCR: polymerase chain reaction; QPCR: quantitative polymerase chain reaction; pl: microliter.
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5.4 3. Software

Table 22. Software used in the studies

Software Specifications Manufacturers

Affinity Photo V2 Serif (Nottingham, UK)

BioRender online BioRender (Toronto, Canada)

Camera software cellSens Standard 1.18 OLYMPUS (Hamburg, Germany)

MxPro QPCR software Mx3000P Stratagene California (La Jolla, USA)
Office 2021 16-74 Microsoft (Washington, USA)

Prism 9.5.1 GraphPad Software (Boston, USA)
ImageJ 1.53t National Institutes Health (Maryland, USA)

Abbreviation: QPCR: quantitative polymerase chain reaction.
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6. METHODS

6.1. Study design
6.1.1. Ethical approvals

Prior to being included in the study, all patients (age 58-78 years, with patient number = 12) were
given comprehensive information and subsequently gave their informed consent in written form.

All procedures of the study were in strict conformity with the guidelines of the Declaration
of Helsinki. The research protocol received prior approval from the Saarland Ethics Committee
with the Ethics Application Approval Registration Number: Ha67/12.

6.1.2. Experimental design

The research was designed to improve cartilage (chondro-)regeneration by incorporation of
therapeutic rAAV vectors upon alginate gelation with Ca** and rAAV vector delivery for the gradual
transduction of human osteoarthritic articular chondrocytes and of human mesenchymal stromal
cells (Figure 4).
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Figure 4. Experimental design of the study. The scheme shows the manipulation and application of rAAV/alginate hydrogel systems
to transduce hOACs and hMSCs. Abbreviations: G: 1,4-linked a-L-guluronic acid; hMSCs: human mesenchymal stromal cells; hOACs:
human osteoarthritic articular chondrocytes; M: 1,4-linked B-D-mannuronic acid; rAAV: recombinant adeno-associated virus (created
with BioRender).

The evaluations in human osteoarthritic articular chondrocytes and human mesenchymal
stromal cells were planned to monitor the conditions of effective rAAV vector release, the kinetics
of rAAV vector release, and the therapeutic effects of the rAAV vectors released from the alginate
hydrogels by an analysis of transgene expression, of the effects on the biological and
chondrogenic activities, and on the osteogenic, hypertrophic, and mineralization activities (Figure
5).
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Figure 5. Experimental evaluations were performed in the study. The scheme shows the procedures employed to monitor the
conditions of effective rAAV vector release, the kinetics of rAAV vector release, and the therapeutic effects of the rAAV vectors released
from the alginate hydrogels by an analysis of transgene expression, of the effects on the biological and chondrogenic activities, and
on the osteogenic, hypertrophic, and mineralization activities. Abbreviations: ACAN: aggrecan; BCA: bicinchoninic acid; DMMB:
dimethylmethylene blue; DNA: deoxyribonucleic acid; ELISA: enzyme-linked immunosorbent assay; GAGs: glycosaminoglycans; H&E:
hematoxylin and eosin; hMSCs: human mesenchymal stromal cells; hOACs: human osteoarthritic articular chondrocytes; ICC:
immunocytochemistry; lacZ: B-galactosidase; PCR: polymerase chain reaction. PGs: proteoglycans; Pr.: protein; rAAV: recombinant
adeno-associated virus; RFP: red fluorescent protein; SOX9: sex-determining region Y-type high mobility group box 9; TGF-f:

transforming growth factor beta; X-Gal: 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (created with Affinity Photo).

6.1.3. Research groups

The following groups were assigned to the experiments performed in this project:

* no vector/alginate,

rAAV-lacZ (B-galactosidase reporter gene)/alginate,

rAAV-RFP (red fluorescent protein reporter gene)/alginate,
rAAV-FLAG-hsox9/alginate,

rAAV-hTGF-B/alginate,

* free rAAV-lacZ, and

* free rAAV-RFP

depending on the objectives of the research and on the cell targets (Table 23).

Table 23. Research groups

Research objectives Targets Groups

rAAV vector release conditions * hOACs * no vector/alginate
* rAAV-/acZ/alginate
« free rAAV-lacZ

* hOACs * no vector/alginate
* rAAV-RFP/alginate
« free rAAV-RFP

rAAV vector release kinetics * hOACs * no vector/alginate
* rAAV-lacZ/alginate
« free rAAV-lacZ

therapeutic effects of released rAAV vectors * hOACs * rAAV-/acZ/alginate
* rAAV-FLAG-hsox9/alginate
* rAAV-hTGF-B/alginate

* hMSCs * rAAV-/acZ/alginate
* rAAV-FLAG-hsox9/alginate
* rAAV-hTGF-B/alginate

Abbreviations: FLAG: FLAG tag; hMSCs: human mesenchymal stromal cells; hOACs: human osteoarthritic articular chondrocytes;
hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-f: human transforming growth factor beta; lacZ: -

galactosidase; rAAV: recombinant adeno-associated virus; RFP: red fluorescent protein.
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6.2. Cell culture preparation

6.2.1. Primary human osteoarthritic articular chondrocytes (hOACs) cultures

Human osteoarthritic articular chondrocytes were isolated and cultured according to a previously
validated and well-established protocol, the efficacy of which has been confirmed in prior studies
(Cucchiarini et al., 2007, 2009; Daniels et al., 2019; Rey-Rico et al., 2017, 2018; Tao et al., 2016b;
Venkatesan et al., 2013) (Figure 4). In this goal, sterile articular cartilage was collected from the
distal parts of femoral condyles (osteochondral slices, 1- to 3-centimeter (cm) in diameter)
obtained from hematologically healthy patients (age 58-66 years, with patient number = 5) who
underwent total knee arthroplasty using a scalpel in order to produce small tissue pieces. These
small cartilage pieces were next dissected into smaller fragments and stored in Dulbecco’s
Modified Eagle Medium (DMEM). In parallel, a digestion solution was prepared comprising DMEM,
0.2% collagenase, and 1% penicillin/streptomycin (Pen/Strep) that was sterilized using a 0.2
micrometer (um) filter. Next, DMEM was removed from the cartilage pieces and replaced with this
prepared digestion solution for an overnight incubation at 37 Celsius (°C) under 5% carbon dioxide
(CO2). The next day, the digested cartilage pieces were pipetted up and down to separate and
detach the intrinsic cells from the tissue. A 100-um cell strainer was placed on top of a 50-milliliter
(-ml) Falcon tube. The cell suspension was pipetted onto the cell strainer. The strainer was then
washed with 10 ml of serum-free DMEM. The flow-through was centrifuged for 5 minutes at 1,500
revolutions per minute (rpm) to pellet the cells. The supernatant was discarded and the cell pellet
was resuspended in cell culture medium (DMEM, 10% FBS, 1% Pen/Strep). The cell suspension
was transferred in a T75 flask and incubated at 37°C under 5% COs-.

6.2.2. Primary human mesenchymal stromal cells (hMSCs) cultures

Human mesenchymal stromal cells were isolated and cultured according to a previously validated
and well-established protocol, the efficacy of which has been confirmed in prior studies
(Cucchiarini et al., 2013; Frisch et al., 2014; Meng et al., 2020; Morscheid et al., 2019a; Rey-Rico
et al., 2015b; Tao et al., 2016a; Venkatesan et al., 2012, 2018a) (Figure 4). In this goal, sterile
bone marrow aspirates (approximately 15 ml, 0.4-1.2 x 10° cells/ml) were collected from the distal
parts of femoral condyles in hematologically healthy patients (age 74-78 years, with patient
number = 7) who underwent total knee arthroplasty. Each bone marrow aspirate was transferred
in a 50-ml centrifugation tube and washed with serum-free DMEM in a total volume of 50 ml. The

tube was centrifuged at 1,500 rpm for 5 minutes at room temperature (RT) and the supernatant
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was carefully removed using a wide-mouth pipette. Subsequently, 5 ml of serum-free DMEM and
5 ml of red blood cell Lysing buffer were added and followed by thorough mixing. The tube was
then filled with serum-free DMEM to a total volume of 30 ml and centrifuged at 1,500 rpm for 5
minutes at RT. The supernatant was discarded and the pellet resuspended in 15-20 ml of cell
culture medium. The cell suspension was then transferred in a T75 cell culture flask and incubated
at 37°C under 5% CO- for 24 hours. The next day, the flask was gently shaken to detach the non-
adherent cells in the supernatant. The cell suspension was then transferred to a new T75 cell
culture flask and incubated at 37°C under 5% CO.. The flask where adherent human
mesenchymal stromal cells already started to expand was further cultivated with 15-20 ml of cell
culture medium at 37°C under 5% CO.. The cell culture medium was then supplemented with
FGF-2 (1 nanogram (ng)/ml), ensuring cell proliferation without impacting the differentiation

potential of human mesenchymal stromal cells (Cucchiarini et al., 2011).

6.2.3. Cell passaging and cell counting

Human osteoarthritic articular chondrocytes and human mesenchymal stromal cells were
passaged at a 1:3 ratio when reaching 75-85% confluency according to the following procedure.
First, the cell culture medium was removed from the T75 cell culture flasks and the cells were
washed with 10-15 ml of PBS. After removal of the PBS, the cell monolayer was evenly covered
with 5 ml of trypsin. Following an incubation for 15 minutes at 37°C under 5% CO., 10 ml of cell
culture medium was added to stop the trypsinization on the already detached cells. Repeated
pipetting and rinsing of the culture surface led to a complete detachment of the cells from the
bottom of the cell culture flasks. Subsequently, the entire cell suspension was transferred to a 50-
ml centrifugation tube, filled up to 20 ml with serum-free DMEM, and centrifuged at 1,500 rpm for
5 minutes at RT. The supernatant was removed and the cell pellet was resuspended in cell culture
medium. Based on subculture ratio, the respective volume of the cell suspension was transferred
to new T75 cell culture flasks that were then incubated at 37°C under 5% CO.. For this study, both
human osteoarthritic articular chondrocytes and human mesenchymal stromal cells were used at
low passages (< 2). Cell counting was performed in the in-cell suspensions using vital staining of
the cells with trypan blue and employing a hemocytometer. For the preparation of the trypan
blue/cell solution, 10 microliters (pl) of trypan blue and 10 pl of cell suspension were transferred
to a 1.5-ml polypropylene (PP) tube. Each of the two independent counting grids of a
hemocytometer was loaded with 10 pl of the trypan blue/cell solution and the cells were counted
using a light microscope (BX45). Taking into account the dilution factor, cell counting was carried

out in duplicate and a mean value was calculated.
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6.3. Production of rAAV vectors

rAAV vectors were derived from genomic clones of the adeno-associated virus serotype 2 (AAV-
2) of the pSSV9 strain (a derivative of the pEMBL8 plasmid) and produced using a helper-
dependent system requiring (i) AAV-based plasmids each containing independent genes of
interest (transgenes), (ii) the adenovirus 8 (Ad8) helper plasmid, and (iii) the adenovirus 5 (Ad5)
helper virus (Cucchiarini et al., 2011; Dente et al., 1983; Samulski et al., 1987, 1989; Venkatesan
et al., 2012) (Figure 6).
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Figure 6. rAAV vector production in HEK-293 cells. The scheme shows the steps of replication and transcription in the cell nucleus
and the steps of translation and final assembly in the cytoplasm. Abbreviations: Ad5: adenovirus 5 helper virus; Ad8: adenovirus 8

helper plasmid; HEK: human embryonic kidney; rAAV: recombinant adeno-associated virus (created with BioRender).

6.3.1. AAV-derived plasmids used in the study

The multiple cloning site (MCS) of the pSSV9 plasmid enabled the cloning of various transgenes
in the form of a complementary DNA (cDNA) (Yue & Dongsheng, 2002). The RFP, FLAG-hsox9,
and hTGF-B cDNA sequences were cloned in AAV-2-derived plasmids by Prof. Dr. rer. nat.
Cucchiarini (ép. Madry) from the Center of Experimental Orthopaedics of the Saarland University
(Cucchiarini et al., 2003, 2007, 2018; Frisch et al., 2014) and the /lacZ cDNA sequence was cloned

in the same AAV-2-derived plasmid by Dr. Du from the Division of Infectious Disease at Harvard
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Medical School (Du et al., 1996). All constructs were generously made available for the current

study.

6.3.2. Plasmid transformation and enrichment

The competent Escherichia coli (E. coli) bacteria were employed to propagate the candidate
plasmids including the AAV-2 genomic plasmids and the Ad8 helper plasmid (Orth et al., 2008).
The transformation of the plasmids carrying the FLAG-hsox9, hTGF-B, lacZ, and RFP cDNA
sequences in E. coli was carried out using the heat shock method according to the following
established standard protocol (Hanahan, 1983).

