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Abstract

Abstract

Articular cartilage injuries can occur after traumatic impacts and from wear and tear. Due
to the lack of vascularization and low cellularity, damaged cartilage does not heal
spontaneously and, if left untreated, cartilage lesions can lead to the development of posttraumatic osteoarthritis (PTOA). While conservative approaches mostly consist of
symptom management, they are only viable for short-term pain reduction. The standard
treatment for end-stage cartilage degeneration is the total replacement of the joint. This
procedure is highly invasive and the prosthesis have limited lifespans, making this
intervention undesirable for young patients. Alternative surgical treatments for earlystage cartilage lesions (e.g. microfracture and autologous chondrocyte implantation)
present several limitations that include inferior repair tissue quality, donor site morbidity
and the need for a two-step surgery. Therefore, alternative new approaches to repair
cartilage injuries would be highly desirable.
Tissue engineering, a method that combines cells, materials and signals for the restoration
of tissues and organs, represents a valuable approach for the development of cartilage
repair techniques. The aim of this thesis was to develop and investigate novel, tissueengineered strategies to treat articular cartilage lesions. Different cell types were
extensively characterized in vitro and compared to the clinical standards. Additionally, an
injectable hydrogel was developed and proposed as a biomaterial for cartilage
applications. Finally, the safety and efficacy of the combination of cells and scaffold was
evaluated in vivo, both subcutaneously in several mouse strains and in a full-thickness
defect model in sheep.
In the first part of this thesis, human chondroprogenitor cells (hCCs) from fetal origin are
introduced as an off-the-shelf cell source for cartilage engineering applications.
Chondroprogenitor cells, adult chondrocytes and mesenchymal stem cells were
compared to each other in vitro, based on their chondrogenic differentiation
(glycosaminoglycan deposition and collagen 2 to 1 as well as Sox9 to Scleraxis and TGIF
mRNA ratio) and phenotypic stability (collagen 10, indian hedgehog, and parathyroid
hormone 1 receptor gene expression). While hCCs showed a high chondrogenic potential
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in vitro, they also demonstrated resistance to mineralization and vascularization,
retention of cartilage matrix and production of de novo matrix in a subcutaneous mouse
model.
In a second step, a novel hydrogel was characterized for its potential for cartilage
engineering applications. Hyaluronic acid-transglutaminase, or HA-TG, was synthetized
by functionalizing high molecular weight hyaluronan (HA) with transglutaminase (TG)
crosslinkable peptides. Thanks to its fast gelation, its strong adhesion to native cartilage
and the possibility to inject it via arthroscopical procedures, HA-TG was proved to be a
promising biomaterial for cartilage engineering approaches. In chapter 3, we investigated
HA-TG ability to promote the proliferation and chondrogenic differentiation of hCCs in
vitro. In chapter 4, HA-TG was tested in combination with either human auricular
chondrocytes (hAURs) or hCCs subcutaneously in four mouse strains with varying
immune backgrounds. HA-TG chondro-inductivity and resistance to host infiltration was
demonstrated in fully immunocompromised (i.e. NOD scid gamma or NSG), athymic
(nude), humanized (NSG-SGM3) and fully immunocompetent (C57BL/6 or black 6)
animals.
In chapter 5, we proposed another alternative cell type for cartilage engineering
applications, namely infant chondrocytes from polydactyly. Thanks to their availability
and origin, infant chondrocytes overcome the ethical limitations of hCCs and provide an
alternative

off-the-shelf

source

of

chondrocytes.

The

dedifferentiation

and

redifferentiation profiles of infant polydactyly chondrocytes were extensively
characterized in 2D and in 3D, both in centrifuged pellet culture and in HA-TG hydrogels.
This chapter also introduces the possibility of augmenting HA-TG hydrogels with heparin
moieties and loading the hydrogels with the chondrogenic growth factor TGF-β1. Infant
polydactyly chondrocytes were tested in this optimized hydrogel in vitro, ex vivo in a
bovine explant model and in a subcutaneous mouse model, demonstrating the potential
use of polydactyly chondrocytes for cartilage engineering applications.
Finally, as large animal models are a recommended step in the regulatory translation of
new tissue engineering treatments for articular cartilage repair, the HA-TG hydrogel
system was tested in a clinically relevant sheep model. Full thickness, chondral defects
were treated with either cellular or acellular HA-TG as well as with and without
exogenous TGF-β1 loading. This chapter shows that that HA-TG can successfully mediate
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the integration of the grafts to the native tissue and has the potential to induce de-novo
cartilage formation in a large animal model.
To conclude, this thesis illustrates the potential of two cell types (fetal chondroprogenitor
cells and infant polydactyly chondrocytes) and an injectable, adhesive scaffold (HA-TG)
for cartilage engineering applications, contributing to the development of new treatments
for articular cartilage repair.
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Traumi, ma anche il fisiologico utilizzo delle articolazioni, possono provocare lesioni alla
cartilagine articolare. A causa della sua natura avascolare e della sua bassa densità
cellulare, la cartilagine non possiede meccanismi di auto-rigenerazione e le lesioni
cartilaginee, se non curate, possono portare allo sviluppo di osteoartrite post-traumatica
(PTOA). Attualmente il trattamento conservativo dei danni cartilaginei è sintomatico e
consiste principalmente nella somministrazione di analgesici. Per gli stadi degenerativi
terminali l’unica soluzione sono gli interventi di impianto di protesi articolare.
Quest’operazione è invasiva e, data la durata limitata delle protesi, non consigliabile per
pazienti giovani. Interventi chirurgici alternativi, in particolare le microfratture e gli
impianti di condrociti autologhi (ACI), presentano molti svantaggi che includono la
necessità di due interventi e la formazione di tessuti cicatriziali di qualità inferiore alla
cartilagine nativa. Pertanto, nuovi trattamenti chirurgici per riparare le lesioni
cartilaginee sarebbero altamente desiderabili.
L’ingegneria tissutale, intesa come combinazione di cellule, materiali e segnali biologici, è
un approccio interessante per lo sviluppo di tecniche chirurgiche che mirano alla
rigenerazione della cartilagine. Lo scopo di questa tesi è di ricercare nuove strategie di
ingegneria tissutale per il trattamento delle lesioni alla cartilagine articolare. In primo
luogo, diversi tipi di cellule vengono esaustivamente caratterizzati in vitro e confrontati
con lo standard clinico. Inoltre un nuovo idrogelo iniettabile viene sviluppato e
ottimizzato per essere usato come biomateriale per le tecniche di rigenerazione della
cartilagine. Infine, la combinazione delle cellule con il biomateriale viene testata in vari
modelli murini e ovini per assicurarne la biocompatibilità ed efficacia in vivo.
Inizialmente cellule condroprogenitrici umane (hCCs) di origine fetale vengono proposte
come fonte di cellule disponibili senza la necessità di una biopsia del paziente. Gli hCCs, i
condrociti adulti e le cellule staminali vengono confrontate tra di loro usando una matrice
di collagene simile a quella usata in sala operatoria. Il potenziale dei vari tipi di cellule
viene valutato in vitro in base alla loro capacità condrogenica, stabilità fenotipica e
v
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possibilità di vascolarizzazione. Dopo aver dimostrato una superiorità in termini di
differenziazione cartilaginea, gli hCCs hanno dimostrato resistenza alla mineralizzazione
e alla vascolarizzazione, ritenzione di matrice cartilaginea e produzione di nuova matrice
in un modello murino sottocutaneo.
Quindi un nuovo idrogelo viene studiato per il suo potenziale utilizzo in applicazioni di
ingegneria tissutale. L’HA-TG è stato sintetizzato funzionalizzando acido ialuronico (HA)
ad alto peso molecolare con peptidi che possono essere gelificati con una
transglutaminase (TG). Grazie alla possibilità di essere applicato mediante artroscopia,
alla rapida gelificazione e alla forte adesività verso la cartilagine nativa, l’HA-TG viene
dimostrato essere un valido biomateriale per l’ingegneria cartilaginea. Nel capitolo 3
viene studiata la capacità dell’HA-TG di indurre la proliferazione e la differenziazione
condrogenica degli hCCs. Nel capitolo 4 viene testata la combinazione di HA-TG con sia
condrociti auricolari (hAUR) che con gli hCCs in diversi modelli murini con differenti
background immunitari. La resistenza all’infiltrazione cellulare ospite, così come la
capacità

condroinduttiva

immunocompromessi

dell’HA-TG

(NSG),

atimici

viene

provata

(nudi),

in

animali

umanizzati

totalmente

(NSG-SGM3)

e

immunocompetenti (C5BL/6).
Nel capitolo 5 viene proposto un ulteriore tipo di cellule per approcci clinici di ingegneria
della cartilagine: i condrociti infantili da polidattilia. Grazie alla loro origine, i condrociti
infantili sono superiori agli hCCs fetali in quanto non sono associati a limitazioni di natura
etica. I condrociti infantili da polidattilia vengono esaustivamente caratterizzati in vitro in
base ai loro profili di de-differenziazione e ri-differenziazione in 2D and in 3D (sia in un
modello di pellet centrifugati che in HA-TG). In questo capitolo viene inoltre introdotta la
possibilità di funzionalizzare l’HA-TG con eparina così da permettere la somministrazione
del fattore di crescita TGF-β1 in situ. Quindi, la potenzialità dei condrociti infantili per
terapie di ingegneria della cartilagine viene dimostrata in vitro, ex vivo e in vivo in un
modello murino sottocutaneo.
Infine l’HA-TG viene testato in un modello ovino con rilevanza clinica. Infatti, difetti alla
cartilagine a pieno spessore vengono trattati con HA-TG sia acellulare che cellulare e sia
con somministrazione di TGF-β1 che senza. Essendo gli studi preclinici in modelli animali
grandi uno step fondamentale per la traduzione clinica di nuove terapie di ingegneria
della cartilagine articolare, questo capitolo rappresenta un passo fondamentale verso
l’utilizzo dell’HA-TG nelle sale operatorie.
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Per concludere, questa tesi illustra le potenzialità di due tipi di cellule alternative (cellule
condroprogenitrici fetali e condrociti infantili da polidattilia) e di un nuovo biomateriale
(HA-TG) per l’ingegneria della cartilagine articolare, contribuendo allo sviluppo di nuovi
trattamenti per la riparazione di lesioni cartilaginee.
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Abbreviation