First, 100 ul of commercially available bacteria suspension and 100 ng of each plasmid
independently (FLAG-hsox9, hTGF-B, lacZ, and RFP) were added to separate reaction vessels.
The process was followed by cooling for 30 minutes on ice, then by a heat shock for 1 minute in
a water bath at 40°C, and again cooling on ice for 2 minutes. Maximum transformation efficiency
was achieved by adding 900 ul of super optimal medium with catabolic repressor medium (SOC-
Medium) for a subsequent incubation for 90 minutes at 30°C on a shaker at 250 rpm. Once the
incubation ended, 10 ul of the bacteria-plasmid suspension was applied to ampicillin-containing
agar plates, incubated for 24 hours at 30°C, and finally stored as a glycerol stock at -20°C. The
enrichment of the bacteria took place in the form of an overnight pre-culture and a subsequent
overnight bacterial culture according to the following established standard protocol (Cucchiarini et
al., 2003, 2007). The process initiated with the introduction of 5 pl of bacteria with 5 ml of bacteria
culture medium (lysogeny broth - LB, 0.1% ampicillin) into a polystyrene (PS) tube. The mixture
was then placed in a shaker at 150 rpm set to operate overnight at 30°C. The following day, 5 ml
of the overnight bacteria supernatant was transferred to an Erlenmeyer flask containing 300 ml of
bacteria culture medium. This resulting solution was then placed on a shaker at 125 rpm set to
incubate overnight at 30°C. The entirety of the procedure was executed with close proximity to the

Bunsen burner.

6.3.3. Plasmid isolation and quantification

For plasmid isolation using the Plasmid DNA Purification kit, E. coli bacteria were centrifuged at
5,000 relative centrifugal force (rcf) for 10 minutes at RT. The resultant pellet from 150 ml of the
bacteria supernatant was resuspended in 6 ml of Cell Resuspension Solution via careful pipetting
to ensure uniformity. The process was followed by the addition of 6 ml of Cell Lysis Solution and

by inverting 3-5 times the tube for thorough mixing, and by a subsequent incubation period of 3
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minutes at RT. Next, 10 ml of Neutralization Solution was added and mixed by inverting the tube
5-10 times. The lysate was then subjected to centrifugation at 15,000 rcf for 15 minutes at RT.
Meanwhile, a column stack was assembled using a blue PureYield Clearing Column atop a white
PureYield Binding Column. The supernatant was carefully transferred into the column stack and
vacuum was applied until all the liquid fully passed through both columns. The vacuum was slowly
released, leaving only the binding column on the manifold after removing the blue clearing column.
The binding column received 5 ml of Endotoxin Removal Wash with vacuum pulling the solution
through the column. Subsequently, 20 ml of Column Wash Solution was applied to the binding
column and the vacuum was reapplied. The membrane was then dried by applying vacuum for
30-60 seconds. The binding column was removed from the vacuum manifold and tapped on a
paper towel to eliminate any excess ethanol. A 1.5-ml PP tube was positioned at the base of the
Eluator Vacuum Elution Device. Upon assembling the Eluator Vacuum Elution Device, the DNA
binding column was inserted and fully seated on the collar. This assembly was then placed on a
vacuum manifold. Finally, 400 pl of Nuclease-Free Water were added to the DNA binding
membrane within the binding column, followed by an incubation period of 1 minute. Maximum
vacuum was then applied for 1 minute and the PP tube was removed prior to the further analyses.

For plasmid quantification including plasmid concentration and purity, a photometric
determination was performed using a 1:100 dilution of the plasmid with polymerase chain reaction
(PCR)-grade water. For this purpose, absorptions at 260 nm (OD?° ") and at 280 nm (OD?° ™)
were measured. The measurements included a blank value (500 pl of PCR-grade water) and
individual samples (5 pl of sample + 495 pl of PCR-grade water). The plasmid concentrations in
pug/ml were determined based on the following assumption: 1-unit optical density (OD) = 50 pg/ml
(for double-stranded plasmid DNA). The absorbance measurements at 260 nm (OD?°"™) were
used to calculate the plasmid concentrations in ug/ml. The purity of the plasmid DNA was
assessed based on the following assumption: OD?°"™/QD?°"™ = 1 8-2.0 (for pure DNA samples).
This ratio is commonly used to evaluate the purity of nucleic acids where a value between 1.8 and
2.0 indicates relatively pure DNA without significant contamination from proteins or other

impurities.

6.3.4. Packaging of rAAV vectors

For the packaging (production) of rAAV vectors, the previously isolated rAAV plasmids (FLAG-
hsox9, hTGF-B, lacZ, and RFP) were introduced in human embryonic kidney (HEK)-293 cells, a
human kidney cell line with adenoviral genes E1a and E1b expression (Madry et al., 2003a),

according to the following established standard protocol (Cucchiarini et al., 2011). Initially, 1.8 x
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10° HEK-293 cells were transferred with 10 ml of DMEM into a Petri dish (100 mm) and
subsequently incubated for 48 hours at 37°C under 5% CO.. For the further procedures on the
third day, the cells were employed if reaching 60-70% confluency. A pre-infection solution
containing the Ad5 helper virus used to generate ITRs during the production of rAAV vector was
prepared and allocated in Petri dishes at 4 ml per dish which were then incubated for 90 minutes
at 37°C under 5% CO; (Madry et al., 2003a). In the meantime, a transfection solution (18 mM
target plasmid, 6 mM Ad8 helper plasmid, 45% Tris-EDTA - TE - buffer, 5% 2.5 M calcium chloride
- CaCly, 50% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid - HEPES-buffered saline - HBS)
was prepared in a PP tube and incubated for 30 minutes at RT. Meanwhile, the transfection
medium (Opti-MEM, 10% FBS, 120 uM chloroquine stock) was prepared. After incubation of the
pre-infection system, the medium was removed and 5 ml of transfection medium were added to
each Petri dish. Next, 1 ml of transfection solution was added dropwise per Petri dish and
incubated for 24 hours at 37°C under 5% CO.. On the fourth day, a post-transfection medium
(DMEM, 15% FBS, 1% 100X glutamine) was prepared and then transferred in the Petri dishes.
The medium from the incubated Petri dishes was removed and 6 ml of post-transfection medium
were added per Petri dish and incubated for 24 hours at 37°C under 5% CO.. On the fifth day, the
medium was removed and 6 ml of 10% sucrose were added to each Petri dish. Subsequently, the
adherent cells were detached from the bottom of the Petri dishes using a cell scraper and
transferred into a 15-ml tube and centrifuged for 15 minutes at 200 rcf at RT. The entire
supernatant of the centrifugation tube was then discarded and remaining residues were pipetted
off. The cell aggregate was then resuspended in 10% sucrose (200 pl/centrifugation tube) and the
cell suspension was transferred into 1.5-ml sterile PP tube and stored at -20°C. On the sixth day,
3 freeze-thaw cycles were performed. The frozen cell suspensions were incubated in a water bath
at 37°C for 5 minutes, mixed in a vortex shaker for 1.5 minutes, and stored at -80°C for 25 minutes
per cycle. The process was followed by an incubation for 5 minutes in a water bath at 37°C, by
mixing in a vortex shaker for 2 minutes and by centrifugation at 500 rcf for 10 minutes at 4°C. The
supernatants were transferred into a new 1.5-ml sterile PP tube, incubated for 45 minutes in water
bath at 52°C, and centrifuged for 10 minutes at 12,000 rcf at 4°C. The supernatants were
transferred into a new 1.5-ml sterile PP tube and 3 pl of RNase-free DNase (1 U/ul) were added
to each supernatant and incubated for 60 minutes at 37°C under 5% CO.. The vectors were used
directly for transduction or alternatively stored at -20°C. This method has been highly reproducible
to generate rAAV vector preparations at titers averaging 10" transgene copies/ml (around 1/500

functional viral particles) (Amini et al., 2023; Cucchiarini et al., 2007).
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6.4. Production and manipulation of rAAV/alginate hydrogel systems

6.4.1. Preparation of alginate hydrogels

First, a hydrogel spatula was sterilized with 70% ethanol. Subsequently, 0.03-gram (g) alginate
(PH155) was introduced in a 50-ml centrifugation tube containing 1 ml of PBS, resulting in a 3%
solution. This mixture was rapidly homogenized, initially through spinning the Falcon tube to
disperse the alginate. Next, a series of vortexing and centrifugation steps were employed to
guarantee the full dissolution of the alginate. Simultaneously, a CaCl, solution was prepared by
adding 0.757 g of CaCl, to 50 ml of deionized water, resulting in a 103 millimolar (mM) solution.
Both the CaCl; solution and PBS were then carefully transferred to a 6-well plate, distributing 8-
10 ml of each solution across two individual wells. The formation of this setup provided the ideal

conditions for the ensuing experimental stages.

6.4.2. Incorporation of rAAV vectors in alginate hydrogels

1.5-ml PP tubes received 270 pl of rAAV vectors followed by incorporation of different volumes of
3% alginate as described in Table 24 to reach final, specific alginate concentrations depending on
the experimental requirements of the further analyses. The prepared rAAV/alginate mixtures were
then loaded in a 1-ml syringe with a 21-G needle and carefully dropped into the CaCl. solution to
permit the incorporation of the rAAV vectors within the alginate hydrogel. Following hydrogel
formation using different gelation times depending on the specific experimental requirements of
the further analyses, a gentle wash was performed by transferring the hydrogel in a PBS solution
for an approximate duration of one second via a sterilized hydrogel spatula. The hydrogels were
then placed in a 24-well plate insert, ensuring that each insert accommodated cell culture medium

with a volume range of 3-500 pl.

Table 24. Preparation of the rAAV/alginate hydrogel systems

rAAV (ul) Alginate (3%, pl) Final alginate concentration
270.0 308.0 1.6%
270.0 100.0 0.8%
270.0 415 0.4%
270.0 19.3 0.2%

Abbreviations: rAAV: recombinant adeno-associated virus; pl: microliter.
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6.4.3. Transduction of the cell targets with the rAAV/alginate hydrogel systems

Human osteoarthritic articular chondrocytes and human mesenchymal stromal cells were
resuspended and seeded on cell culture plates in monolayer cultures at determined cell seeding
amounts depending on the specific experimental requirements of the further analyses using cell
culture medium and kept at 37°C under 5% CO. (Table 25). When the cells reached 70-80%
confluency, a 24-hour serum starvation phase was initiated to synchronize the cell cycle and

further cellular responses.

Table 25. Preparation of the target cells for transduction

Culture scale Seeding conditions Transduction amount (70-80% confluency)
96-well plates 5 x 103 cells/well 1 x 10* cells/well

48-well plates 1 x 10 cells/well 2 x 10* cells/well

24-well plates 2 x 10* cells/well 3 x 10* cells/well (applied primarily)

6-well plates 8 x 10* cells/well 12 x 10*cells/well

Human osteoarthritic articular chondrocytes and human mesenchymal stromal cells were
then treated by direct application of the rAAV/alginate hydrogel systems at precise multiplicities of
infection (MOI = ratio of rAAV functional viral particles to the cell numbers, knowing that rAAV
vector preparations averaged 10" transgene copies/ml, with around 1/500 functional viral
particles) depending on the specific experimental requirements of the further analyses using cell
culture medium at 37°C under 5% CO; (Table 26). The cell culture medium was replaced every
two days over a total period of 21 days prior to processing the cell cultures for the further analyses
(Frisch et al., 2014; Rey-Rico et al., 2016b; Venkatesan et al., 2012).

Table 26. Transduction conditions using the rAAV/alginate hydrogel systems

Research Targets Groups rAAV (ul) MOl
hOACs * no vector/alginate 0 0

* rAAV-lacZ/alginate 120/60 80/40

« free rAAV-lacZ 120/60 80/40
hOACs * no vector/alginate 0 0

* rAAV-RFP/alginate 120/60 80/40

« free rAAV-RFP 120/60 80/40
hOACs * no vector/alginate 0 0

* rAAV-/acZ/alginate 120 80

« free rAAV-lacZ 120 80
hOACs * rAAV-/acZ/alginate 120 80

* rAAV-FLAG-hsox9/alginate 120 80

* rAAV-hTGF-B/alginate 120 80
hMSCs * rAAV-/acZ/alginate 120 80

* rAAV-FLAG-hsox9/alginate 120 80

* rAAV-hTGF-B/alginate 120 80
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Abbreviations: FLAG: FLAG tag; hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-B: human transforming
growth factor beta; lacZ: B-galactosidase; MOI: multiplicity of infection; rAAV: recombinant adeno-associated virus; RFP: red

fluorescent protein; pl: microliter.

6.5. Cell culture processing

6.5.1. Cell culture fixation

The cell cultures were washed with PBS and a 4% formaldehyde solution was then added to the
samples for 1 hour at RT. The solution was then carefully removed and the cells were washed
twice with PBS to remove any residual formaldehyde. The cell cultures were stored at 4°C prior to

performing the further analyses.

6.5.2. Cell culture lysis

The cell cultures were trypsinized and centrifuged at 3,000 rpm for 10 minutes at RT. The
supernatant was carefully removed and a lysis solution (125 microgram (ug) papain/ml in PBE,
i.e., PBS-EDTA at 0.01 M) was added to the cell pellet (1 ml per 10° counted cells). After vortexing
for 3 minutes, the mixture was placed in a water bath under 400 rpm for 2 hours at 60°C to facilitate

lysis. The cell lysates were stored at -20°C prior to performing the further analyses.

6.6. Evaluation of rAAV vector release from the alginate hydrogel systems

The quantitative estimation of the rAAV vector release from the alginate hydrogel systems was
carried out using a specific AAV2 Titration ELISA (Cucchiarini et al., 2011) based on an antigen-
antibody reaction as part of a specific immunological reaction (Aydin, 2015). In this assay, a
genetically engineered antibody directed against an AAV capsid antigen was bound to a microtiter
plate. Upon addition of the rAAV-containing test sample culture supernatants, the AAV antigen
contained therein specifically may bind to this anti-AAV capsid antibody and may be revealed by
the application of a specific secondary antibody coupled to an enzyme that may react by the
addition of a chromogenic substrate to form a colored reaction product photometrically measurable
and directly proportional to the amount of bound AAV antigen according to a provided calibration
curve.

The following steps were taken to determine the concentrations of rAAV vector release in

test sample culture supernatants according to the manufacturer’s recommendations. The assay
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buffer, ASSB 1x, was prepared by diluting 20x ASSB (1:20) with distilled water. The kit control was
reconstituted in 500 ul of ASSB 1x and serial dilutions were prepared with ASSB 1x. For the Biotin
1x solution, the Biotin Concentrate was reconstituted in 750 pl of ASSB 1x immediately before use
and subsequently diluted (1:20) with ASSB 1x. Likewise, Strep-HRP 1x was prepared by diluting
Strep-HRP20x (1:20) with ASSB 1x immediately before use. For the kit control series, dilutions
were carried out ranging from undiluted to a dilution (1:64) with the following concentrations:
2.2E+09 (undiluted), 1.1E+09, 5.5E+08, 2.8E+08, 1.4E+08, 6.9E+07, 3.4E+07, and O (labeled as
KC1 to KC7, and KCO0). The reconstitution was performed with 250 ul of each concentration plus
250 ul of 1x ASSB (Assay Buffer Solution). The assay was then performed as follows: KC, KCO,
and supernatant dilutions were added to wells at 100 ul per well and incubated for 1 hour at 37°C.
The wells were washed three times with 200 pl of ASSB 1x followed by the addition of 100 pl of
Biotin 1x per well and incubation for 1 hour at 37°C. Three other washes were then performed
with 200 pl of ASSB 1x followed by the addition of 100 ul of Strep-HRP 1x per well and by an
incubation for 1 hour at 37°C. After three washes with 200 ul of ASSB 1x, 100 pl of TMB was
added per well and incubated for 15 minutes at RT. The reaction was stopped by adding 100 pl of
STOP solution at RT per well. The plate was read at the wavelengths of 450 nm and 650 nm within
30 minutes. Values in the test sample culture supernatants were calculated with regard to the

calibration curve.

6.7. Detection of transgene expression

6.7.1. X-Gal staining

The principle of the assay is to determine whether cells transduced with the rAAV-lacZ vector
overexpress the carried E. coli B-galactosidase (B-gal) reporter gene (Cucchiarini et al., 2003;
Madry et al., 2003a). A colored reaction is produced in cells expressing B-gal when adding X-Gal
(5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside), a substrate of this enzyme that becomes
hydrolyzed to 5-bromo-4-chloro-3-indoxyl oxidized as a insoluble indigo compound.

The cell cultures were fixed and washed twice in PBS as described in § 6.5.1. The 3-gal
Staining kit was brought to RT and the reagents were thawed in a water bath for 15 minutes at
37°C. The B-gal staining working solution was prepared mixing the X-Gal solution (5%, v/v) with
the Iron buffer (95%, v/v) of the kit by vortexing during 1 minute and by inversion during eight
minutes to ensure proper mixing. The solution was then filtered (0.2 ym) to remove undesirable
crystals and added to cover the fixed cell cultures for a 6-hour incubation. Samples were examined

under a light microscope (BX45) and documented by microphotography (digital camera DP22).
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6.7.2. Live fluorescence

The principle of the assay is to determine whether cells transduced with the rAAV-RFP vector
overexpress the carried red fluorescent protein (RFP) reporter gene (Cucchiarini et al., 2003;
Madry et al., 2003a).

The cell cultures were directly examined under a live fluorescent microscope (CK41) with

using a 568 nm filter and documented by microphotography (digital camera DP22).

6.7.3. TGF-B ELISA

The principle of the assay is to determine whether cells transduced with the rAAV-hTGF-3 vector
overexpress the carried human TGF-$8 candidate gene (Frisch et al., 2014, 2016a, 2016b, 2017;
Morscheid et al., 2019a; Venkatesan et al., 2013).

The following steps were taken using the ELISA Human TGF-B1 Immunoassay kit
according to the manufacturer’s recommendations. The Calibrate Diluent RD5-53 was prepared
by adding 20 ml of the Calibrate Diluent RD5-53 Concentrate to 60 ml of distilled water for a total
volume of 80 ml. Then, the standards were prepared in PP tubes at concentrations ranging from
2,000 picogram (pg)/ml to 31.3 pg/ml through serial dilutions using the Calibrate Diluent RD5-53.
The cell supernatants were then activated by centrifuging at high speed for 1 minute at RT,
transferring 100 pl of supernatant to a new 1.5-ml PP tube, mixing with 20 pl of 1 N hydrochloric
acid (HCI), incubating for 10 minutes at RT, and neutralizing with 20 ul of 1.2 N sodium hydroxide
(NaOH)/0.5 molar (M) 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). A washing
buffer was prepared by combining 20 ml of Wash Buffer Concentrate with 480 ml of distilled water
for a total of 500 ml and the substrate solution was prepared by mixing equal volumes of Color
Reagents A and B, protecting them from light. Standards, control (C), and activated samples were
then added to the wells of the kit (50 ul each) and the plate was incubated for 2 hours at RT after
adding 50 pl of Diluent RD1-21 per well. Following this incubation, the plate was washed three
times with 400 ul of washing buffer and 100 pl of TGF-B1 Conjugate was added to each well,
followed by an incubation of 2 hours at RT. The plate was washed again as described above and
100 pl of substrate solution were added to each well. The plate was incubated for 30 minutes at
RT, protected from light. Finally, 100 pl of Stop Solution were added to each well and the plate
was gently tapped to mix. The absorbances were measured in a microplate reader (GENios A-
5082) using a wavelength at 450 nm. The TGF-B concentrations in the samples were calculated

relative to the calibration curve (TGF-f standards).
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6.7.4. SOX9 and TGF- immunodetection

The principle of the assay is to determine whether cells transduced with either the rAAV-FLAG-
hsox9 or the rAAV-hTGF- vectors overexpress the carried sox9 or TGF- candidate genes based
on an antigen-antibody interaction within the framework of a defined immunological response
employing the biotin-avidin method (Bratthauer, 2010; Brentjens et al., 2013; Rey-Rico et al.,
2016b; Venkatesan et al., 2012).

The cell cultures were fixed and washed twice in PBS as described in § 6.5.1. followed by
a step of cell permeabilization using 0.1% triton X-100 solution (4 pl in 4 ml of PBS) for a 10-
minute incubation period. The cell cultures were washed once with PBS and then treated for 20
minutes with 0.3% hydrogen peroxide solution (40 ul of 30% hydrogen peroxide (H202) in 4 ml of
distilled water) to quench endogenous peroxidase activity. The cell cultures were then blocked for
30 minutes with 0.5% bovine serum albumin (BSA; 20 pl in 4 ml of PBS) to minimize nonspecific
binding followed by an overnight incubation at 4°C with each respective (SOX9 or TGF-B) primary
antibody prepared in 0.5% BSA (anti-SOX9 antibody: 1:60; anti-TGF-$ antibody: 1:50). One day
later, the cell cultures were gently washed with PBS and each respective secondary biotinylated
antibody prepared in PBS (1:200) was applied for 1 hour at RT. During this incubation, the
horseradish peroxidase (HRP)-linked avidin-biotin complex (ABC) that reacts with the biotinylated
secondary antibodies was prepared, followed by a 30-minute stabilization at RT. The cell cultures
were then treated with ABC-HRP for 30 minutes at RT. During this incubation, the 3,3'-
diaminobenzidine (DAB) chromogen, a substrate of HRP that produces a brown precipitate
insoluble in alcohol, was prepared 5 minutes before further addition to the reaction. The cell
cultures were then treated with DAB for no more than seven minutes until a brown coloration was
achieved, followed by a final wash with PBS. The samples were examined under a light

microscope (BX45) and documented by microphotography (digital camera DP22).

6.8. Biochemical analyses

6.8.1. Hoechst 33258 assay

The principle of the assay is to quantitatively estimate the DNA contents in the cell cultures based
on the detection of the dibenzimidazole fluorescent dye Hoechst 33258 that intercalates in DNA
molecules (Cucchiarini et al., 2011; Venkatesan et al., 2012).

A Hoechst working solution was prepared from a stock solution (1 milligram (mg)/ml)
diluted 1:500 in Tris-EDTA-NaCl (TEN) buffer to give a final concentration of 2 pug/ml. A DNA
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standard solution was prepared from a stock solution (1 mg/ml) diluted 1:100 in PBE to give a final
concentration of 10 ug/ml. The DNA standards were prepared in a series of dilutions using TEN
buffer, yielding final DNA concentrations of 0, 25, 50, 75, 100, and 200 ng in 100 ul total volume.
For the assay, 20 pl of cell lysates were prepared as described in § 6.5.2. or of the standards were
combined with 80 pl of TEN buffer and added to the wells of a flat black 96-well plate (GRE96fb).
Next, 100 ul of the Hoechst working solution was added to each well and mixed by pipetting up
and down. This step involved a time-dependent reaction. The fluorescent signals were then
measured from the top in a microplate reader (GENios A-5082) using excitation and emission
wavelengths at 360 nm (365 nm optimal) and 465 nm (458 nm optimal), respectively. The DNA

contents in the samples were calculated relative to the calibration curve (DNA standards).

6.8.2. Dimethylmethylene blue (DMMB) assay

The principle of the assay is to quantitatively estimate the extracellular PG contents in the cell
cultures by binding to the DMMB dye (Cucchiarini et al., 2011; Rey-Rico et al., 2016b; Venkatesan
et al., 2012).

A DMMB working solution was prepared using 16 mg DMMB prepared in 0.3% (v/v) 90%
formic acid, 0.5% (v/v) 95% ethanol, and 2.56% (v/v) 1 M NaOH. Three working solutions were
then sequentially prepared, including solution A (10 mM D-cysteine HCI monohydrate in PBE),
solution B (53 M chondroitin sulfate in solution A), and solution C (99.8% v/v solution A with 0.2%
v/v solution B). To establish PG (chondroitin sulfate) standards, various volumes of solutions C
and A were combined to generate six discrete concentrations (100% to 0%), each with a total
volume of 40 ul (100% by 40 pl of solution C and 0 pl of solution A; 80% by 32 pl of solution C and
8 ul of solution A; 60% by 24 pl of solution C and 16 pl of solution A; 40% by 16 pl of solution C
and 24 pl of solution A; 20% by 8 pl of solution C and 32 pl of solution A; and 0% by 0 ul of solution
C and 40 pl of solution A). For the assay, 40 ul of cell lysates were prepared as described in §
6.5.2. or of the standards were added to the wells of a white 96-well plate (GRE96ft) and combined
with 250 pl of the DMMB working solution by pipetting up and down. The absorbances were then
measured in a microplate reader (GENios A-5082) using a wavelength at 595 nm. The PG

contents in the samples were calculated relative to the calibration curve (PG standards).

6.8.3. WST-1 assay

The principle of the assay is to quantitatively estimate the indices of cell proliferation in the cell

cultures based on the use of a water-soluble tetrazolium salt (WST), a water-soluble dye that gives
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a particular absorption spectrum of the formed formazan (Amini et al., 2023; Cai et al., 2023;
Venkatesan et al., 2020b).

The medium of the cell cultures was first replaced with 100 pl of fresh DMEM per well that
was then combined with 10 pl of Cell Proliferation Reagent WST-1 and the plate was then
incubated for 30 minutes to 4 hours at 37°C. Prior to the time-dependent (optimization)
measurements, the plate was shaken for 1 minute at RT. The absorbances were then measured
in a microplate reader (GENios A-5082) using a wavelength range of 420 nm-480 nm. The indices

of cell proliferation in the samples were directly used as optical density (OD) values.

6.8.4. Alcian blue assay

The principle of the analysis is to quantitatively estimate extracellular acidic polysaccharides in
the cell cultures based on a staining with alcian blue, a polyvalent basic dye (Meng et al., 2020;
Rey-Rico et al., 2018; Urich et al., 2020).

An alcian blue working solution was prepared using 57.318 g alcian blue prepared in 100
ml of distilled water (or 11.4 g in 20 ml for smaller volumes). A 6 M guanidine-HCI solution was
also prepared in parallel. The cell cultures were fixed and washed twice in PBS as described in §
6.5.1. and 500 pl of alcian blue working solution were then added to the cell cultures for 15 minutes
at 37°C. The samples were examined under a light microscope (BX45) and documented by
microphotography (digital camera DP22). The cell cultures were next treated with 500 pl of 6 M
guanidine-HCI solution for 30 minutes at 37°C. The absorbances were then measured in a
microplate reader (GENios A-5082) using a wavelength at 595 nm. The polysaccharides contents

in the samples were calculated relative to 6 M guanidine-HCI (blank).