Meaning

AC

Adult chondrocyte

ACAN

Aggrecan

ACI

Autologous chondrocyte transplantation

AMIC

Autologous matrix-induced chondrogenesis

ATMP

Advanced therapy medicinal products

Bl6

Black 6 (C56BL/6) mouse

BMP

Bone morphogenic protein

BSA

Bovine serum albumin

CAIS

Cartilage autograft implantation system

COL1A2

Collagen 1

COL2A1

Collagen 2

CRP

C-reactive protein

ECM

Extracellular matrix

EMA

European Medical Agency

ESC

Embryonic stem cell

FBS

Fetal bovine serum

FDA

Food and Drug Administration

FGF

Fibroblast growth factor (e.g. FGF-2)

FXIII

Factor XIII

FXIIIa

Factor XIII activated

GAG

Glycosaminoglycan

HA

Hyaluronic acid

HA-TG

Hyaluronic acid-transglutaminase

hAUR

Human auricular chondrocytes

hCC

Human chondroprogenitor cell
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x

Meaning

HTC/P

Human cells, tissues, or cellular or tissue-based

hu-NSG

products mice
Humanized

Ihh

Indian hedgehog

IL

Interleukin (e.g. IL-1β)

IL-1Ra

Interleukin 1 receptor antagonist

iPSC

Induced pluripotent stem cell

MACI

Matrix-assisted autologous chondrocyte

MMP

transplantation
Matrix metalloproteinase

MSC

Mesenchymal stem cell

NSG

NOD scid gamma

OA

Osteoarthritis

PDMS

Polydimethylsiloxane

PTH1R

Parathyroid hormone 1 receptor

PTOA

Post-traumatic OA

RPL13a

Ribosomal protein L13a

SAA

Serum amyloid A

SAP

Serum amyloid protein

TG

Transglutaminase

TGF-β

Transforming growth factor beta

TGIF

TGF-β induced factor homeobox

VEGF

Vascular endothelial growth factor
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1.1 Anatomy and physiology of cartilage

1. Introduction

Articular cartilage provides the joint with a low friction surface that can withstand forces
of several times the body weight for millions of loading cycles throughout life. Cartilage
unique structure and molecular composition are responsible for its extraordinary
mechanical properties and durability. The understanding of articular cartilage biology
and development has increased dramatically in the last century and set the ground for
many research studies on the regeneration of functional articular cartilage and notably
tissue engineering approaches, for the last two decades. However, restoration of articular
cartilage still represents an open challenge, since current surgical treatments of articular
cartilage injuries and degeneration are not yet optimal.
The following chapter will present an overview of native cartilage structure and
pathology as well as current treatments for cartilage lesions. It will also highlight the
major hurdles in the clinical translation of cartilage engineering strategies.

1.1

Anatomy and physiology of cartilage

Cartilage is a dense, connective tissue found in many parts of the body. It is composed of
specialized cells, the chondrocytes, and abundant extracellular matrix (ECM) [1]. It is
avascular, aneural and contains no lymphatics. Cartilage has a relatively low metabolic
activity. In fact, embedded in the ECM, chondrocytes have little or no access to capillaries
and rely on diffusion of gases and nutrients to support the synthesis of matrix components
and the turnover of waste products [2, 3].
Cartilage ECM is composed of collagen, proteoglycan-rich ground substance and elastin
fibers. Cartilage is classified in three types (elastic cartilage, fibrocartilage and hyaline
cartilage) based on the relative amounts of its ECM components. Elastic cartilage is
present in the auricle of external ear, epiglottis, eustachian tube, external auditory meatus
and parts of the larynx. Its characteristic flexibility is given by a network of elastic fibers
and its main function is to provide support and to maintain shape [1]. Fibrocartilage exists
1
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in the annulus fibrosus of intervertebral discs, the symphysis pubis, and the insertions of
ligaments and tendons [4]. It consists of dense collagen bundles oriented parallel and it is
the only type of cartilage that contains collagen 1 in addition to collagen 2 [5]. Hyaline
cartilage is the most abundant type of cartilage in the human body. Its name derives from
the Greek hyalos (υ Oαλος), meaning “glass”. It is indeed the glossy, opalescent tissue that
can be found on the surface of bones, the ventral parts of the ribs and in the bronchial tree.
It is also the embryonic template of endochondral bones and therefore exists at the
epiphyseal plates in the bones of fetuses and growing children [6].

1.2

Articular cartilage

Figure 1.1 Zonal structure of articular cartilage. Both chondrocytes and collagen are organized in four
distinct zones: superficial, middle, deep and calcified.

Articular cartilage is the hyaline cartilage found on the articular surfaces of bones (Figure
1.1) [7], where it provides lubrication and acts as shock-absorber. In adults, articular
cartilage is generally 1 to 2mm thick, although this varies across different areas of the
joints [8]. It is estimated that a normally active adult takes 1 to 2 million steps each year
and that this results in forces acting on cartilage which are equivalent to 2.5-4.9 times the
body weight and in stresses that reach up to 10 MPa. During each of these cycles, the joint
surfaces slide relative to one another with velocities of 20-250 mm/s [9]. Articular
cartilage unique composition and structure are responsible for its durability and
resistance to the sheer, tensile, and compressive forces [3].

2
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1.2.1 Articular cartilage composition
Water is the main component of healthy articular cartilage as it accounts for up to 80% of
its wet weight. Collagens and proteoglycans mainly account for the remaining 10-20% of
wet weight [10]. Lipids, phospholipids, non-collagenous proteins and glycoproteins such
as cartilage oligomeric protein (COMP) can also be found in smaller amounts and
contribute to cartilage structural stability and biological function. Collagen is the most
abundant structural macromolecule in cartilage [11] and can be found in at least 15
different types [12]. All members of the collagen family are composed of a triple helix,
which consists of polypeptide chains. Collagen type 2 represents 90-95% of the collagens
found in cartilage and provides tensile strength. The fibrillary network formed by collagen
2 allows cartilage to entrap the proteoglycan aggregates as well as provide tensile
strength to the tissue. Types 1, 4, 5, 6, 9 and 11 can also be found but in smaller amounts
[13]. Proteoglycans are the second most abundant macromolecule in articular cartilage,
accounting for 10-15% of the dry weight [14]. They are made of a core protein with one
or more covalently attached glycosaminoglycan (GAG) chains. Aggrecan is the largest as
well as the most abundant proteoglycan and it is characterized by its ability to interact
with hyaluronic acid (HA) via link proteins. GAG side chains of aggrecan are composed of
negatively charged unbranched chains, mainly chondroitin sulfate and keratin sulfate
[15]. Cartilage also contains small leucine-rich proteoglycans such as decorin, lumican
and byglycan. The overall negative charge of proteoglycans retains water and provide the
osmotic pressure that is responsible for cartilage compressive strength [16, 17].
Additionally, thanks to their sulfated nature, proteoglycans can bind many substances,
including growth factors (e.g. TGF-β and FGF-2). They not only act as reservoir, but they
also protect the growth factor stability and modulate their activities [18].
Chondrocytes accounts for 1 to 10% of tissue volume and, being responsible for the
limited matrix remodeling, they are the basic metabolic unit of cartilage [19].
Chondrocytes reside in ECM cavities called lacunae and they are isolated from one
another, with little cell-to-cell contact. Cartilage cellularity as well as chondrocyte
proliferation and growth factor responsiveness have been reported to decline with age
[20]. The reduced amount of chondrocytes in cartilage and their lower chondrogenic
potential in adult tissue are some of the factors involved in cartilage limited ability for
3
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self-repair [21]. Despite the low oxygen tension (from 5% in the superficial layer to less
than 1% in the deep layer [22]), chondrocytes show a high metabolic activity [23] and rely
on the anaerobic pathway for their catabolic activities [23].
Chondrocytes account for the great majority of cell types in mature cartilage and were
believed to be the only kind of cells in adult cartilage until two decades ago. Since Hayes
[24] and Hunziker [25] proposed the appositional growth mechanism of cartilage, many
studies demonstrated the existence of chondroprogenitors cells in the superficial zone of
hyaline cartilage [26, 27]. While many progresses have been made to characterize these
cells, their implication in cartilage regeneration and regenerative medicine is still unclear
[28].