6.8.5. Bicinchoninic acid (BCA) assay

The principle of the assay is to quantitatively estimate the total protein contents in the cell cultures
based on the reduction of Cu®* to Cu* through complex formation with proteins in an alkaline
environment, the concentration of total proteins being directly proportional to the amounts of
reduced copper (Huang et al., 2010). This assay allows to quantitatively standardize all other
biochemical parameters described above.

A working solution was prepared by mixing 50 parts of BCA Reagent A with 1 part of BCA
Reagent B. A series of bovine serum albumin (BSA) standards was prepared using a stock solution
at 2 mg/ml as follows: Solution A at 2,000 ug/ml was prepared by adding 75 ul of BSA stock
solution; Solution B at 1,500 pg/ml was made with 31.3 pl of distilled water and 93.8 pl of BSA
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stock solution; Solution C was made at 1,000 ug/ml using equal parts of water and of BSA stock
solution; subsequent solutions D through H were serially diluted to concentrations of 750, 500,
250, 125, and 25 ug/ml, respectively. Solution | containing only distilled water was used as blank
(O pg/ml). For the assay, 25 pl of cell lysates were prepared as described in § 6.5.2. or of the
standards were added to the wells of a white 96-well plate (GRE96ft) and combined with 200 pl
of the working solution by pipetting up and down and the plate was then shaken for 30 seconds
and incubated for 30 minutes at 37°C. After incubation, the plate was allowed to equilibrate for 5
minutes at RT. The absorbances were then measured in a microplate reader (GENios A-5082)
using a wavelength at 562 nm. The total protein contents in the samples were calculated relative

to the calibration curve (total protein standards).

6.9. Histological analyses

6.9.1. Hematoxylin-eosin (H&E) staining

The principle of the analysis is to evaluate the cell densities in the cell cultures based on a staining
with hematoxylin, an oxidation-derived natural dye that forms positively-charged complexes with
aluminum ions, thus staining basophilic structures in blue under acidic conditions (Chan, 2014)
and with eosin, a synthetic dye that counterstains azophilic structures in red (Chan, 2014).

A hematoxylin solution was prepared by mixing an equimolar combination of hematoxylin
A and hematoxylin B solutions nach Weigert. A 0.5% eosin solution was prepared by direct dilution
in distilled water. The cell cultures were fixed and washed twice in PBS as described in § 6.5.1.
and 500 ul of hematoxylin solution was added to the cell cultures for 10 minutes at RT, followed
by a washing with distilled water. A 1% HCI solution was next briefly added and removed, followed
by the application of warm water for 4 minutes at RT. The cell cultures were again treated by
addition of 500 pl of hematoxylin solution for 6 minutes at RT and then rinsed with distilled water.
The cell cultures were finally treated by addition of 500 pl of eosin solution for 5 minutes at RT and
then rinsed with distilled water. The samples were examined under a light microscope (BX45) and

documented by microphotography (digital camera DP22).

6.9.2. Toluidine blue staining

The principle of the analysis is to evaluate the deposition of glycosaminoglycans in the cell cultures
based on a staining with toluidine blue, a basic thiazine dye that binds specifically to negatively

charged glycosaminoglycans, allowing for their detection through a blue coloration (Bergholt et
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al., 2019; Cucchiarini et al., 2011; Venkatesan et al., 2012).

A 1% toluidine blue solution was prepared in distilled water. The cell cultures were fixed
and washed twice in PBS as described in § 6.5.1. and 500 pl of toluidine blue solution were added
to the cell cultures for 15 minutes at RT, followed by a washing with distilled water. The samples
were examined under a light microscope (BX45) and documented by microphotography (digital
camera DP22).

6.9.3. Safranin O staining

The principle of the analysis is to evaluate the deposition of proteoglycans in the cell cultures
based on a staining with safranin O, an azo dye with an affinity for negatively charged
proteoglycans, allowing for their detection through a red coloration (Brittberg, 2010).

A hematoxylin solution was prepared as described in § 6.9.1. A safranin O solution was
prepared by direct dilution in distilled water. A fast green (0.02%) solution was prepared for
counterstaining by dissolving 0.2 g of fast green in 1 | of distilled water. A acetic acid (glacial) (1%)
solution was prepared by mixing 1 ml of acid acetic glacial with 100 ml of distilled water. The cell
cultures were fixed and washed twice in PBS as described in § 6.5.1. and 500 pl of hematoxylin
solution was added to the cell cultures for 10 minutes at RT, followed by a washing with distilled
water. The cell cultures were then treated by addition of 500 pl of fast green solution for 5 minutes
at RT, followed by a brief treatment with 500 pl of acetic acid (glacial) solution and by addition of
500 pl of safranin O solution for 5 minutes at RT. The samples were examined under a light

microscope (BX45) and documented by microphotography (digital camera DP22).

6.9.4. Alizarin red staining

The principle of the analysis is to evaluate the deposition of calcium phosphate in the cell cultures
based on a staining with alizarin red, a calcium-binding dye with an affinity for calcium deposits,
allowing for their detection through a bright red coloration (Cucchiarini et al., 2011; Venkatesan et
al., 2012).

An alizarin red solution was commercially prepared and an alizarin red differentiation
solution was prepared by mixture of 37% HCI and 95% ethanol. The cell cultures were fixed and
washed twice in PBS as described in § 6.5.1. and 500 pl of alizarin red solution was added to the
cell cultures for 4 minutes at RT, followed by a washing with distilled water. The cell cultures were
then treated by addition of 500 pl of alizarin red differentiation solution for 30 seconds at RT,

followed by a washing with distilled water. The samples were examined under a light microscope
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(BX45) and documented by microphotography (digital camera DP22).

6.10. Immunocytochemical analysis

The principle of the analysis is to evaluate the deposition of collagens (type-I, -Il, and -X collagen)
in the cell cultures based on an antigen-antibody interaction within the framework of a defined
immunological response employing the biotin-avidin method mostly as described in § 6.7.4.
(Bratthauer, 2010; Brentjens et al., 2013; Rey-Rico et al., 2016b; Venkatesan et al., 2012).

The cell cultures were fixed and washed twice in PBS as described in § 6.5.1. followed by
a step of cell permeabilization using 0.1% triton X-100 solution (4 pl in 4 ml of PBS) for a 10-
minute incubation period. The cell cultures were washed once with PBS and then treated for 20
minutes with 0.3% hydrogen peroxide solution (40 ul of 30% hydrogen peroxide (H202) in 4 ml of
distilled water) to quench endogenous peroxidase activity. The cell cultures were then blocked for
30 minutes with 0.5% bovine serum albumin (BSA; 20 pl in 4 ml of PBS) to minimize nonspecific
binding followed by an overnight incubation at 4°C with each respective (type-l, -ll, or -X collagen)
primary antibody prepared in 0.5% BSA (anti-type-I collagen antibody: 1:200; anti-type-Il collagen
antibody: undiluted; anti-type-X collagen antibody: 1:200). One day later, the cell cultures were
gently washed with PBS and each respective secondary biotinylated antibody prepared in PBS
(1:200) was applied for 1 hour at RT. During this incubation, the horseradish peroxidase (HRP)-
linked avidin-biotin complex (ABC) that reacts with the biotinylated secondary antibodies was
prepared, followed by a 30-minute stabilization at RT. The cell cultures were then treated with
ABC-HRP for 30 minutes at RT. During this incubation, the 3,3'-diaminobenzidine (DAB)
chromogen, a substrate of HRP that produces a brown precipitate insoluble in alcohol, was
prepared 5 minutes before further addition to the reaction. The cell cultures were then treated with
DAB for no more than seven minutes until a brown coloration was achieved, followed by a final
wash with PBS. The samples were examined under a light microscope (BX45) and documented

by microphotography (digital camera DP22).

6.11. Histomorphometrically analysis

The principle of the analysis is to quantitatively estimate the results of the biochemical, histological,
and immunocytochemical analyses performed in the cell cultures in § 6.8.4., § 6.9., and § 6.10.
(Venkatesan et al., 2012).

The cell densities on H&E-stained cell cultures were measured as the ratio of the cell

numbers per area of the site evaluated at four randomized sites using CellSens, ImageJ, and
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Affinity Photo (Venkatesan et al., 2012). The average optical density (AOD) on alcian blue-,
toluidine blue-, safranin O-, and alizarin red-stained and on SOX9/TGF-f/anti-type-I/-11/-X collagen
immunocytochemically-stained cell cultures was measured as the ratio of the staining intensity to
the whole area of the site evaluated at four randomized sites using CellSens, Imaged, and Affinity
Photo (Venkatesan et al., 2012). The intensities of alcian blue, safranin O, and alizarin red staining
and those of SOX9/TGF-B/anti-type-I/-1l/-X collagen immunocytochemical staining were scored
for uniformity and density using a modified Bern score grading system (0 = no staining; 1 =
heterogeneous/weak staining; 2 = homogeneous/moderate staining; 3 = homogeneous/intense
staining; 4 = very intense staining) (Venkatesan et al., 2012). Scoring was blindly performed by

two individuals (including the candidate here) regarding the conditions (Venkatesan et al., 2012).

6.12. Real-time reverse transcription polymerase chain reaction (RT-PCR)

The principle of the analysis is to quantitatively estimate the expression profiles of specific genes
(sox9, TGF-B, aggrecan - ACAN, type-l collagen - COL1A1, type-ll collagen - COL2A1, type-X
collagen - COL10A1) in the cell cultures relative to the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) used as a housekeeping, internal control gene (Venkatesan et al., 2012,
2022).

For total cellular ribonucleic acid (RNA) isolation, the cell cultures (~ 107 cells) were
collected and the cell culture medium was first entirely removed, followed by addition of 350 pl of
RLT Lysis Buffer from the RNeasy Protect Mini kit was added by pipetting up and down for 2
minutes at RT. The cell lysates (around 350 pl) were then subjected to centrifugation at 13,000
rpm for 3 minutes at RT. Next, 1.5-ml Collection Tubes were first labeled and Mini Spin Columns
were set up in 2-ml Collection Tubes. The supernatants were then cautiously removed by pipetting
them in the 1.5-ml Collection Tubes. An equal volume of 70% ethanol (350 ul) was then introduced
and mixed by pipetting. The samples were then transferred to Mini Spin Columns, centrifuged at
13,000 rpm for 30 seconds at RT, with the flow-through being subsequently discarded. The Mini
Spin Columns were then treated with 350 yl of RW1 Wash Buffer followed by centrifugation at
13,000 rpm for 30 seconds at RT, with the flow-through being subsequently discarded. This step
was repeated using 250 ul of RPE Wash Buffer. Finally, the Mini Spin Columns were placed in
new 2-ml Collection Tubes and centrifuged to dry the membrane. The Mini Spin Columns were
then placed in 1.5-ml PP tubes, treated with 40 ul of RNase-Free Water and centrifuged at 13,000
rpm for 30 seconds at RT for RNA elution.

For reverse transcription, 8.2 ul of the obtained RNA eluate were processed for cDNA
synthesis using the 1% Strand cDNA Synthesis kit for RT-PCR (AMV) by mixing with 2 pl of 10x
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Reaction Buffer, 4 pl of magnesium chloride (MgCl,), 2 ul of Deoxynucleotide Mix, a pair of primers
specific of the gene of interest (150 nM each primer), 1 ul of RNase inhibitor, and 0.8 pl of Reverse
Transcriptase. and the final mixture volume of 20 pl was used for the PCR Thermal Cycler.

For RT-PCR, 2 pl of the obtained cDNA product were amplified by mixing with 25 pl of
Brilliant 11l Ultra-Fast SYBR Green QPCR Master Mix, 150 nM primers, and PCR-grade water to
reach a final volume of 50 ul. The procedure was performed using a Mx3000P® QPCR operator
system as follows: [10 minutes at 95°C], amplification by 40 cycles [denaturation for 30 seconds
at 95°C, annealing for 1 minute at 55°C, extension for 30 seconds at 72°C], denaturation [1 minute
at 95°C], and final incubation [30 seconds at 55°C]. The threshold cycle (Ct) value for each gene
of interest was measured for each amplified sample using the MxPro QPCR software and values
were normalized to GAPDH expression using the 22°°' method. This method is a robust
quantitative approach in real-time PCR experiments for the analysis of gene expression levels. By
normalizing the Ct values against a reference gene to calculate a ACt, and comparing it to a control

ACt

sample to derive a AACt, the 2***' method enables the translation of AACt values into a fold

change in gene expression.