Figure 1.2 Cartilage extracellular matrix composition and regional organization in pericellular, territorial
and interterritorial zones. Image inspired by Heinegård et al. [29].
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1.2.2 Zonal organization of articular cartilage
Macroscopically, articular cartilage can be divided in four distinct zones, which differ in
structure and composition: the superficial, middle (or transitional), deep, and calcified
zones (Figure 1.1) [30]. The outermost articular gliding surface is the superficial zone.
Within this zone, the collagen fibrils (primarily collagen type 2 and low amount of type 9)
are packed and oriented parallel to the cartilage surface [31]. The matrix has a relatively
low proteoglycan content and the cells are densely flattened and oriented parallel to the
surface. To facilitate the wear and frictional properties of the tissue, superficial-zone
chondrocytes express lubricin (proteoglycan 4, PRG4), a mucinous glycoprotein [32]. The
middle zone is characterized by randomly oriented and larger diameter collagen fibrils.
While the proteoglycan content reaches its maximum, cells are sparse and spherical.
Below this zone is the deep zone, which accounts for the greatest resistance to
compressive forces. It contains the largest diameter collagen fibrils, which are oriented
perpendicular to the articular surface. The chondrocytes are spherical and arranged in a
columnar pattern, while the proteoglycan content is lower. Separated by the tidemark,
there is the calcified zone. This is a transition zone into the subchondral layer and it is
present to minimize the stiffness gradient. This stiff zone hinders the transport of
nutrients from the underlying bone and makes the articular cartilage only dependent on
synovial fluid for nutritional support. The cells are scarce, hypertrophic and distributed
randomly in a matrix packed with salts of hydroxyapatite [33].
1.2.3 Regional organization of articular cartilage
Additionally to the zonal structure organization, the ECM within each zone can be divided
in regions based on the proximity to chondrocytes and composition (Figure 1.2) [34]. The
pericellular region is the one immediately surrounding a chondrocyte and is
characterized by thin collagen fibers, high content of proteoglycan and the presence of
fibronectin and collagen 6. Although the exact function of this region is not fully
understood, it is suggested that it could help protecting the chondrocytes during
compressive load [35] and that it plays a role for transduction of mechanical signals
within cartilage during loading [36]. Perlecan, a large proteoglycan, can be found in the
pericellular matrix and it is speculated that, by binding to growth factors and interacting
5
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with cells, it promotes growth factor activities [37]. Chondrocytes and their adjacent
pericellular matrix form a functional unit called the chondron. The territorial matrix is the
region immediately surrounding the pericellular matrix; it is composed of mainly fine
collagen fibrils that form a basket-like structure around the cells. The interterritorial
matrix is the largest of all regions and contributes to the biomechanical properties of
articular cartilage. It contains randomly organized collagen 2 fibers as well as varying
concentration of proteoglycans and collagen 4 [34].

1.3

Articular cartilage injuries and degeneration

Figure 1.3 Chondral and subchondral defect healing. Due to cartilage’s hypocellularity and lack of nutrient
supply, chondral defects generally do not heal spontaneously. When the defect affects the underlying
subchondral bone, bone marrow mesenchymal stem cells (MSCs) can migrate to the defect and lead to the
formation of mechanically inferior fibrocartilage. Image inspired by Huey et al. [38].

Cartilage lesions can result both from trauma and from wear and tear (i.e. repeated
loading and aging). Peak forces during normal physiological loading of knee articular
cartilage range from 1.9 to 7.2 times body weight. For a 70 kg person, this would
correspond to 1400-4900 N; during activities like running, the stress rate can reach 100
MPa/s [39]. While impacts can occur during any daily activity, 50% of the cartilage
injuries are sport related, being soccer the sport with the highest prevalence of cartilage
injuries [40]. Most soccer injuries occur in the lower extremities (52-95%) and most
frequently in the knee (16-46%) [41]. In high-level soccer players, the prevalence of focal
6
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cartilage defects has been reported to reach 38%, while asymptomatic lesions can be
found in over 50% of the athletes [42, 43].
Articular cartilage has a very limited ability to self-repair due to its low cellularity and
lack of vascularization. Chondrocytes can repair defects only in limited circumstances, e.g.
when the loss of matrix does not exceed what the cells can rapidly produce or when the
fibrillar collagen network remain intact [44]. Chondrocytes respond to injury and load
within hours [45] by activating the signalling pathways that are involved in embryonic
skeletal development. These include the fibroblastic growth factor (FGF), transforming
growth factor beta (TGF-β), WNT and bone morphogenic protein (BMP) pathways [46,
47]. In case of superficial defects, chondrocytes can proliferate and increase the synthesis
of ECM proteins adjacent to the defect edges [48]. If the newly synthesised matrix fails to
fill the defect, chondrocytes rapidly stop proliferating. This leaves a permanent articular
defect that can alter the joint mechanical function, increasing the risk of further
degeneration. Injuries that include damages to articular bone, lead to bleeding in the
defect area and to a consequent inflammatory reaction. The release of mesenchymal stem
cells (MSCs) and growth factors modulates new tissue formation [49]. Nevertheless, the
repair tissue is fibrocartilage-like as it contains both collagen type 1 and 2 (Figure 1.3).
Fibrocartilage is biochemically and mechanically inferior to healthy articular cartilage
and has a higher coefficient of friction compared to hyaline cartilage [50]. This altered
cartilage structure may lead to a decrease in stiffness and an increase in permeability,
resulting in further structural damages to the joint [48]. To summarize, even minor
cartilage lesions, if left untreated, often degenerate and lead to the development of posttraumatic osteoarthritis (PTOA) [51].

1.4

Current clinical treatments for cartilage repair

Cartilage lesions and degenerative joint diseases like osteoarthritis (OA) can cause severe
pain and lead to an impaired mobility. Current non-surgical clinical management mostly
consists of symptom and risk factor reduction. Regular physical exercise, weight control,
acupuncture and physiotherapy can help reducing pain and limiting the progression of
the degenerative processes [52, 53]. These measures can be combined with the
administration of analgesics, such as non-steroidal anti-inflammatory drugs (NSAIDS)
7
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and opioids, as well as with intra-articular injections of hyaluronic acid (HA), platelet-rich
plasma and corticosteroids [54-56]. However, in the long-term surgical intervention is
usually required.

Figure 1.4 Common clinical strategies for cartilage repair. Microfracture consists of inducing subchondral
bleeding to recruit mesenchymal stem cells to the lesion. Graft transplantation involves the transplantation
of autologous (mosaicplasty) or allogenic osteochondral grafts. Autologous chondrocyte implantation (ACI)
consists of implanting ex vivo expanded autologous chondrocytes into the lesion. A periosteal flap or a
collagen matrix is then sutured to seal the lesion. In the MACI procedure, autologous chondrocytes are
seeded on a matrix and precultured in vitro. The scaffold is then fixed in the defect with fibrin glue.

Currently, the standard surgical treatment for end-stage cartilage degeneration is the
total replacement of the joint. Because of its invasiveness, this surgical procedure
presents several complications that include deep vein thrombosis, infection, muscle
atrophy and joint stiffness [57]. The major drawback is the limited lifespan of the
prosthesis, a particularly worrisome concern for younger patients. Polyethylene wear,
8
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instability, aseptic loosening and infection are the most common causes of implant failure
that lead to revision surgeries [58]. Palliative approaches such as arthroscopic
debridement and lavage can be performed to remove the damaged tissue and reduce
inflammation. However, this symptomatic therapy can only be effective for up to several
months and does not restore the tissue in the cartilage lesion [59]. Therefore, for earlystage, symptomatic cartilage lesions in young patients, restorative surgical interventions
are currently used. Despite not providing long-term clinical solutions, these techniques
have been reported to reduce pain and minimize further joint degradation [60]. According
to the defect size, location and depth as well as patient’s age and BMI [61], treatment
options range from bone marrow stimulation techniques (e.g. microfracture and drilling),
reconstructive surgery (e.g. mosaicplasty, auto- and allo-graft transplantation) and
regenerative techniques (e.g. autologous chondrocyte implantation and matrix-assisted
chondrocyte implantation) [62].
1.2.4 Bone marrow stimulation techniques
Abrasion arthroplasty, subchondral drilling and microfracture are all considered marrow
stimulation techniques, as they give the chondral lesion access to reparative elements
from the bone cavity through the openings of the subchondral bone plate. Due to the
simplicity of the surgical procedure and the low cost, bone marrow stimulation
techniques are the most commonly used surgical approaches for cartilage treatment
worldwide [63]. They consist of the initial debridement of the lesion, followed by the
removal of the calcified cartilage layer and the subsequent penetration into the
subchondral bone. The aim of the procedure is to provoke the formation of a blood clot in
which recruited bone marrow cells can promote the formation of a fibrocartilaginous
tissue. Abrasion arthroplasty consists of removing the damaged cartilage to reach the
subchondral bone using high speed burrs. This technique was very popular in the 1980s
but was gradually replaced by drilling and microfracture [64]. During the drilling
technique, multiple holes are made with surgical drills or wires, while for microfracture a
sharp tool called an “awl” is used. As it prevents further injury to the tissue due to
overheating of the lesion with a drill, microfracture is more precise and generally the
technique of choice [65]. It is indeed recommended for small (<3cm2), full-thickness
defects in young (18-50 years old) patients. However, the inferior biochemical and
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mechanical properties of the newly formed scar tissue can lead to the further
deterioration of the joint. Moreover, osteophytes formation in the underlying bone (in 20
to 50% of the cases) [66] further contributes to the high failure rate 5 years after surgery
[67].
1.2.5 Reconstructive techniques
Mosaicplasty (or autologous osteochondral graft transplantation) is a reconstructive
technique that involves inserting multiple cylindrical osteochondral grafts harvested
from a less weight-bearing area in the knee joint into the defect site. Despite being widely
used to treat small, full-thickness cartilage lesions, this technique presents several
drawbacks that include donor site morbidity and graft integration failure [68, 69].
Alternatively, allografts can be implanted, but are usually only employed when the defect
size covers almost the entire femoral condyle and previous studies indicated that the
procedure fail to obtain the desired levels of pain relief and restoration of joint function
[70]. Additionally, the procedure is conducted with an open knee surgery and not under
arthroscopic conditions, making it an invasive procedure [71].
1.2.6 Regenerative techniques
The limitations and the inconsistent outcomes of the abovementioned procedures
prompted the development of regenerative techniques such as autologous chondrocyte
implantation (ACI) and matrix-assisted chondrocyte implantation (MACI or MACT). To
perform ACI, a full-thickness biopsy is taken from a low-weight bearing region of the joint
and chondrocytes are isolated. The need for a two-step surgical procedure is the first
limitation of the approach, since the biopsy can lead to site morbidity. The cellularity of
cartilage is very low and chondrocytes must be expanded in vitro to yield the required
number of cells (12 to 48 million) that will be re-implanted into the debrided defect. As
described later in this thesis, this in vitro expansion is linked to another drawback, namely
to loss of a chondrogenic phenotype and the consequent limited ability of the cells to
produce ECM. In the first generation of ACI, the cells were sealed in place using a
periosteal flap sutured over the defect [72]. However, the tendency to delamination and
hypertrophy of the flap motivated the use of collagen matrices to cover the defect (second
10
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generation ACI). Long-term follow-up studies found ACI to have a superior clinical
outcome when compared to microfracture and osteochondral transplantation for the
treatment of large defects (>3cm2) [73, 74].
The lack of supporting material to guide chondrocyte organization and ECM deposition
encouraged the development of MACI. Similar to ACI, MACI requires the collection of a
tissue biopsy and the consequent ex vivo expansion of autologous chondrocytes. Cells are
then seeded on a chondro-inductive matrix and precultured in vitro. The scaffold is then
implanted in the defect and fixed in place with fibrin glue. While long-term clinical
outcomes are still unavailable, short- and mid- term follow-up studies showed that MACI
requires longer recovery time but leads to more durable results [75-77]. A number of
matrices are currently available and used for MACI. Clinically approved scaffolds are
derived either from collagen (e.g. Chondro-Gide from Geistlich, MaioRegen from JRI
Orthopaedics, NeoCart from Histogenics, CaReS from ArthroKinetics) or from hyaluronic
acid (e.g. Hyalograft-C from Anika Therapeutics). However, several natural (i.e. agarose,
alginate, chitosan and fibrin) and synthetic materials (i.e. polyglycolic acid, polylactic acid,
and polyethylene glycol) are currently under investigation [78, 79].
Scaffold-less approaches are also gaining interest in the field. Chondrosphere (Spherox,
Co.don) gained European market approval in March 2018 and consists of the implantation
of 10-70 microtissues made of autologous chondrocytes into the cartilage lesion. Initial
clinical trials have shown to improve patient symptoms and knee function when
chondrosphere was used to treat articular cartilage defects (4-10 cm2) [80].