6.13. Statistical analysis

Data were given as mean and standard deviation (SD) or median and interquartile range for each
separate experiment. All conditions were performed in triplicate in three independent experiments
per patient, using all patients in all experiments. The Shapiro-Wilk normality test and the F test or
the Brown-Forsythe test were employed to check for normal distribution and equal variance. The
Wilcoxon test, the Mann-Whitney test, and the Kruskal-Wallis test were employed for
nonparametric analysis and the Dunn'’s test for multiple comparisons. The one sample t-test, the
unpaired t-test, Ordinary one-way ANOVA, and the Welch test were employed for parametric
analysis and the Dunnett's/Dunnett's T3 tests for multiple comparisons. P values/adjusted P
values were reported with P < 0.05 considered statistically significant. Scatter plot diagrams
consistently displayed individual data points (dots). Depending on the data distribution, either the
mean value (middle line) and 95% confidence interval (dotted line) or the median (middle line) and
95% confidence interval (dotted line) were presented. Box plot diagrams always showed the
interquartile range (upper and lower borders of the boxes), the minimum and maximum (whiskers),
the mean value (+), the median (middle line), and the individual data points (dots). All

measurements were performed with Prism.
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7. RESULTS

7.1. Ability of alginate-based hydrogels to deliver rAAV vectors in human
osteoarthritic articular chondrocytes

This evaluation aimed at testing the first hypothesis:

"Alginate-based hydrogels are capable of efficiently and durably incorporating and
delivering rAAV vectors as a means to genetically modify human osteoarthritic articular

chondrocytes".

7.1.1. Optimization of rAAV delivery in human osteoarthritic articular chondrocytes via

alginate hydrogels

Human osteoarthritic articular chondrocytes were first employed to systematically test various
experimental conditions of rAAV-lacZ and rAAV-RFP delivery over time (21 days) via alginate
hydrogels in order to optimize the parameters of preparation of the system, including the
concentration and gelation properties of the alginate, the doses of rAAV vector, and the features
of the targets cells themselves (Figure 7A). Expression of lacZ was monitored by X-Gal staining
(Figure 7B) and that of RFP by detection of live fluorescence (Figure 7D), with a
histomorphometrically analysis of the corresponding average optical densities (AOD) over an
extended period of 21 days (Figures 7C, 7E).

First, the rAAV vector dose-dependent effect was noted, with a detectable augmentation
of the expression of lacZ (Figures 7B, 7C) and of RFP (Figures 7D, 7E) when increasing the MOI
from 40 to 80 of either vector type relative to the no vector or free vector conditions. Second,
decreasing the alginate concentration allowed to enhance the expression levels of lacZ (Figures
7B, 7C) and of RFP (Figures 7D, 7E). Third, a time of 1 minute appeared as the optimal gelation
time to prepare the alginate hydrogel (Figures 7B-7E). Based on these findings, the conditions of
rAAV-associated MOI of 80, an alginate concentration of 0.2%, and a gelation time of 1 minute for

the alginate hydrogel were selected as optimal conditions to prepare the systems.
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Figure 7. Optimization of rAAV delivery in human osteoarthritic articular chondrocytes via alginate hydrogels. (A) Experimental design
of the application of the rAAV (lacZ or RFP)/alginate hydrogel systems to hOACs over time. (B) X-Gal staining when delivering rAAV-
lacZ relative to the no vector or free vector conditions after 21 days, using various MOls, alginate concentrations, and gelation times
(magnification x 20; scale bars: 200 ym; all representative data) with (C) an estimation of the corresponding AOD. (D) Detection of live
fluorescence when delivering rAAV-RFP relative to the no vector or free vector conditions after 21 days, using various MOls, alginate
concentrations, and gelation times (magnification x 20; scale bars: 200 um; all representative data) with (E) an estimation of the
corresponding AOD. Abbreviations: AOD: average optical density; DMEM: Dulbecco’s Modified Eagle Medium; hOACs: human
osteoarthritic articular chondrocytes; K: kilo; lacZ: B-galactosidase; min: minute; MOI: multiplicity of infection; MP: megapixel; rAAV:
recombinant adeno-associated virus; RFP: red fluorescent protein; w/v: weight/volume; X-Gal: 5-bromo-4-chloro-3-indolyl-3-D-

galactopyranoside; um: micrometer (created with BioRender, Affinity Photo, and Prism).

7.1.2. Kinetics of rAAV vector release from alginate hydrogels

Human osteoarthritic articular chondrocytes were then employed to monitor the kinetics of rAAV
vector release from the alginate hydrogels over time (21 days) using the optimal conditions
evidenced and reported in § 7.1.1. to prepare the system (Figure 8A). Here, the rAAV-/acZ vector
was applied using thus an MOI of 80 in 0.2% alginate with a gelation time of 1 min. Similar
conditions were used in the absence of human osteoarthritic articular chondrocytes as a control
experiment (Figure 8D). Expression of lacZ was monitored by X-Gal staining (Figure 8B) with an
histomorphometrically analysis of the corresponding AOD (Figure 8C) and the kinetics of rAAV
vector release from the alginate hydrogels was determined by ELISA (Figures 8E, 8F) over an
extended period of 21 days.

First, the effective, controlled release of rAAV-lacZ was indirectly evidenced by a
detectable augmentation of the expression of lacZ in human osteoarthritic articular chondrocytes
over time relative to the no vector or free vector conditions (Figures 8B, 8C). Second, the effective,
controlled release of rAAV-lacZ was directly evidenced by a detectable augmentation of the
amounts of vectors released from the systems in the absence of human osteoarthritic articular

chondrocytes over time (Figures 8E, 8F).
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7.2. Ability of alginate-based hydrogels to deliver therapeutic rAAV vectors in
human osteoarthritic articular chondrocytes and in human mesenchymal stromal

cells

This evaluation aimed at testing the second hypothesis:

"Alginate-based hydrogels are capable of efficiently and durably incorporating and
delivering therapeutic (sox9, TGF-B) rAAV vectors to both reparative human osteoarthritic
articular chondrocytes and human mesenchymal stromal cells in order to stimulate their

reparative activities for the purpose of improved articular cartilage regeneration".

7.2.1. Transgene expression

7.2.1.1. Transgene expression in human osteoarthritic articular chondrocytes

Human osteoarthritic articular chondrocytes were first employed to examine the ability of the
optimally prepared rAAV/alginate hydrogel systems (§ 7.1.1.) to deliver the various therapeutic
(sox9, TGF-B) candidate genes in order to test their lack of endogenous B-gal-like activities
(Figures 9A-9C) and their potential to overexpress their respective gene products (SOX9, TGF-
B) over time (21 days) (Figures 9D-9N). Expression of lacZ was monitored by X-Gal staining
(Figure 9A) with a histomorphometrically analysis of the corresponding AOD (Figure 9B) and
scores using a modified Bern grading system (Figure 9C) over an extended period of 21 days.
Expression of sox9 and TGF-3 was monitored by immunocytochemical detection (Figures 9D and
9H, respectively) with a histomorphometrically analysis of the corresponding AOD (Figures 9E
and 9I, respectively) and scores using a modified Bern grading system (Figures 9F and 9J,
respectively), with a real-time RT-PCR analysis (Figures 9G and 9K, respectively), and an ELISA
(Figures 9L-9N) over an extended period of 21 days.

First, the lack of endogenous [-gal-like activities mediated by the rAAV-FLAG-
hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems in human osteoarthritic articular
chondrocytes over time was confirmed by the absence of X-Gal staining using these systems in
contrast to the rAAV-/acZ/alginate hydrogel system (2- and 2.3-fold difference in the AOD versus
the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems, respectively, P <
0.0001; always 4-fold difference in the scores versus the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems, respectively, P < 0.0001) (Figures 9A-9C). Second, the
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effective expression of sox9 mediated by the rAAV-FLAG-hsox9/alginate hydrogel system in
human osteoarthritic articular chondrocytes over time was confirmed by the significant levels of
SOX9 immunodetection using this system in contrast to the rAAV-lacZ/alginate and rAAV-hTGF-
B/alginate hydrogel systems (1.2- and 1.1-fold difference in the AOD versus the rAAV-/acZ/alginate
and rAAV-hTGF-B/alginate hydrogel systems, respectively, P < 0.004; 4- and 2.7-fold difference in
the scores versus the rAAV-lacZ/alginate and rAAV-hTGF-B/alginate hydrogel systems,
respectively, P < 0.0002) (Figures 9D-9F). This observation was confirmed by the results of a
real-time RT-PCR analysis (1.3- and 1.5-fold difference, respectively, P < 0.0002) (Figure 9G).
Third, the effective expression of TGF-f3 mediated by the rAAV-hTGF-B/alginate hydrogel system
in human osteoarthritic articular chondrocytes over time was confirmed by the significant levels of
TGF-B immunodetection using this system in contrast to the rAAV-lacZ/alginate and rAAV-FLAG-
hsox9/alginate hydrogel systems (always 1.4-fold difference in the AOD versus the rAAV-
lacZ/alginate and rAAV-FLAG-hsox9/alginate hydrogel systems, respectively, P < 0.0001; always
4-fold difference in the scores versus the rAAV-lacZ/alginate and rAAV-FLAG-hsox9/alginate
hydrogel systems, respectively, P < 0.0022) (Figures 9H-9J). This observation was confirmed by
the results of a real-time RT-PCR analysis (2.6- and 2.3-fold difference, respectively, P < 0.031)
(Figure 9K) and by those of an ELISA (2-fold difference versus the rAAV-lacZ/alginate hydrogel
system on day 21, P = 0.0032) (Figures 9L-9N).
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Figure 9. Targeted transgene overexpression from the rAAV/alginate hydrogel systems in human osteoarthritic articular chondrocytes.
(A) X-Gal staining (magnification x 20; scale bars: 200 um; all representative data) with (B) an estimation of the corresponding AOD
(P values indicated) and (C) an estimation of the corresponding scores using a modified Bern grading system (P values indicated)
after 21 days. (D) SOX9 immunodetection (magnification x 20; scale bars: 200 um; all representative data) with (E) an estimation of
the corresponding AOD (P values indicated), (F) an estimation of the corresponding scores using a modified Bern grading system (P
values indicated), and (G) a real-time RT-PCR analysis (P values indicated) after 21 days. (H) TGF-f3 immunodetection (magnification
x 20; scale bars: 200 pm; all representative data) with (I) an estimation of the corresponding AOD (P values indicated), (J) an estimation
of the corresponding scores using a modified Bern grading system (P values indicated), and (K) a real-time RT-PCR analysis (P values
indicated) after 21 days, and (L-N) an estimation of the levels of TGF-f production by ELISA on day 7 (L), day 14 (M), and day 21 (N).
Abbreviations: AOD: average optical density; hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-f: human
transforming growth factor beta; lacZ: 3-galactosidase; rAAV: recombinant adeno-associated virus; sox9/SOX9: sex-determining region
Y-type high mobility group box 9 (gene/protein); TGF-B: transforming growth factor beta; X-Gal: 5-bromo-4-chloro-3-indolyl-3-D-

galactopyranoside; um: micrometer (created with Affinity Photo and Prism).

7.2.1.2. Transgene expression in human mesenchymal stromal cells

Human mesenchymal stromal cells were first employed to examine the ability of the optimally
prepared rAAV/alginate hydrogel systems (§ 7.1.1.) to deliver the various therapeutic (sox9, TGF-
B) candidate genes in order to test their lack of endogenous (3-gal-like activities (Figures 10A-
10C) and their potential to overexpress their respective gene products (SOX9, TGF-) over time
(21 days) (Figures 10D-10N). Expression of lacZ was monitored by X-Gal staining (Figure 10A)
with a histomorphometrically analysis of the corresponding AOD (Figure 10B) and scores using
a modified Bern grading system (Figure 10C) over an extended period of 21 days. Expression of
sox9 and TGF- was monitored by immunocytochemical detection (Figures 10D and 10H,
respectively) with a histomorphometrically analysis of the corresponding AOD (Figures 10E and
10I, respectively) and scores using a modified Bern grading system (Figures 10F and 10J), with
a real-time RT-PCR analysis (Figures 10G and 10K, respectively), and an ELISA (Figures 10L-
10N) over an extended period of 21 days.

First, the lack of endogenous f-gal-like activities mediated by the rAAV-FLAG-
hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems in human mesenchymal stromal cells
over time was confirmed by the absence of X-Gal staining using these systems in contrast to the
rAAV-/lacZ/alginate hydrogel system (always 1.2-fold difference in the AOD versus the rAAV-FLAG-
hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems, respectively, P < 0.040; always 8-
fold difference in the scores versus the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate
hydrogel systems, respectively, P < 0.002) (Figures 10A-10C). Second, the effective expression
of sox9 mediated by the rAAV-FLAG-hsox9/alginate hydrogel system in human mesenchymal
stromal cells over time was confirmed by the significant levels of SOX9 immunodetection using

this system in contrast to the rAAV-/acZ/alginate and rAAV-hTGF-B/alginate hydrogel systems
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(always 2.3-fold difference in the AOD versus the rAAV-lacZ/alginate and rAAV-hTGF-B/alginate
hydrogel systems, respectively, P < 0.0001; always 1.5-fold difference in the scores versus the
rAAV-lacZ/alginate and rAAV-hTGF-B/alginate hydrogel systems, respectively, P < 0.0007)
(Figures 10D-10F). This observation was confirmed by the results of a real-time RT-PCR analysis
(1.3- and 1.6-fold difference, respectively, P < 0.0497) (Figure 10G). Third, the effective
expression of TGF-B mediated by the rAAV-hTGF-f/alginate hydrogel system in human
mesenchymal stromal cells over time was confirmed by the significant levels of TGF-B
immunodetection using this system in contrast to the rAAV-lacZ/alginate and rAAV-FLAG-
hsox9/alginate hydrogel systems (1.7- and 2.1-fold difference in the AOD versus the rAAV-
lacZ/alginate and rAAV-FLAG-hsox9/alginate hydrogel systems, respectively, P < 0.0001; always
3-fold difference in the scores versus the rAAV-lacZ/alginate and rAAV-FLAG-hsox9/alginate
hydrogel systems, respectively, P < 0.0004) (Figures 10H-10J). This observation was confirmed
by the results of a real-time RT-PCR analysis (always 1.3-fold difference, respectively, P < 0.0067)
(Figure 10K) and by those of an ELISA (2.2-, 1.9-, and 2.2-fold difference versus the rAAV-
lacZ/alginate hydrogel system on days 7, 14, and 21, respectively, P < 0.0238) (Figures 10L-10N).
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Figure 10. Targeted transgene overexpression from the rAAV/alginate hydrogel systems in human mesenchymal stromal cells. (A) X-
Gal staining (magnification x 10; scale bars: 200 um; all representative data) with (B) an estimation of the corresponding AOD (P
values indicated) and (C) an estimation of the corresponding scores using a modified Bern grading system (P values indicated) after
21 days. (D) SOX9 immunodetection (magnification x 10; scale bars: 200 um; all representative data) with (E) an estimation of the
corresponding AOD (P values indicated), (F) an estimation of the corresponding scores using a modified Bern grading system (P
values indicated), and (G) a real-time RT-PCR analysis (P values indicated) after 21 days. (H) TGF-f3 immunodetection (magnification
x 10; scale bars: 200 pm; all representative data) with (1) an estimation of the corresponding AOD (P values indicated), (J) an estimation
of the corresponding scores using a modified Bern grading system (P values indicated), and (K) a real-time RT-PCR analysis (P values
indicated) after 21 days, and (L-N) an estimation of the levels of TGF- 8 production by ELISA on day 7 (L), day 14 (M), and day 21 (N).
Abbreviations: AOD: average optical density; BCA: bicinchoninic acid; ELISA: enzyme-linked immunosorbent assay; h: hour; hsox9:
human sex-determining region Y-type high mobility group box 9; hTGF-f: human transforming growth factor beta; lacZ: B-galactosidase;
pg: picogram; rAAV: recombinant adeno-associated virus; X-Gal: 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside; ug: microgram;

pum: micrometer (created with Affinity Photo and Prism).

7.2.2. Effects on the biological and chondroreparative activities

7.2.2.1. Effects on human osteoarthritic articular chondrocytes

Human osteoarthritic articular chondrocytes were then employed to examine the potential benefits
of applying the optimally prepared candidate rAAV (sox9, TGF-B)/alginate hydrogel systems (§
7.1.1.) in order to test their ability to enhance the biological and chondroreparative activities of
these cells over time (21 days) (Figure 11). The cell densities were monitored by H&E staining
(Figure 11A) with a histomorphometrically analysis (Figure 11B) and the DNA contents were
monitored using the Hoechst 33258 assay (Figure 11C) on day 21. The deposition of cartilage-
specific glycosaminoglycans was monitored by toluidine blue staining (Figure 11D) with a
histomorphometrically analysis of the corresponding AOD (Figure 11E) and scores using a
modified Bern grading system (Figure 11F), with a real-time RT-PCR analysis (ACAN) (Figure
11G) on day 21. The deposition of cartilage-specific proteoglycans was monitored by safranin O
staining (Figure 11H) with a histomorphometrically analysis of the corresponding AOD (Figure
111) and scores using a modified Bern grading system (Figure 11J) and the PG contents were
monitored by binding to the DMMB dye (Figure 11K) on day 21. The deposition of cartilage-
specific type-Il collagen was monitored by an immunocytochemical analysis (Figure 11L) with a
histomorphometrically analysis of the corresponding AOD (Figure 11M) and scores using a
modified Bern grading system (Figure 11N), with a real-time RT-PCR analysis (COL2A1) (Figure
110) on day 21.

First, the cell densities (Figures 11A and 11B) and the DNA contents (Figure 11C)
significantly increased in human osteoarthritic articular chondrocytes over time using the rAAV-
FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems relative to the rAAV-
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lacZ/alginate hydrogel system (cell densities: 1.3- and 1.8-fold difference by H&E staining,
respectively, P < 0.0109; DNA contents: 1.2- and 1.7-fold difference using the Hoechst 33258
assay, respectively, P < 0.0312). Second, the deposition of glycosaminoglycans (Figures 11D-
11F) and the expression of ACAN (Figure 11G) significantly increased in human osteoarthritic
articular chondrocytes over time using the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate
hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system (deposition of
glycosaminoglycans: 1.2- and 1.1-fold difference and 3.5- and 2-fold difference in the AOD and
scores of toluidine blue staining, respectively, P < 0.0059 and P < 0.0013; ACAN expression: 4.9-
and 4.8-fold difference by real-time RT-PCR, respectively, P < 0.0009). Third, the deposition of
proteoglycans (Figures 11H-11J) and the PG contents (Figure 11K) significantly increased in
human osteoarthritic articular chondrocytes over time using the rAAV-FLAG-hsox9/alginate and
rAAV-hTGF-B/alginate hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system
(deposition of proteoglycans: 1.2- and 1.1-fold difference and 3- and 2-fold difference in the AOD
and scores of safranin O staining, respectively, P < 0.0001 and P < 0.0014; PG contents: always
1.1-fold difference using the DMMB dye, P < 0.0033). Fourth, the deposition of type-Il collagen
(Figures 11L-11N) and the expression of COL2A1 (Figure 110) significantly increased in human
osteoarthritic articular chondrocytes over time using the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system (deposition
of type-Il collagen: 1.2- and 1.3-fold difference and always 3-fold difference in the AOD and scores
of type-Il collagen immunostaining, respectively, P <0.0001 and P < 0.0003; COL2A1 expression:
3.2- and 2.8-fold difference by real-time RT-PCR, respectively, P < 0.0005).
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Figure 11. Effects of the rAAV/alginate hydrogel systems on the biological and chondrogenic activities in human osteoarthritic articular
chondrocytes. (A-C) Evaluation of the cell proliferation indices by (A) H&E staining (magnification x 10; scale bars: 100 pym; all
representative data) with (B) an estimation of the corresponding cell densities (P values indicated) and by (C) an estimation of the
DNA contents using the Hoechst 33258 assay (P values indicated) after 21 days. (D-G) Evaluation of the deposition of
glycosaminoglycans by (D) toluidine blue staining (magnification x 20; scale bars: 200 ym; all representative data) with (E) an
estimation of the corresponding AOD (P values indicated), (F) an estimation of the corresponding scores using a modified Bern grading
system (P values indicated), and (G) a real-time RT-PCR analysis for ACAN (P values indicated) after 21 days. (H-K) Evaluation of the
deposition of proteoglycans by (H) safranin O staining (magnification x 20; scale bars: 200 ym; all representative data) with (I) an
estimation of the corresponding AOD (P values indicated) and (J) an estimation of the corresponding scores using a modified Bern
grading system (P values indicated) and by (K) an estimation of the PG contents by binding to the DMMB dye (P values indicated)
after 21 days. (L-O) Evaluation of the deposition of type-Il collagen by (L) immunodetection (magnification x 20; scale bars: 200 um;
all representative data) with (M) an estimation of the corresponding AOD (P values indicated), (N) an estimation of the corresponding
scores using a modified Bern grading system (P values indicated), and (O) a real-time RT-PCR analysis for COL2A1 (P values indicated)
after 21 days. Abbreviations: ACAN: aggrecan; AOD: average optical density; BCA: bicinchoninic acid; Col-II: type-Il collagen; COL2A1:
type-ll collagen (gene); DMMB: dimethylmethylene blue; DNA: deoxyribonucleic acid; H&E: hematoxylin and eosin; hsox9: human sex-
determining region Y-type high mobility group box 9; hTGF-f: human transforming growth factor beta; lacZ: $-galactosidase; mm:
millimeter; ng: nanogram; rAAV: recombinant adeno-associated virus; ug: microgram; ym: micrometer (created with Affinity Photo and

Prism).

7.2.2.2. Effects on human mesenchymal stromal cells

Human mesenchymal stromal cells were then employed to examine the potential benefits of
applying the optimally prepared candidate rAAV (sox9, TGF-B)/alginate hydrogel systems (§ 7.1.1.)
in order to test their ability to enhance the biological and chondroreparative activities of these cells
over time (21 days) (Figure 12). The cell densities were monitored by H&E staining (Figure 12A)
with a histomorphometrically analysis (Figure 12B), the DNA contents were monitored using the
Hoechst 33258 assay (Figure 12C), and the indices of cell proliferation were monitored using the
WST-1 assay (Figure 12D) on day 21. The deposition of cartilage-specific glycosaminoglycans
was monitored by alcian blue staining (Figure 12E) with a histomorphometrically analysis of the
corresponding AOD (Figure 12F), of the corresponding scores using a modified Bern grading
system (Figure 12G), and of the corresponding indices of alcian blue staining, with a real-time RT-
PCR analysis (ACAN) (Figure 12H) on day 21. The deposition of cartilage-specific proteoglycans
was monitored by safranin O staining (Figure 12l) with a histomorphometrically analysis of the
corresponding AOD (Figure 12J) and scores using a modified Bern grading system (Figure 12K)
and the PG contents were monitored by binding to the DMMB dye (Figure 12L) on day 21. The
deposition of cartilage-specific type-Il collagen was monitored by an immunocytochemical analysis
(Figure 12M) with a histomorphometrically analysis of the corresponding AOD (Figure 12N) and
scores using a modified Bern grading system (Figure 120), with a real-time RT-PCR analysis
(COL2A1) (Figure 12P) on day 21.

First, the cell densities (Figures 12A and 12B), the DNA contents (Figure 12C), and the
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indices of cell proliferation (Figure 12D) significantly increased in human mesenchymal stromal
cells over time using the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-@/alginate hydrogel systems
relative to the rAAV-/lacZ/alginate hydrogel system (cell densities: always 1.4-fold difference by
H&E staining, P < 0.0001; DNA contents: 1.4- and 1.6-fold difference using the Hoechst 33258
assay, respectively, P < 0.0149; indices of cell proliferation: 2- and 2.9-fold difference using the
WST-1 assay, respectively, P = 0.0184 with the rAAV-hTGF-B/alginate hydrogel system). Second,
the deposition of glycosaminoglycans (Figures 12E-12G) and the expression of ACAN (Figure
12H) significantly increased in human mesenchymal stromal cells over time using the rAAV-FLAG-
hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems relative to the rAAV-lacZ/alginate
hydrogel system (deposition of glycosaminoglycans: 1.2- and 1.4-fold difference, always 3-fold
difference, and 1.3- and 1.8-fold difference in the AOD, scores, and indices of alcian blue staining,
respectively, P < 0.0123, although statistical significance was not reached with the rAAV-FLAG-
hsox9/alginate hydrogel system for the indices of alcian blue staining; ACAN expression: 1.5- and
2.6-fold difference by real-time RT-PCR, respectively, P < 0.0053). Third, the deposition of
proteoglycans (Figures 12I-12K) and the PG contents (Figure 12L) significantly increased in
human mesenchymal stromal cells over time using the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system (deposition
of proteoglycans: 1.4- and 1.3-fold difference and always 2-fold difference in the AOD and scores
of safranin O staining, respectively, P < 0.028; PG contents: 1.3- and 1.8-fold difference using the
DMMB dye, respectively, P < 0.0217). Fourth, the deposition of type-Il collagen (Figures 12M-
120) and the expression of COL2A1 (Figure 12P) generally significantly increased in human
mesenchymal stromal cells over time using the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-
B/alginate hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system (deposition of type-
Il collagen: 1.9- and 1.6-fold difference and always 2-fold difference in the AOD and scores of type-
Il collagen immunostaining, respectively, P < 0.003; COL2A1 expression: 1.3- and 1.2-fold
difference by real-time RT-PCR, respectively, P =2 0.1671).
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Figure 12. Effects of the rAAV/alginate hydrogel systems on the biological and chondrogenic activities in human mesenchymal stromal
cells. (A-D) Evaluation of the cell proliferation indices by (A) H&E staining (magnification x 10; scale bars: 100 ym; all representative
data) with (B) an estimation of the corresponding cell densities (P values indicated), (C) an estimation of the DNA contents using the
Hoechst 33258 assay (P values indicated), and (D) an estimation of the indices of cell proliferation using the WST-1 assay (P values
indicated) after 21 days. (E-H) Evaluation of the deposition of glycosaminoglycans by (E) alcian blue staining (magnification x 10; scale
bars: 100 um; all representative data) with (F) an estimation of the corresponding AOD (P values indicated), (G) an estimation of the
corresponding scores using a modified Bern grading system (P values indicated), and (H) an estimation of the corresponding indices
of alcian blue staining (P values indicated) after 21 days. (I-L) Evaluation of the deposition of proteoglycans by (I) safranin O staining
(magnification x 10; scale bars: 100 ym; all representative data) with (J) an estimation of the corresponding AOD (P values indicated)
and (K) an estimation of the corresponding scores using a modified Bern grading system (P values indicated) and by (L) an estimation
of the PG contents by binding to the DMMB dye (P values indicated) after 21 days. (M-P) Evaluation of the deposition of type-Il collagen
by (M) immunodetection (magnification x 10; scale bars: 100 um; all representative data) with (N) an estimation of the corresponding
AOD (P values indicated), (O) an estimation of the corresponding scores using a modified Bern grading system (P values indicated),
and (P) a real-time RT-PCR analysis for COL2A1 (P values indicated) after 21 days. Abbreviations: AOD: average optical density; BCA:
bicinchoninic acid; Col-II: type-Il collagen; COL2A1: type-Il collagen (gene); DMMB: dimethylmethylene blue; DNA: deoxyribonucleic
acid; H&E: hematoxylin and eosin; hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-B: human
transforming growth factor beta; lacZ: 3-galactosidase; mm: millimeter; ng: nanogram; OD: optical density; rAAV: recombinant adeno-
associated virus; WST-1: water-soluble tetrazolium salt-1; ug: microgram; pl: microliter; um: micrometer (created with Affinity Photo

and Prism).