1.5

Tissue Engineering

Tissue engineering was defined by its founders as “an interdisciplinary field that applies
the principles of engineering and life sciences toward the development of biological
substitutes that restore, maintain, or improve [biological tissue] function or a whole
organ” [81]. This approach is based on three components:
(1) cells that can produce extracellular matrix
(2) biomaterials as supporting scaffolds
(3) signals in the form of biologics or mechanical and environmental factors.
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Researchers have used these components individually and in combination with one
another in the attempt to promote the regeneration and the reconstruction of various
tissues and organs. Several cartilage tissue engineering strategies have been developed in
the last two decades. However, while some approaches have undergone clinical
translation or even gained market access, more studies will be necessary to generate
tissues that have the biochemical and mechanical properties of articular cartilage [82].
The following paragraph will present an overview of the available tissue engineering
components and the respective requirements for the successful engineering of
cartilaginous tissue.
1.5.1 Cells
Several cell types have been investigated as candidates for cartilage tissue engineering
applications, from mature chondrocytes to pluripotent stem cells. However, every cell
type presents some limitations and no consensus has been reached on which is the
optimal cell source. An ideal cells type should be readily available, non-immunogenic and
have a stable phenotype to produce high amount of cartilaginous ECM.
Chondrocytes: Chondrocytes are cartilage resident cells and produce cartilage ECM in
their native environment. Articular chondrocytes isolated from a tissue biopsy have been
extensively used as a cell source for ACI and MACI procedures. However, these procedures
cause donor-site morbidity and secondary injuries that ultimately lead to OA.
Additionally, articular chondrocytes have the tendency to rapidly dedifferentiate during
monolayer expansion, losing their specific phenotype in favor of a more fibroblastic
phenotype [83]. Therefore, nasal and auricular chondrocytes have been proposed as
alternative sources. These cells are easy to harvest, have a high proliferative rate and have
been used in clinical settings [84-86]. Nevertheless, it is still unclear whether heterotopic
chondrocytes would produce hyaline cartilage during defect healing, particularly because
these cells are from a different embryonic origin compared to articular cartilage. Neonatal
and fetal chondrocytes have also been proposed as viable cell sources for cartilage
engineering for their proliferation rate and stable phenotype [87-89]. However, their
availability is limited and their characterization is still incomplete.
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Multipotent stem cells and progenitor cells: Mesenchymal stem cells (MSCs) can be
harvested from a number of body locations and maintain multipotency after expansion.
They have the potential to regenerate both bone and cartilage, making the repair of
osteochondral lesions possible. Bone marrow stem cells are the most commonly used [90]
but MSCs can also be found in muscles [91], adipose tissue [92], periosteum [90],
perichondrium [93] and synovial membrane [94]. In addition to their great availability,
MSCs are considered immune evasive, as they generally do not express molecules of the
class II major histocompatibility complex, responsible for tissue rejection [95, 96].
However, depending on the source, MSCs tend to undergo towards hypertrophy or to
retain some fibroblastic characteristics and, despite the large number of research studies,
only a few clinical studies have been reported.
Pericytes, the contractile cells around blood microvessels, are of growing interest in
cartilage engineering as they are progenitor cells and can give rise to adipose tissue, bone,
cartilage and muscle [97]. They can be isolated from several tissues, including adipose
tissue, and could serve as an autologous cell source for cartilage repair applications.
However, their characterization is incomplete and their isolation protocol needs further
improvement to increase sorting efficiency and assess their safety [98, 99].
Pluripotent stem cells: Embryonic stem cells (ESCs) are an additional source of stem
cells. Unlike multipotent MSCs, ESCs are pluripotent, meaning that they have the potential
to differentiate in cells of all three germ layers. Additionally, they have the ability to selfrenew and can be therefore maintained in culture and expanded indefinitely without
losing their pluripotency [100]. However, this property is associated with the risk of
tumor formation [101]. Compared to ESCs, induced pluripotent stem cells (iPSCs) provide
similar pluripotency without major ethical concerns. IPSCs can be generated from adult
cells, by introducing specific genes encoding transcription factors [102]. Thanks to their
pluripotency and high chondrogenic ability, iPSCs are gaining interest in the cartilage
engineering field [103]. Yet, their yield as well as their safety remain major concerns and
clinical trials with iPSCs have been slowed down due to occasional teratoma formation
[104].
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1.5.2 Scaffolds
Several scaffolds produced from a range of biomaterials and manufactured by a number
of fabrication techniques have been used in the field of tissue engineering. Regardless of
the application, scaffold requirements are: (1) biocompatibility and support of cell
processes (i.e. proliferation, differentiation and matrix deposition), (2) controllable
biodegradability, (3) appropriate porosity, (4) ability to integrate with the defect site, and
(5) adequate mechanical properties [105, 106].
Thanks to their ability to mimic the highly hydrated cartilaginous ECM, hydrogels have
been extensively investigated in cartilage engineering. Hydrogels can be tuned by
changing the polymer type, the crosslinking method and by chemical functionalization
with specific molecules [107]. Additionally, their viscoelastic nature enables the transfer
of mechanical loading and they allow encapsulated cells to maintain the round
morphology that is characteristic of a chondrogenic phenotype [108]. However, they can
be mechanically weak, especially in regards to the high loads that articular cartilage has
to withstand. Solid scaffolds are available as porous sponges, fibers, woven and unwoven
meshes, decellularized cartilage and synthetic polymeric scaffolds. They can be used alone
and as reinforcement of hydrogels.
Biomaterials for cartilage engineering can be characterized based on their polymer
constitution into natural (i.e. protein-based and carbohydrate-based) and synthetic.
Natural polymers: Natural polymers can be extracted from both animal and plant
sources. They have been widely investigated thanks to their biocompatibility,
biodegradability and similarity to ECM. Some of the natural polymers (e.g. alginate,
agarose and silk) are not recognized by human enzymes and therefore have slow
degradation profiles, allowing them to be replaced in time by host cell ECM. Despite
lacking attachment sites for cells, these biomaterials are known to provide and maintain
a chondrogenic environment [109]. Other polymers, such as collagen and hyaluronic acid,
are naturally occurring proteins in cartilage and can therefore be recognized by the
encapsulated cells and induce a chondrogenic phenotype [110]. Collagen is the most
abundant and important protein in cartilage ECM. It supports cell attachment and
stimulates synthesis and assembly of matrix proteins. Crosslinking of collagen-based
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hydrogels and matrices can improve their mechanical stability and slow down their
degradation [111].
Hyaluronic acid: Hyaluronic acid is a linear polysaccharide composed of disaccharide
units of glucuronic acid and N-acetylglucosamine. It is present in cartilage ECM and in the
synovial fluid and it has been used as a viscosupplement in the symptomatic treatment of
OA. Importantly, it can interact with chondrocytes via surface receptors such as CD44 and
RHAMM [112]. Additionally, hyaluronic acid plays an important role in skeletal
development, mesenchymal stem cell condensation, ECM deposition and chondrogenic
differentiation [113]. To overcome its weak mechanical properties and fast degradation
rate, hyaluronic acid can be chemically modified or combined with other biomaterials.

Figure 1.5 Hyaluronic acid structure. Hyaluronic acid is a polymer of alternating disaccharides, Dglucuronic acid and N-acetyl-D-glucosamine, linked via glycosidic bonds.

Other commonly used natural polymers in cartilage engineering are chitosan, fibrin,
heparin, chondroitin sulfate, gellan-gum and cellulose.
Synthetic polymers: Compared to natural polymers, synthetic polymers have an
enhanced reproducibility. Additionally, their mechanical, compositional and degradation
properties can more easily be tuned and controlled. Synthetic polymers tend to be less
biocompatible than natural polymers and, as they do not provide biological cues, they are
often functionalized with bioactive molecules to impart them biological activities [114].
Hydrophilic polymers can form hydrogels and include polyethylene glycol (PEG),
polyvinyl alcohol (PVA) and poly N-isopropylacrylamide (PNIPA). In addition to
hydrogels, synthetic scaffolds can be produced as fibers and meshes and used as support
material for hydrogels and cells. Commonly used synthetic polymers for these purposes
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are polyglycolic acid (PGA), polylactic acid (PLA), polylactic-co-glycolic acid (PLGA) and
polycaprolactone (PCL).
1.5.3 Signals
In cartilage engineering external stimuli can be applied to direct cellular proliferation,
differentiation, migration, adhesion and gene expression. Soluble factors include growth
factors, hormones and small molecules. Of the growth factors, the members of the TGF-β
superfamily are often used to induce cartilaginous ECM deposition and to decrease IL-1
(interleukin-1) catabolic activity [115]. Similarly, members of the fibroblast growth factor
(FGF) family, specifically FGF-2 and FGF-18, are used to stimulate anabolic pathways and
to reduce the catabolic activity of aggrecanase [50]. Insulin-like growth factor-1 (IGF-1)
has also been shown to enhance collagen and proteoglycan deposition of chondrocytes,
particularly when used in combination with other growth factors [116]. Growth factor
delivery to cells can be achieved either by supplementation in the culture media or by
loading into the scaffold (via covalent and non-covalent binding). The latter approach
allows the delivery of growth factors in clinical cartilage treatments [117].
Mechanical stimuli, applied with bioreactors, are also a common way to mimic the
cartilaginous environment and direct cellular differentiation. There are three main types
of bioreactors used in cartilage engineering, namely hydrostatic bioreactors, dynamic
loading bioreactors and hydrodynamic bioreactors [50]. Mechanical stimulation was
shown to induce calcium signaling and to regulate actin cytoskeleton organization in
chondrocytes, influencing their morphology and increasing cartilaginous ECM protein
deposition [118].
Combining mechanical stimulation with soluble factor administration can often enhance
chondrocyte ECM synthesis and phenotypic stability. However, super-physiological
mechanical stimulation and excessive biochemical stimuli can result in unwanted cellular
differentiation or undesirable phenotype [119].
Finally, hypoxic culture conditions have also been used to reproduce the low oxygen
tension of the native articular cartilage milieu. Hypoxic environments can upregulate the
chondrocytic phenotype via hypoxia inducible factors (HIFs), supporting chondrocyte
and MSC specific chondrogenic phenotype and differentiation [118]. However, due to the
16

1.6 Translating cartilage engineering strategies to the clinics
lack of a deep understanding of oxygen gradients in in vitro models, normoxia remains the
standard for in vitro culture of cartilage engineered grafts.

1.6

Translating cartilage engineering strategies to the clinics

1.6.1 Regulatory steps
Translating tissue engineered products to the market presents major technical challenges
related to the scientific and manufacturing constrains involved. Additionally, according to
investors (governmental, public and private), some of the top challenges in regenerative
medicine are the unclear regulatory pathways and the reimbursement uncertainty [120].
Tissue engineering products are medicinal products and therefore their development is
controlled by regulatory agencies, such as the Food and Drug Administration (FDA) in the
United States and the European Medicine Agency (EMA) in the European Union (EU).
FDA: New therapeutic entities are traditionally classified by the FDA based on their
primary mode of action (PMOA) and routed along four different pathways: medical
devices, drugs, biologics and combination products. Tissue engineering approaches
introduce new challenges as they can fall in more than one category. Currently, new
therapeutics are evaluated on a case-to-case basis, making the regulatory process
uncertain and risky [121]. Indeed, the developer has to prove the efficacy, the safety and
the quality of the products with a set of techniques, which are not listed by the agency in
specific guidelines.
Tissue engineering and regenerative medicine products that are based on human cells,
cells or tissue (HTC/P) are regulated by FDA according to the Code of Federal Regulations
and the Food and Drug Safety Act, Title 42, Chapter 6A and the Code of Federal
Regulations Title 21 Part 1271. They likely require three tiers of testing: initial
development and proof-of-concept studies, preclinical studies done under good
laboratory practice (GLP) and clinical studies. Additionally, good tissue practice (GTP)
and good manufacturing practice (GMP) guidelines should be followed to ensure the
production of sterile and efficacious HTC/P. Biologics, drugs and most of the
combinational products are regulated by the Center for Biologics Evaluation and Research
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(CBER). Prior to clinical trials, they must have an approved investigational new drug
(IND) application, in addition to the institutional review board (IRB) approval.
The fastest way for a product to reach the market is to be classified as medical device and
be therefore regulated by the Center for Devices and Radiological Health (CDRH). This
would be the case for acellular scaffolds or hydrogels that do not contain drugs or
biologics. Low risk (class I) devices need to be registered with FDA but do not require
approval for commercialization. Moderate risk (class II) devices are generally cleared by
FDA before entering the market with the 510(k) process that shows the product
equivalency to an existing one. High risk (class III) products are typically subjected to
higher scrutiny levels by the authorities and require clinical studies to obtain safety and
efficacy data before obtaining pre-market approval (PMA) [122].
After clinical studies demonstrated safety and efficacy, the product can receive the
biologics license application (BLA) or the pre-market approval. Phase IV, or post-market,
studies continue to monitor product safety.
EMA: Within the EU, the EMA is the responsible regulatory authority for tissue
engineering products. Under the current regulation, tissue engineering products are
classified as advanced therapy medicinal products (ATMPs) and are certified by the
Committee for Advance Therapies (CAT) together with gene therapy products, somatic
cell therapy products and medical devices combined with cells or tissues. ATMPs in the
EU are evaluated on an individual risk-based approach that provides the possibility of
omitting guideline-based studies based on risk analyses. The purpose of the risk-based
approach is to assess the risks of a specific ATMP (i.e. identifying the various risks
associated with the clinical use and the risk factors inherent to the ATMP with respect to
quality, safety and efficacy), taking into account continuously evolving science and
technology [124]. Similarly to the USA, ATMPs require preclinical testing conducted under
GLP condition, clinical trials conducted under good clinical practice (GCP) as well as
continuous post-market evaluation. Medical devices are classified into three classes
where class II and II devices require the Conformité Européenne (CE) mark before
commercialization and high-risk devices undergo extensive review and clinical trials.
Differently to the American system, the application to start clinical trials requires
approval by the individual states, each with their own regulatory body [123]. After
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completion of clinical trials, an ATMP can receive the marketing authorization valid in
every states of the EU [125].

Figure 1.6 Overview of US regulatory translational path. Tissue engineering and regenerative medicine
entities are classified into devices, drugs, biologics and combination products based on their primary mode
of action. Image inspired by [122, 123].
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1.6.2 Preclinical models for cartilage engineering therapies
In vivo testing plays an essential role in the translation of tissue engineering to the clinics
[126]. Despite recent advances with in vitro techniques such as bioreactors, organ-on-achip and organoids, animal models remain critical for the safety and efficacy assessment
of tissue engineering components and therefore they continue to be required for
regulatory approval of biologics and devices [127].
Preclinical data are indispensable to close the gap between in vitro experiments and
clinical trials. In the context of animal studies, toxicity and pharmacokinetics as well as
long-term stability in challenging environment can be assessed. Additionally, animal
models provide data about the biochemical composition of the repair tissue. Indeed,
human clinical data about macroscopic, histological and mechanical aspects of the tissueengineered grafts are almost never available due to ethical concerns, as taking a biopsy
would cause some morbidity [128].
Table 1.1 Comparison of various focal defect animal models used for cartilage repair. Adapted from [129],
[130], [131], [132], [133], [134] and [135].
Specie