7.2.3. Effects on the osteogenic, hypertrophic, and mineralization activities

7.2.3.1. Effects on human osteoarthritic articular chondrocytes

Human osteoarthritic articular chondrocytes were finally employed to examine the potential
benefits of applying the optimally prepared candidate rAAV (sox9, TGF-B)/alginate hydrogel
systems (§ 7.1.1.) in order to test their ability to impact the osteogenic, hypertrophic, and
mineralization activities of these cells over time (21 days) (Figure 13). The deposition of
osteogenic type-l collagen was monitored by immunocytochemical detection (Figure 13A) with a
histomorphometrically analysis of the corresponding AOD (Figure 13B) and scores using a
modified Bern grading system (Figure 13C), with a real-time RT-PCR analysis (COL1A1) (Figure
13D) on day 21. The deposition of hypertrophic type-X collagen was monitored by
immunocytochemical detection (Figure 13E) with a histomorphometrically analysis of the
corresponding AOD (Figure 13F) and scores using a modified Bern grading system (Figure 13G),
with a real-time RT-PCR analysis (COL10A1) (Figure 13H) on day 21. Mineralization was
monitored by alizarin red staining (Figure 13l) with a histomorphometrically analysis of the
corresponding AOD (Figure 13J) and scores using a modified Bern grading system (Figure 13K)
on day 21.

First, the deposition of type-l collagen (Figures 13A-13D) significantly decreased in

human osteoarthritic articular chondrocytes over time using the rAAV-FLAG-hsox9/alginate and
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rAAV-hTGF-B/alginate hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system
(deposition of type-I collagen: always 1.1-fold difference in the AOD and always 2-fold difference
in the scores of type-I collagen immunostaining, respectively, P < 0.0006 and P < 0.0001; COL1A1
expression: 1.4- and 1.6-fold difference by real-time RT-PCR, respectively, P < 0.0001). Second,
the deposition of type-X collagen (Figures 13E-13H) generally significantly decreased in human
osteoarthritic articular chondrocytes over time using the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems relative to the rAAV-lacZ/alginate hydrogel system (deposition
of type-X collagen: no significant difference reached in the AOD and always 1.3-fold difference in
the scores of type-X collagen immunostaining, respectively, P < 0.0221 for the scores; COL10A1
expression: no significant difference reached by real-time RT-PCR). Third, mineralization (Figures
131-13K) significantly increased in human osteoarthritic articular chondrocytes over time using the
rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems relative to the rAAV-
lacZ/alginate hydrogel system (always 1.1-fold difference in the AOD and always 2-fold difference

in the scores of alizarin red staining, respectively, P < 0.0079 and P < 0.0005).
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Figure 13. Effects of the rAAV/alginate hydrogel systems on the osteogenic, hypertrophic, and mineralization activities in human
osteoarthritic articular chondrocytes. (A-D) Evaluation of the deposition of type-I collagen by (A) immunodetection (magnification x 20;
scale bars: 200 ym; all representative data) with (B) an estimation of the corresponding AOD (P values indicated), (C) an estimation
of the corresponding scores using a modified Bern grading system (P values indicated), and (D) a real-time RT-PCR analysis for
COL1A1 (P values indicated) after 21 days. (E-H) Evaluation of the deposition type-X collagen by (E) immunodetection (magnification
x 20; scale bars: 200 um; all representative data) with (F) an estimation of the corresponding AOD (P values indicated), (G) an
estimation of the corresponding scores using a modified Bern grading system (P values indicated), and (H) a real-time RT-PCR analysis
for COL10A1 (P values indicated) after 21 days. (I-K) Evaluation of mineralization by (I) alizarin red staining (magnification x 20; scale
bars: 200 um; all representative data) with (J) an estimation of the corresponding AOD (P values indicated) and (K) an estimation of
the corresponding scores using a modified Bern grading system (P values indicated) after 21 days. Abbreviations: AOD: average
optical density; Col-I: type-l collagen; Col-X: type-X collagen; COL1A1: type-l collagen (gene); COL10A1: type-X collagen (gene);
hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-f: human transforming growth factor beta; lacZ: -

galactosidase; rAAV: recombinant adeno-associated virus; um: micrometer (created with Affinity Photo and Prism).
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7.2.3.2. Effects on human mesenchymal stromal cells

Human mesenchymal stromal cells were finally employed to examine the potential benefits of
applying the optimally prepared candidate rAAV (sox9, TGF-B)/alginate hydrogel systems (§
7.1.1.) in order to test their ability to impact the osteogenic, hypertrophic, and mineralization
activities of these cells over time (21 days) (Figure 14). The deposition of osteogenic type-I
collagen was monitored by immunocytochemical detection (Figure 14A) with a
histomorphometrically analysis of the corresponding AOD (Figure 14B) and scores using a
modified Bern grading system (Figure 14C), with a real-time RT-PCR analysis (COL1A1) (Figure
14D) on day 21. The deposition of hypertrophic type-X collagen was monitored by
immunocytochemical detection (Figure 14E) with a histomorphometrically analysis of the
corresponding AOD (Figure 14F) and scores using a modified Bern grading system (Figure 14G),
with a real-time RT-PCR analysis (COL10A1) (Figure 14H) on day 21. Mineralization was
monitored by alizarin red staining (Figure 14l) with a histomorphometrically analysis of the
corresponding AOD (Figure 14J) and scores using a modified Bern grading system (Figure 14K)
on day 21.

First, the deposition of type-l collagen (Figures 14A-14D) significantly decreased in
human mesenchymal stromal cells over time using the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems relative to the rAAV-/acZ/alginate hydrogel system (deposition
of type-l collagen: 1.5- and 1.4-fold difference in the AOD and always 2-fold difference in the
scores of type-| collagen immunostaining, respectively, P < 0.0042; COL1A1 expression: 1.8- and
1.3-fold difference by real-time RT-PCR, respectively, P < 0.0022). Second, the deposition of type-
X collagen (Figures 14E-14H) significantly decreased in human mesenchymal stromal cells over
time using the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-f/alginate hydrogel systems relative to
the rAAV-/acZ/alginate hydrogel system (deposition of type-X collagen: always 1.3-fold difference
in the AOD and always 1.5-fold difference in the scores of type-X collagen immunostaining,
respectively, P < 0.0071; COL10A1 expression: 1.5- and 1.6-fold difference by real-time RT-PCR,
respectively, P < 0.0006). Third, mineralization (Figures 141-14K) significantly decreased in
human mesenchymal stromal cells over time using the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems relative to the rAAV-/lacZ/alginate hydrogel system (1.1- and
1.2-fold difference in the AOD and always 3-fold difference in the scores of alizarin red staining,

respectively, P <0.0111).
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Figure 14. Effects of the rAAV/alginate hydrogel systems on the osteogenic, hypertrophic, and mineralization activities in human
mesenchymal stromal cells. (A-D) Evaluation of the deposition of type-I collagen by (A) immunodetection (magnification x 10; scale
bars: 100 ym; all representative data) with (B) an estimation of the corresponding AOD (P values indicated), (C) an estimation of the
corresponding scores using a modified Bern grading system (P values indicated), and (D) a real-time RT-PCR analysis for COL1A1
(P values indicated) after 21 days. (E-H) Evaluation of the deposition type-X collagen by (E) immunodetection (magnification x 10;
scale bars: 100 um; all representative data) with (F) an estimation of the corresponding AOD (P values indicated), (G) an estimation
of the corresponding scores using a modified Bern grading system (P values indicated), and (H) a real-time RT-PCR analysis for
COL10A1 (P values indicated) after 21 days. (I-K) Evaluation of mineralization by () alizarin red staining (magnification x 10; scale
bars: 100 um; all representative data) with (J) an estimation of the corresponding AOD (P values indicated) and (K) an estimation of
the corresponding scores using a modified Bern grading system (P values indicated) after 21 days. Abbreviations: AOD: average
optical density; Col-I: type-l collagen; Col-X: type-X collagen; COL1A1: type-l collagen (gene); COL10A1: type-X collagen (gene);
hsox9: human sex-determining region Y-type high mobility group box 9; hTGF-f: human transforming growth factor beta; lacZ: -

galactosidase; rAAV: recombinant adeno-associated virus; um: micrometer (created with Affinity Photo and Prism).
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8. DISCUSSION

Therapeutic rAAV vectors are potent gene transfer systems to treat traumatic articular cartilage
defects and OA lesions (Cucchiarini & Madry, 2005, 2019; Madry & Cucchiarini, 2011, 2016; Madry
et al., 2011). Their spatiotemporal efficacy is particularly notable in sites of cartilage injury when
released from biocompatible scaffolds such as those derived from alginate (Diaz-Rodriguez et al.,
2015; Liu et al., 2022; Maihofer et al., 2021). Growing evidence suggest that biomaterial-guided
gene therapy enhances therapeutic outcomes relative to scaffold-free gene transfer methods
(Cottard et al., 2004; Cucchiarini & Madry, 2019). Such an approach might also be superior to
strategies relying on the sole administration of alginate without addition of therapeutic cues (genes)
in translational setups (Liu et al., 2022). Recent studies also described the potential of alginate
hydrogels to facilitate the effective and controlled release of rAAV vectors such as coding for the
lacZ reporter gene in human mesenchymal stromal cells (Diaz-Rodriguez et al., 2015). Also, the
feasibility of using rAAV/alginate hydrogel systems to deliver an IGF-I gene sequence was
reported to partially address chondral defects in an inflammatory environment (Maihofer et al.,
2021).

Based on these findings, the goal of the current work was to examine whether alginate
hydrogels can formulate and deliver therapeutic rAAV vectors in a controlled release manner in
human osteoarthritic articular chondrocytes and human mesenchymal stromal cells as a means
to activate their cartilage-specific reparative activities upon transfer of the highly
chondroreparative sox9 and TGF-B genes, for future convenient application of rAAV/alginate
hydrogel systems as off-the-shelf systems (Zmora et al., 2002) to improve the processes of

articular cartilage repair.

8.1. Ability of alginate-based hydrogels to deliver rAAV vectors in human
osteoarthritic articular chondrocytes

The evaluations performed to address the first hypothesis ("Alginate-based hydrogels are capable
of efficiently and durably incorporating and delivering rAAV vectors as a means to genetically
modify human osteoarthritic articular chondrocytes") demonstrated that optimized rAAV delivery
conditions (MOI of 80, alginate concentration of 0.2%, gelation time of 1 minute) allowed to support
the successful, controlled release of rAAV (lacZ) from the alginate hydrogel in human osteoarthritic
articular chondrocytes over time (21 days) (§ 7.1.1. and §7.1.2.).