Age of
skeletal
maturity

Adult
weight

Cartilage
thickness

Calcified
cartilage
thickness

Bone plate
thickness

Critical size
defect

Human

18-22 years

60-90 kg

2.4-2.6 mm

0.1 mm

0.2-0.5 mm

10 mm

Rat

20 weeks

0.25-0.5 kg

0.13-0.15
mm

10 µm

60 µm

unknown

Guinea pig

6 months

0.7-1.2 kg

0.15-0.27
mm

10 µm

-

< 1mm

Rabbit

9 months

3-4 kg

0.16-0.75
mm

0.1 mm

0.4-0.5 mm

< 3 mm

Dog

1-2 years

15-20 kg

0.95-1.3
mm

0.1 mm

0.1 mm

4 mm

Goat

2-3 years

40-70 kg

0.8-2.0 mm

0.2 mm

0.3 mm

6 mm

Sheep

2-3 years

40-80 kg

0.7-1.7 mm

0.2 mm

0.7 mm

7 mm

Mini-pig

10-12
months

20-40 kg

1.5-2.0 mm

-

-

6 mm

Pig

2 years

250 kg

1.5-2.0 mm

-

-

6 mm

Horse

2-4 years

500-600 kg

2.0-3.0 mm

0.2 mm

0.7 mm

9 mm
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Available animal models: A number of aspects need to be kept in consideration when
choosing the animal model for cartilage tissue engineering. These include animal and joint
size, cartilage thickness, defect critical size (i.e. size of the defect that would not heal
spontaneously), biomechanics of the joint and load distribution, animal handling and
costs as well as ethical considerations like scientific gain versus animal welfare [136].
Additionally, the surgical technique and randomization of the animals between
experimental conditions should consider defect thickness (i.e. chondral or subchondral
defect) and location (i.e. condyle and condyle compartment). Several animal models are
available to researchers. Rodents and rabbits are considered small animal models and are
often used to provide cost-effective proof of concept data. Dogs, pigs, sheep, goat and
horses are large animal models, commonly used for topic, long-term study of cartilage
repair.
Mice: Due to the limited joint size and cartilage thickness, mice are commonly used as
heterotopic chondrogenesis models [135, 136]. Subcutaneous and intramuscular
implantation are useful tools to study the degradation rate and safety profile of implants.
Additionally, they allow the evaluation of tissue-engineered constructs to sustain and
induce cartilage formation in an ectopic site as well as the ability of the construct to resist
cellular infiltration [129]. They can be genetically modified to insert and delete specific
genes, leading to variety of transgenic animals available for the study of specific diseases.
In particular, the availability of commercial immunocompromised mice allows the
xenogeneic transplantation of human cells [137].
Rats: Similarly to mice, rats presents the advantages to be relatively inexpensive, easy to
manage and are available in a range of transgenic models. Nude, athymic rats allow
xenogeneic cell transplantation both subcutaneously and into osteochondral defects.
While they have a larger size than mice, rats present similar limitations due to joint size,
thin cartilage and potential for spontaneous healing due to the life-long open growth plate
[138].
Guinea pigs: Although this rodent is highly used in research, it is not a valid model for
cartilage repair of articular cartilage defects. Not only it has an increased load on the
medial compartment, but it has also been shown that full thickness defects can heal
spontaneously. Furthermore, guinea pigs demonstrated spontaneous age-related
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cartilage degeneration, which together with subchondral bone changes and synovitis,
makes this model suitable for OA studies [139].
Rabbits: Like other small animals, rabbits are cost-effective and easy to manage. However,
due to a higher cellular density, they also show a higher rate of spontaneous repair
compared to other species [140]. Additionally, they have a different biomechanics than
humans due to their different gait patterns [141].
Dogs: Canine models are considered a good choice for cartilage repair studies. Dogs suffer
from similar pathologies as humans (e.g. osteoarthritis) and they can be easily trained to
performed specific rehabilitation programs. Nevertheless, anatomical differences
between the human and dog knee joints prevent their widespread use and their
longstanding status as family pet introduces ethical concerns [135, 142].
Goats: Goats are a widespread animal model in cartilage research. Thanks to their larger
size, they allow arthroscopic surgical procedures and the creation of controlled chondral
and subchondral defects. The limited intrinsic healing capability and the relative
thicknesses of cartilage and subchondral bone closely mimic the human situation [143].
The limitation of the model is related to their relatively high costs and need for adequate
facilities.
Sheep: Due to the anatomical and mechanical similarities between the human knee and
the ovine stifle joint, the sheep is an excellent model for the translation of cartilage repair
technologies [144]. Additionally, they have low ability of self-repair and their tamed
character makes them easy to handle. However, they have reported to have variable
cartilage thickness that can cause issues with the study design.
Pigs: Porcine models are advantageous in the terms of their joint size, loading
biomechanics, subchondral bone anatomical structure and lack of spontaneous healing.
However, their high weight and aggressive behavior make them less appealing than other
models. Mini-pigs overcome these limitations with their smaller size and more docile
attitude. Importantly, mini-pigs have been used for organ transplantation research and
transgenic pigs have been developed to allow xenogeneic transplantation [145].
Horses: Horses are bred for racing and suffer from similar cartilage diseases and traumatic
lesions as humans. Therefore, cartilage repair techniques are well investigated in horses
22

1.6 Translating cartilage engineering strategies to the clinics
as they can serve as both patients and preclinical models. Cartilage thickness, gait and
joint size are the closest to humans among other research animals [134]. Limitations of
the models are mostly related to the high loads in the joints due to their weight and the
high costs involved for their maintenance.
FDA guidelines for preclinical studies: In 2011 the FDA published the guidelines preclinical testing of products intended to repair or replace knee cartilage [146]. The FDA
recommends to provide enough preclinical data to demonstrate acceptable safety of the
products prior to clinical studies. In general animal studies should be used to address:
•

Biological response to the product as well as biological activity and clinical efficacy of
each components of a combination product.

•

Durability of the therapeutic response in large animal.

•

Local and systemic toxicity due to the cells or particles, potential for tumorigenicity
and unwanted cellular differentiation.

•

Dose response according to the anatomy and biomechanics of the animal model of
choice.

•

Lesion size and location intended for human application.

The FDA also recommends to:
•

Use large animals. The FDA acknowledges that there is no consensus on the optimal
animal model and that goats, sheep and horses are what is commonly used.

•

Perform preclinical studies that last at least one year. However, pilot studies to test
the suitability of the model are also recommended.

•

Choose appropriate endpoints that mirror clinical study ones. Additional secondary
endpoints for histological analysis should be considered in animal studies.

•

Use arthroscopic and/or magnetic resonance imaging (MRI) for macroscopic
examination to reduce the number of animal sacrifices.

•

Use analogous cells from the animal species for cell-based therapies.

•

Include one or more controls in the study. The most common types of controls include
placebo sham-surgery, active-comparator and standard of care.

•

Provide complete reports on the purpose of the study, the rationale on the choice of
the model, detailed methods and results at the end of study.
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1.6.3 Open challenges and future treatments for cartilage repair
When the concept of tissue engineering was proposed, articular cartilage was predicted
to be one of the first tissues to be successfully regenerated. More than two decades later
and despite dramatic progresses have been made in the field of tissue engineering,
treating articular cartilage lesions still represents an open challenge [38, 147]. Advances
in biofabrication technologies and chemistries have led to the development of novel
biomaterials with complex structure and biomimetic composition. A better
understanding of cartilage biology and immunology has promoted the design of
biomaterials that reduce and control inflammatory responses. Furthermore, the
investigation of alternative cell sources as well as the application of genetic tools for cell
manipulation has contributed to the development of personalized medicine approaches.
Yet, only a limited tissue engineering approaches to treat cartilage lesions made it into the
clinics. The major hurdles and challenges in the development of successful strategies for
cartilage repair as well as some of the possible solutions are hereby discussed.
Structural and biochemical complexity: Articular cartilage has to withstand high and
repetitive loads with forces that can be up to six times the body weight and stresses close
to 10MPa [148]. Native cartilage structure and composition allow it to have extraordinary
mechanical properties in compression, friction and tension. To date, no material could be
developed that can simultaneously match cartilage biochemical as well as mechanical
properties. 3D bioprinting techniques provide novel approaches to mimic the
heterogeneous cellular composition and anisotropic ECM organization and represent a
new tool for the production of chondral as well as osteochondral grafts [149, 150].
Additionally, 3D printing allows precise spatial control of bioactive factors and targeted
gene delivery to achieve heterotypic cellular differentiation [151]. Ongoing efforts in the
field are focusing on the development of safe and mechanically stable bioinks as well as
on the investigation of several cell types to improve the translation potential of
biofabrication techniques.
Increasing effort is going towards the development of novel biomaterials that can
introduce structural organization and desirable biochemical composition in the
engineered tissues. A number of biomimetic scaffolds with advanced mechanical and cellinstructive properties are in preclinical and clinical trials. While some of these scaffolds
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are designed to be used in combination with microfracture, other are intended to be used
for advanced, cell-based cartilage engineering strategies [79].

Figure 1.7 Some of the recent advances in cartilage engineering. Alternative cell sources (e.g. neural crestderived nasal chondrocytes) and gene therapy (i.e. TGF-β expressing, polydactyly chondrocytes and IL-1R
expressing synovial fibroblasts) have been tested in clinical trials. Biofabrication techniques such as
bioprinting have been investigated. Novel and advanced biomaterials have been developed and used for
both cell-based and cell-free (e.g. AMIC) surgical techniques. Particle-based approached (e.g. CAIS) have
been explored to reduce clinical translation hurdles.

Inflammatory environment: Following cartilage damage, there are increased signs of
inflammation that can be observed in joint fluids and tissues. The presence of
inflammatory mediators such as interleukin-1β (IL-1β) and tumor necrosis factor ɑ
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(TNFɑ) increases the risk for the development of post-traumatic osteoarthritis (PTOA) in
patients who suffered from joint injuries [51]. However, little attention has been given sofar to the management of inflammation in the cartilage treatments strategies.
Gene therapy represents a novel approach to manage joint inflammation and
degeneration as well as to overcome biological factor short lives. The principle of gene
therapy consists of the overexpression of the desired gene and it is achieved by
introducing the gene sequences into the targeted cells. Gene therapy using IL-1 receptor
antagonist (IL-1Ra) has been proposed to mitigate the effect of IL-1β [152]. Proof of
concept data have been obtained both in vivo and ex vivo using a variety of vectors, genes,
and cells in several different animal models. Furthermore there have been a small number
of clinical trials for rheumatoid arthritis (RA) and osteoarthritis (OA) using retroviral
vector to deliver IL-1 receptor antagonist (IL-1Ra) cDNA [153].
The nSTRIDE Autologous Protein Solution (APS) Kit from Zimmer is a cell concentration
system developed to concentrate anti-inflammatory cytokines and anabolic growth
factors. It was designed to specifically counteract the inflammatory proteins (IL-1, TNFɑ,
MMP-13) associated with OA and has shown promising results in early clinical trials
[154].
Phenotypical stability: One of the major challenges in cell-based strategies for cartilage
repair is finding a cell source that is simultaneously easily available, non-immunogenic
and has a stable chondrogenic phenotype. The most commonly used cell types in the
current treatments for cartilage lesions are autologous articular chondrocytes and
mesenchymal stem cells. Nevertheless, more and more studies are investigating the
potential of alternative cell types. Autologous nasal chondrocytes, for example, are
currently undergoing phase II clinical trials in Europe after initial promising data from the
first-in-human trial [86]. These studies demonstrate the feasibility of engineering
articular cartilage from nasal chondrocytes and pave the way for the use of neural-crest
derived cells [155]. The use of allogenic cells is also making its way into clinical repair
treatments for cartilage. Human polydactyly chondrocytes that are retrovirally
transduced to express TGF-β1 are currently commercially available in South Korea as
INVOSSA (TissueGene-C) and are undergoing phase III clinical trials in the USA. After
being proven safe in a range of preclinical animal models [156], INVOSSA chondrocytes
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have been confirmed safe and efficient in grade III, chronic knee osteoarthritis patients
[157-159].
Integration: An open challenge in the development of novel strategies for cartilage repair
is achieving integration. Graft integration (both vertical and lateral) is considered
paramount to the long-term success of cartilage repair strategies as it provides stable
biological fixation and proper mechanotransduction [160, 161]. Thanks to the bone
vascularization and porosity, vertical integration (i.e. cartilage-to-bone) was reported to
be achieved with several scaffold designs. Contrarily, lateral integration (i.e. cartilage-tocartilage) is rarely, if ever, achieved. Major challenges in achieving cartilage integration
can be found in the dense and anti-adhesive nature of cartilage ECM [162]. The
mechanical property mismatch between native tissue and the implanted grafts
contributes to the difficulty of achieving scaffold integration. Additionally, surgical
preparation of the defect can induce cell death at the defects edges and no imaging tools
are available to assess lateral integration in a clinical setting. The scarcity of in vitro and
in vivo model to test integrative scaffolds has further limited the progresses. More
research will be necessary to develop novel biomaterials that support cartilage
integration as well as to introduce digestive and chemotactic factors into the scaffold
systems [163].
Translational hurdles: As discussed earlier in this chapter, the complexity and
uncertainty of the clinical regulatory pathways prevent and slow down the translation of
new technologies into the clinics. To overcome lengthy and risky clinical trials, cell-free
products and approached have been investigated and are becoming more and more used
in the clinics [164].
Autologous matrix-induced chondrogenesis (AMIC) combines microfracture and the
consequent bone MSCs release with a collagen sponge matrix. Despite its simplicity, AMIC
have shown promising and reproducible results in promoting neocartilage formation
[165]. Cartilage autograft implantation system (CAIS) involves harvesting of autologous
cartilage and the combination of cartilage fragments with a synthetic scaffold in the
operation room; the construct is then fixed in place with fibrin glue. Other particle-based
approaches involve the use of juvenile allogeneic cartilage fragments [166] and the
application of autologous fragments from low-weight bearing regions of the joints [167].
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Despite the lack of long-term follow-up studies, short term results of the particulated
repair techniques have been promising [168].
To conclude, future cartilage treatments will benefit from the recent advances in the fields
of biology, chemistry and biofabrication. Novel biomaterials as well as alternative cell
sources and genetic tools will be exploited to regenerate functional articular cartilage
with biochemical and mechanical properties of the native tissue. Together with the
improvement of existing surgical procedures, these advances in scientific knowledge will
contribute to the development of novel treatments [169].
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Several cell types have been investigated as candidates for cartilage tissue engineering
applications. However, all of them present some limitations and no consensus has been
reached on which is the optimal cell source. An ideal cells type should be readily available,
non-immunogenic and have a stable phenotype to produce high amount of cartilaginous
ECM. In this chapter, human epiphyseal chondroprogenitor cells (hCCs) are proposed as an
off-the-shelf cell source for cartilage repair application. hCCs are compared to two
commonly used cell types in clinical treatments for cartilage repair, adult chondrocytes
(ACs) and mesenchymal stem cells (MSCs). hCCs are able to maintain a stable chondrogenic
phenotype and to produce cartilage ECM both in vitro and in vivo in a subcutaneous mouse
model.

Note: This chapter has been published in the Journal of Tissue Engineering and
Regenerative Medicine as Human chondroprogenitors in alginate–collagen hybrid scaffolds
produce stable cartilage in vivo, D. Studer and E. Cavalli, F. Formica, G.A. Kuhn, G. Salzmann,
M. Mumme, M.R. Steinwachs, L.A. Applegate, K. Maniura-Weber, M. Zenobi-Wong, 2016,
11: 3014-3026*. Reprinted with permission from John Wiley and Sons. Copyright 2016
American Chemical Society

*

E. Cavalli and D. Studer are listed as first authors. D. Studer performed the cell experiments and wrote the

manuscript. E. Cavalli performed the animal experiments and contributed to the cell experiments.
Acquisition of data was conducted by D. Studer, E. Cavalli, F. Formica, G.A. Kuhn and M. Zenobi-Wong. G.
Salzmann, M. Mumme, M.R. Steinwachs, L.A. Applegate and K. Maniura-Weber provided clinical samples. All
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Abstract
The goal of this study was to evaluate human epiphyseal chondroprogenitor cells (hCCs)
as a potential new cell source for cartilage regeneration. hCCs were compared to human
bone marrow stromal cells (MSCs) and human adult articular chondrocytes (ACs) for their
chondrogenic potential and phenotypic stability in vitro and in vivo. The cells were seeded
in Optimaix-3D scaffolds at 5 × 104 cells/mm3 and gene expression, matrix production
and mechanical properties were analyzed up to 6 weeks. In vitro, hCCs synthesized
consistently high collagen 2 and low collagen 10. AC-seeded constructs exhibited high
donor variability in GAG/DNA values as well as in collagen 2 staining, but showed low
collagen 10 production. MSCs, on the other hand, expressed high levels of collagen 2 but
also of collagens 1 and 10, and were therefore not considered further. In vivo, there was
considerable loss of matrix proteins in hCCs compared to in vitro cultured samples. To
overcome this, a second implantation study investigated the effect of mixing cells with
alginate prior to seeding in the scaffold. hCCs in alginate maintained their cartilage matrix
and resisted mineralization and vessel infiltration better 6 weeks after subcutaneous
implantation, whereas ACs lost their chondrogenic matrix completely. This study shows
the great potential of hCCs as an off-the-shelf, highly chondrogenic cell type that produces
stable cartilage in vivo.
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2.1

Introduction

The low self-regeneration capacity of adult articular cartilage requires tissue-engineering
approaches to prevent development of post-traumatic osteoarthritis in injured joints.
Since the first report of cell-based cartilage repair using autologous articular chondrocyte
implantation (ACI) in 1994 by Brittberg et al. [72], the field has advanced a lot but yet a
cell type needs to be presented which allows for reproducible and stable cartilage
regeneration. The most commonly applied cell type, autologous articular chondrocytes
(AC) shows high donor-to-donor variability [170], fibrocartilage formation [171] as well
as it requires a time and cost-intensive treatment due to the two-step surgical procedure,
long cell expansion and culture times. Cartilage autograft implantation system (CAIS) has
been presented as an alternative one-step procedure where autologous cartilage
fragments from non-weight-bearing sites are transplanted [172]. While CAIS shows good
outcome with reduced cost and time, the autologous cartilage harvest leads to increased
donor site morbidity.
Due to inherent restrictions associated with the use of autologous articular cartilage,
several alternative cell types are being investigated. Autologous chondrocytes from other
body parts and mesenchymal stromal cells are in consideration as potential candidates.
Nasal, auricular and costal chondrocytes have shown promising results [173, 174]
although their low cell yield from the biopsy also requires 2D expansion as in the case of
articular chondrocytes. As an alternative and more abundant cell source, adult
mesenchymal stromal cells (MSCs) have been used in several clinical treatments [90,
175]. However, the differentiation capacity varies from donor to donor [176], and older
patients exhibit decreasing abundance of MSCs [177]. Further, MSCs induced towards the
chondrogenic lineage result in a hypertrophic phenotype and fibrocartilage formation as
evidenced by Wakitani et al. [90] 12 months post-operatively.
As cartilage is avascular and alymphatic and therefore immunoprivileged, allogeneic adult
chondrocytes can be considered and indeed have shown promising results in clinics [178,
179]. Allogeneic cells derived from fetal or juvenile tissue have the additional benefit of a
higher chondrogenic potential compared to adult chondrocytes [87] along with a
potentially more stable phenotype than pluripotent MSCs [180, 181].
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Recently cells termed cartilage-derived stem/progenitor cells [182], chondrogenic
progenitor cells [183] or cartilage progenitors [184] have been used to identify stem celllike progenitor populations within articular cartilage. The regenerative potential of these
cells is already being evaluated in large and small animal models [185]. Marcus et al. [186]
showed an absence of cartilage formation upon injection of bovine chondroprogenitor
cells into thigh muscle of mice, indicating the possible need for in vitro pre-differentiation
of chondroprogenitor cells. In this study we hypothesized that chondroprogenitors from
fetal origin could be a new source for cartilage repair, given the high cell number and
proliferation potential of cells from a single donor which could be expanded to treat
multiple patients with a homogeneous cell population [88]. The low immunogenicity
[187] also makes fetal chondroprogenitors an attractive allogeneic off-the-shelf option.
This study compares the chondrogenic potential of fetal epiphyseal chondroprogenitor
cells (hCCs) (from a 14-week gestation donor) with adult bone marrow-derived MSCs
(MSCs), and adult articular chondrocytes (ACs) using Optimaix-3D, a collagen sponge with
similar composition as m-ACI scaffolds clinically used. Two-dimensionally expanded ACs
are the cells used for the standard ACI procedure. MSCs from bone marrow are chosen as
the most extensively-studied MSC source with superior potential for chondrogenesis
using common culture methods [188]. hCCs, on the other hand, are a newly proposed cell
source [88] which we selected because of their potential off-the shelf availability and
immature chondro-differentiation that has shown to be beneficial for cartilage matrix
production [87]. In the following study, hCCs, MSCs and ACs were evaluated in vitro on
the basis of their chondrogenic potential (sulfated glycosaminoglycan content (GAG),
collagen 2 to 1 as well as Sox9 to Scleraxis and TGIF mRNA ratio, and mechanical
properties), phenotypic stability (collagen 10, indian hedgehog (Ihh), and parathyroid
hormone 1 receptor (PTH1R) gene expression), and vascularization potential (VEGF gene
expression). Furthermore, we evaluated how scaffold structure influenced cellular
distribution and how cell seeding density affected the balance between proliferation and
matrix production in cartilaginous constructs. hCCs and ACs were selected for subsequent
subcutaneous implantation studies based on their superior cartilage matrix formation in
vitro whereas MSCs were abandoned due to their inherent phenotypic instability. A
subcutaneous pilot study of hCCs revealed the loss of cartilage matrix upon implantation
that led to a second study design with the addition of alginate (used based on its
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chondrogenic capacity manifested through increased collagen 2 expression and a round
morphology [189, 190]) to the hCC and AC-seeded Optimaix-3D scaffolds and the use of
lower passage hCCs. Their resistance to mineralization and vascularization, retention of
cartilage matrix, and production of de novo matrix was analyzed after 6 weeks in vivo.