Optimization of experimental working conditions was critical to reliably and reproducibly
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achieve an effective release of rAAV gene vectors prior to monitor any potential therapeutic
outcome, including for the goal of cartilage repair (Cucchiarini & Madry, 2019). Overall, the results
revealed the pivotal roles played by the dose of vector, the concentration of alginate, and the time
of gelation to modulate the release of rAAV from the alginate hydrogel. The vector dose is an
indispensable determinant in the release dynamics (Nakai et al., 2005). The magnitude of this
dosage is not merely a quantitative consideration but has profound implications for therapeutic
outcomes. An insufficient amount of vector might render the therapeutic payload suboptimal,
thereby potentially diminishing its intended efficacy. Conversely, an excessive dosage of vector
poses the risk of inducing suboptimal responses that may lead to adverse cellular reactions. As
highlighted, achieving the right balance is crucial to optimize therapeutic benefits while minimizing
potential cellular perturbations like immunoreaction (Nakai et al., 2005). In the context of a
controlled delivery strategy, the precise concentration of alginate hydrogel is an additional critical
determinant of the release kinetics of the incorporated vectors. Alginate, a naturally occurring
polymer, establishes a microenvironment conducive to nuanced modulation of these kinetics with
crosslinking between calcium ionic and guluronic acid. Empirical observations suggest that an
augmented alginate concentration tends to reduce vector release, leading to the limitation of
intervention, whereas a reduced concentration may precipitate an accelerated release, thereby
risking premature depletion of the therapeutic payload (Silva et al., 2006; Takka & Gurel, 2010).
Regarding alginate gelation, a significant parameter of interest is generally the time of gelation
characterized by the duration necessary for the alginate matrix to transition from a liquid to a semi-
solid state. A protracted gelation period can lead to potential structural vulnerabilities within the
matrix, potentially compromising the release of the vector (Takka & Gurel, 2010; Topuz et al., 2012).
On the other hand, an expedited gelation process may not adequately establish an environment
within which vectors may achieve a consistent and sustained release (Takka & Gurel, 2010; Topuz
et al., 2012). This delicate balance emphasizes the need for a precise control and understanding
of this parameter in biological applications.

Using such optimized conditions, the rAAV/alginate hydrogel system acted as a reservoir
allowing for a sustained release of the vectors as noted in preliminary work (Diaz-Rodriguez et al.,
2015; Maihofer et al., 2021). Evaluations of the every 2-day release profiles by X-Gal staining and
ELISA revealed that the release of rAAV was consistent, with a rate of about 1.5% release/day
upon control by the alginate hydrogel. Such tight release modalities are indispensable in
therapeutic contexts where an extended presence of therapeutic agents is crucial, potentially
obviating the need for recurrent administration. The current findings suggest that, when
appropriately formulated, the alginate matrix stands as a potent instrument to modulate the

dissemination of rAAV vectors. This study not only contributes to expand the body of the literature
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in the field of gene therapy but also provides a foundational platform for future research in human
regenerative medicine. Such endeavors are instrumental in refining the efficacy of these delivery
mechanisms, with an ultimate aim to redeploy them into workable therapeutic translational

applications.

8.2. Ability of alginate-based hydrogels to deliver therapeutic rAAV vectors in
human osteoarthritic articular chondrocytes and in human mesenchymal stromal

cells

The evaluations performed to address the second hypothesis ("Alginate-based hydrogels are
capable of efficiently and durably incorporating and delivering therapeutic (sox9, TGF-8) rAAV
vectors to both reparative human osteoarthritic articular chondrocytes and human mesenchymal
stromal cells in order to stimulate their reparative activities for the purpose of improved articular
cartilage regeneration") demonstrated that the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-
B/alginate hydrogel systems allowed to (i) respectively support the successful expression of sox9
and TGF-f in human osteoarthritic articular chondrocytes and human mesenchymal stromal cells
over time (21 days) relative to the control conditions (§ 7.2.1.1. and § 7.2.1.2.), (ii) increase the
proliferative (cell densities, DNA contents) and cartilage-specific anabolic activities (expression
and deposition of glycosaminoglycans, proteoglycans, type-Il collagen) in human osteoarthritic
articular chondrocytes and human mesenchymal stromal cells over time (21 days) relative to the
control conditions (§ 7.2.2.1. and § 7.2.2.2.), and (iii) decrease undesirable anabolic activities
(expression and deposition of type-I/-X collagen) in human osteoarthritic articular chondrocytes
and human mesenchymal stromal cells over time (21 days) (§ 7.2.3.1. and § 7.2.3.2.) while also
decreasing mineralization only in human mesenchymal stromal cells (with increases in human
osteoarthritic articular chondrocytes) over time (21 days) relative to the control conditions (§
7.2.3.2)).

8.2.1. Transgene expression

Using optimized conditions of rAAV delivery from the alginate-based hydrogels, evidence was first
provided that the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems did not
trigger undesirable endogenous [-gal-like activities in both human osteoarthritic articular
chondrocytes and human mesenchymal stromal cells. The results further revealed that the rAAV-

lacZ/alginate hydrogel system successfully mediated marked and sustained levels of lacZ
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expression in both human osteoarthritic articular chondrocytes and human mesenchymal stromal
cells relative to control conditions, probably due to the effective controlled release of the vector
from the hydrogel. This observation is consistent with preliminary observations (Diaz-Rodriguez
et al., 2015) and extends previous findings in a scaffold-free gene transfer setup (Cucchiarini et
al., 2011) or using other scaffolds that are less biocompatible than alginate (carbon dots, self-
assembling RAD-based peptide hydrogels, PEO-PPO-PEO-derived polymeric micelles) (Meng et
al., 2020; Rey-Rico et al., 2015¢, 2015d, 2016b). The data finally demonstrated that the rAAV-
FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems successfully mediated marked
and sustained levels of sox9 and TGF-f expression, respectively, in both human osteoarthritic
articular chondrocytes and human mesenchymal stromal cells relative to control conditions,
probably due to the effective controlled release of the vector from the hydrogel. These
observations extend previous findings in a scaffold-free gene transfer setup (Frisch et al., 2014;
Tao et al., 2016a; Venkatesan et al., 2012, 2013) or using again other scaffolds that are less
biocompatible than alginate (carbon dots, PEO-PPO-PEO-derived polymeric micelles) (Meng et
al., 2020; Rey-Rico et al., 2017, 2018).

8.2.2. Effects on the biological and chondroreparative activities

Using optimized conditions of rAAV delivery from the alginate-based hydrogels, evidence was next
provided that both the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems
successfully and durably stimulated the biological and chondroreparative activities of human
osteoarthritic articular chondrocytes and human mesenchymal stromal cells relative to control
conditions, including the levels of cell proliferation and the deposition of specific extracellular
matrix compounds (glycosaminoglycans, proteoglycans, type-ll collagen), probably due to the
effective and sustained levels of sox9 and TGF-B expression via such systems. These
observations are consistent with the properties of these two factors (Bi et al., 1999; Johnstone et
al., 1998; Mackay et al., 1998) and extend previous findings in a scaffold-free gene transfer setup
(Cucchiarini et al., 2007; Daniels et al., 2019; Frisch et al., 2014, 2016a, 2016b, 2017; Tao et al.,
2016a; Venkatesan et al., 2012, 2013) or using again other scaffolds that are less biocompatible
than alginate (carbon dots, PEO-PPO-PEO-derived polymeric micelles) (Meng et al., 2020; Rey-
Rico et al., 2017, 2018). Interestingly, the stimulating effects of the rAAV-FLAG-hsox9/alginate
hydrogel system on cell proliferation stand in contrast to prior findings in a scaffold-free gene
transfer setup of rAAV-FLAG-hsox9 (Cucchiarini et al., 2007; Daniels et al., 2019; Venkatesan et
al., 2012), possibly resulting from the tightly regulated vector release and expression afforded by
the alginate-based hydrogel (Diaz-Rodriguez et al., 2015). Of further note, the rAAV-hTGF-
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B/alginate hydrogel system was overall more potent than the AAV-FLAG-hsox9/alginate hydrogel
system in human mesenchymal stromal cells, as previously noted using other scaffolds (carbon
dots) (Meng et al., 2020).

8.2.3. Effects on the osteogenic, hypertrophic, and mineralization activities

Using optimized conditions of rAAV delivery from the alginate-based hydrogels, evidence was
finally provided that the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-B/alginate hydrogel systems
successfully and durably reduced osteogenic, hypertrophic, and mineralization activities in human
osteoarthritic articular chondrocytes and human mesenchymal stromal cells relative to control
conditions, including the deposition of undesirable extracellular matrix compounds (type-I/-X
collagen) and mineralization (human mesenchymal stromal cells), probably due to the effective
and sustained levels of sox9 and TGF- expression via such systems. These observations are
consistent with the properties of these two factors (Hattori et al., 2010b; Ma et al., 2003) and
extend previous findings in a scaffold-free gene transfer setup (Daniels et al., 2019; Venkatesan
et al., 2012, 2013) or using again other scaffolds that are less biocompatible than alginate (carbon
dots, PEO-PPO-PEO-derived polymeric micelles) (Meng et al., 2020; Rey-Rico et al., 2017, 2018).
Interestingly, the decreasing effects of the rAAV-hTGF-B/alginate hydrogel system on such
activities in human mesenchymal stromal cells and the increasing effects of the rAAV-FLAG-
hsox9/alginate and rAAV-hTGF-@/alginate hydrogel systems on mineralization in human
osteoarthritic articular chondrocytes stand in contrast to prior findings in a scaffold-free gene
transfer setup of rAAV-hTGF-B (Frisch et al., 2014) or using again other scaffolds that are less
biocompatible than alginate (PEO-PPO-PEO-derived polymeric micelles) (Rey-Rico et al., 2017,
2018), again possibly resulting from the tightly regulated vector release and expression afforded
by the alginate-based hydrogel (Diaz-Rodriguez et al., 2015). Of further note, there was no
difference in potency between the rAAV-FLAG-hsox9/alginate and the rAAV-hTGF-B/alginate

hydrogel systems.

8.3. Limitations and future directions

The present investigation aimed to assess the impact of the rAAV-FLAG-hsox9/alginate and rAAV-
hTGF-B/alginate hydrogel systems on the chondroreparative capabilities of human osteoarthritic
articular chondrocytes and human mesenchymal stromal cells in vitro, covering a well-established
time frame of 21 days for the proper assessment of chondroregeneration and remodeling in vitro

(Cucchiarini et al., 2013; Johnstone et al., 1998; Venkatesan et al., 2013). To comprehensively
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understand the long-term consequences of the rAAV-FLAG-hsox9/alginate and rAAV-hTGF-
B/alginate hydrogel systems, evaluations may be performed using extended observation periods,
especially to further monitor the controlled release process and the degradation of the alginate
hydrogel itself. Combined, simultaneous formulation of the two rAAV vectors (sox9 and TGF-8)
within the hydrogels might be also envisaged to test whether concomitant expression of the two
factors may improve the therapeutic outcomes (Cucchiarini et al., 2009; Morscheid et al., 2019a,
2019b; Tao et al., 2016a, 2016b, 2017). Finally, work in experimental cartilage lesions in situ (ex
vivo) (Morscheid et al., 2019b; Rey-Rico et al., 2016b, 2017, 2018) and in relevant, translational
animal models of (orthotopic) cartilage injury in vivo with a natural loading and inflamed
environment (Cucchiarini et al., 2013, 2014b, 2018; Lange et al., 2021; Madry et al., 20203;
Maihofer et al., 2021; Rabie et al., 2023) will be particularly important to test the workability,
efficacy, safety, and sustainability of the current therapeutic strategy prior to considering an
application in patients in the future. Such essential work will need to include the evaluation of
various vector(s) and hydrogel doses, the route of administration, the possible development of
local and systemic immune and toxic reactions of the host, and the time-dependent efficacy of the
therapy relative to strictly defined control conditions as performed here (reporter gene vectors,
absence of vectors, scaffold-free vectors, etc.). Similar work may be also attempted in a different
(osteogenic) microenvironment to examine possibly different outcomes like for the purpose of
bone healing, and/or by co-delivering both gene vectors via alginate to expand the reparative

outcomes in a durable manner.

8.4. Clinical implications

Biomaterial-guided delivery of chondroreparative gene sequences via gene transfer vectors to
sites of articular cartilage injury is an attractive strategy to enhance cartilage repair by regulating
the release of the therapeutic gene vectors in an improved spatiotemporal manner while
preserving the gene transfer efficacy in a natural microenvironment (Cucchiarini & Madry, 2019).
For clinical implications, the current rAAV/alginate hydrogel system may offer a new approach in
targeted gene transfer using clinically adapted rAAV vectors (Rey-Rico & Cucchiarini, 2016a)
designed for specific cell types to ensure an accurate delivery of therapeutic genes. The controlled
release feature of this hydrogel system may allow for a longer availability of the therapeutic genes
and of their products which may lead to improved and more lasting cartilage repair, reduce
unwanted side effects, and provide a more precise treatment compared with scaffold-free gene
transfer methods. While the primary use of the rAAV/alginate hydrogel system is for cartilage repair,

its flexible design allows to envisage other applications which can be adapted to deliver various
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therapeutic genes, opening up possibilities for broader medical applications. Furthermore, this
hydrogel system aligns well with the concept of personalized medicine which can be tailored to fit
individual genetic profiles and be adjusted to the specific needs of a patient. In conclusion, the
rAAV/alginate hydrogel system offers a promising and flexible tool for cartilage repair and holds
potential for broader medical applications.
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9. CONCLUSIONS

In summary, the present study demonstrated the benefits of alginate-based hydrogel-guided
controlled and overexpression of therapeutic rAAV-FLAG-hsox9 and rAAV-hTGF- vectors to
significantly expand a source of improved (more potent) chondroreparative cells for the purpose
of cartilage repair by counterbalancing the low metabolic activities of adult human osteoarthritic
articular chondrocytes and human mesenchymal stromal cells. The current results advance the
knowledge on the feasibility of biomaterial-guided gene therapy to enhance cartilage repair as a

novel, minimally-invasive treatment for potential future clinical applications.
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