2.2

Materials and methods

2.2.1 Chemicals
All chemicals were purchased from Sigma-Aldrich unless stated otherwise.
2.2.2 Scaffolds and cell sources
Human chondroprogenitors (hCCs) were isolated from the proximal ulnar epiphysis of a
14-week gestation organ donation (same donor as used in [88]), Centre Hospitalier
Universitaire Vaudois Ethics Committee Protocol #62/07 and registered under the
Federal Transplantation Program complying with the Laws and Biobank procedures).
Human chondrocytes (two female and one male donor, aged between 28 and 31) were
isolated from healthy pieces of cartilage obtained during surgical knee operations (ethics
approval number KEK-ZH 2013-0097). Human MSCs were isolated from femur-derived
bone marrow samples that were obtained during hip replacement surgery of otherwise
healthy patients (two female and one male, aged between 34 and 50 years) after having
received informed consent (ethics approval number EKSG08/014/1B). Novocart Basic
(Tetec) and Chondro-Gide (Geistlich Pharma) scaffolds were unused pieces from
surgeries performed at the Schulthess Clinic. Optimaix-3D was kindly provided by
Matricel GmbH. Chondro-Gide (thickness: 0.5 mm) is a low porosity, bi-layered porcine
collagen I/III fleece with an open porous part facing the defect and a dense sealing outer
layer. Novocart Basic is a 2 mm-thick porcine collagen chondroitin-sulfate scaffold with
an upper columnar and a lower sponge-like compartment. Optimaix-3D (1.5 mm in
height) is an open-porous porcine collagen I/III sponge (containing <30% w/w elastin)
produced by a zero-length cross-linking procedure using EDC/NHS chemistry.
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2.2.3 Cell isolation, culture and expansion
hCCs: The biopsy was collected and processed as described by Darwiche et al. [88]. A
working cell bank was developed for the project. The cells were expanded to passage 5
(in vitro experiments) or passage 3 (subcutaneous implantation) in DMEM (Gibco)
containing 10% v/v FBS (Gibco), 2mM L-glutamine (Gibco), and 10 μg/ml Gentamycin
(Gibco).
MSCs: The bone marrow samples were processed and the isolated cells expanded up to
passage 3 as described by Studer et al. [191]. Briefly, cells were rinsed from bone marrow
samples containing pieces of trabecular bone, obtained from hip replacement surgeries
and cultured in α-MEM (Gibco) supplemented with 10% v/v FBS (Gibco), 1% v/v
Penicillin-Streptoymcin (Gibco) and 1 ng/ml FGF-2 (Peprotech).
ACs: The cartilage pieces were minced into pieces of 1-3 mm3 and digested in 0.1% w/v
collagenase solution (DMEM, 1 mg/ml collagenase from Clostridium histolyticum, 10%
v/v FBS) overnight with gentle stirring at 30 °C. The resulting cell suspension was passed
through a 100 μm and subsequently 40 μm cell strainer before collecting the cell pellet by
centrifugation (500xg, 8 minutes). After two washes, cells were seeded at a density of
3’000 cells/cm2 and expanded to passage 3 in DMEM, 10% v/v FBS, 10 μg/ml Gentamycin
(Gibco), and 50 μg/ml ascorbic acid.
2.2.4 Chondrogenic differentiation assays
For the comparison of Chondro-Gide, Novocart Basic and Optimaix-3D scaffolds, punches
of 2 mm in diameter were seeded with 5x104 cells/mm3 (resulting in: 0.78x105
cells/punch for Chondro-Gide, 3.13x105 for Novocart Basic, and 2.35x105 for Optimaix)
and cultured for 3 weeks. For comparison of cell density, 2 mm diameter Optimaix
scaffolds were seeded at 1x104 (low) or 5x104 (high) cells/mm3 in a total volume of 5 μl
of cell suspension per punch. Cell-laden scaffolds were left at room temperature (RT) for
15 minutes before adding chondrogenic medium that consisted of high-glucose DMEM
(Gibco) supplemented with 10 ng/ml transforming growth factor β3 (TGF-β3, Peprotech),
100 nM dexamethasone, 50 µg/ml L-ascorbate-2-phosphate, 40 µg/ml proline, 100 µg/ml
sodium pyruvate, 0.5% penicillin-streptomycin (Gibco), and 1% ITS+ Premix (Corning).
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To study the effect of alginate in combination with the scaffolds, cell suspension was
mixed 1:1 with 0.8% w/v sterile alginate (Novamatrix, Pronova, low viscosity (20-200
mPas) sodium alginate) solution, seeded into the scaffold and immediately placed into
102 mM CaCl2 solution for 10 minutes. The medium was replaced every 3–4 days for 3 or
6 weeks.
2.2.5 Subcutaneous implantation
Scaffolds were prepared as described above (HCCs and ACs at passage 3). Optimaix-3D
4mm punches were seeded with or without alginate at 5x104 (high) cells/mm3 in a total
volume of 20 μl per punch. Half of the constructs were implanted after 3 weeks preculture in the subcutaneous pocket of NU/NU nude mice (2-3 months old female, Charles
River) and half (n=4) were further cultured in vitro. Animal studies were performed in
compliance with the ethical guidelines (application number ZH189/2014). Mice were
anesthetized in a plexiglas box with 4.5% isofluorane followed by 2% isoflurane applied
via a nose mask during the surgery. Two incisions were cut, each lateral to the dorsal
midline, at the level of the hip joint and constructs were placed subcutaneously. The
incision was closed with surgical staples, which were removed after 1 week. After 6
weeks, animals were euthanized via CO2 asphyxiation, explants fixed for 2 hours in 1%
paraformaldehyde and processed for histology as described below.
2.2.6 RNA isolation and real-time quantitative RT-PCR
Scaffolds were frozen in liquid nitrogen and crushed using pellet pestles (Thomas
Scientific). Total RNA was prepared using NucleoSpin miRNA kit (Macherey-Nagel) and
its concentration was determined with a microplate reader Synergy H1 (BioTek,
Instruments). RNA with an absorbance 260/280 ratio between 1.9-2.1 was used for PCR
analysis. Reverse transcription of total 250 ng RNA was performed in a reaction volume
of 20 μl. A temperature program of 5 minutes priming at 65 °C followed by the reverse
transcription at 50 °C for 30 minutes and the reverse transcription inactivation at 70 °C
for 15 minutes was run. The Fast SYBR Green Master Mix (Applied Biosystems) was used
to perform the PCR amplification in a final volume of 20 μl with 5 μl of 1:6 diluted cDNA
and 150 nM forward and reverse primer. All primers (see Table 2.1) were designed across
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exon-exon junctions using Real Time PCR Design Tool from Integrated DNA Technologies
(http://eu.idtdna.com/Scitools/Applications/RealTimePCR/Default.asp) to avoid the
amplification of genomic DNA. The cycling conditions were as follows: an initial 95 °C for
3 minutes, followed by 40 cycles of 95 °C for 10 seconds, 60 °C for 30 seconds. Then, a
melting curve was recorded while heating from 65 °C to 95 °C in steps of 0.5 °C. All data
came from 3 independent replicates and was analyzed using the 2-ΔΔCt method [192] and
normalized against the reference gene RPL13a (established in previous work as the most
stable reference gene for chondrogenic assays [191] with hCC 2D chosen as the calibrator
sample.
Table 2.1 Primer specification used for RT-PCR. Sequence of primers with their accession number, product
length (BP) and sequence of forward (FWD) and reverse (REV) primer.
mRNA

Accession n°

BP

RPL13a

NM_012423

100

Col1a1

Col2a1

Col10a1

Ihh

PTH1R

Sox9

Scleraxis

TGIF1

VEGFA
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NM_000088

NM_001844

NM_000493

NM_002181

NM_000316

NM_000346.3

NM_001080514

BC000814

NM_001025366.2

83

92

108

119

119

93

81

117

78

Primer sequence (5’-3’)
FWD

AAGTACCAGGCAGTGACAG

REV

CCTGTTTCCGTAGCCTCATG

FWD

CAGCCGCTTCACCTACAGC

REV

TTTTGTATTCAATCACTGTCGCC

FWD

GGAATTCGGTGTGGACATAGG

REV

ACTTGGGTCCTTTGGGTTTG

FWD

ATTCCTAGTGGCTCCAATGTG

REV

GCCTACCTCCATATGCATTTT

FWD

GGAGGGTGTGCATTGGTAC

REV

CAGCGGTGGAGTCCTTTC

FWD

ATGCTCTTCAACTCCTTCCAG

REV

TTGAAGTCCAGTGCCAGTG

FWD

TCTGGAGACTTCTGAACGAGAGC

REV

TGTAATCCGGGTGGTCCTTC

FWD

AGAACACCCAGCCCAAAC

REV

CTGTCTTTCTGTCGCGGTC

FWD

TGAGGACAGCATGGACATTC

REV

TCATACAGCCAATCCCGAAG

FWD

AGGGCAGAATCATCACGAAG

REV

GGATGGCTTGAAGATGTACTCG
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2.2.7 Biochemical analysis
Sample preparation: Scaffolds were frozen at -80 °C, lyophilized for 3 hours, weighed
dry (using a microbalance) and digested in 100 μl papain digestion buffer at 60 °C with
1000 rpm shaking overnight. Papain digestion buffer consisted of 250 μg/ml papain from
papaya latex in 5 mM L-cysteine HCl, 50 mM sodium phosphate, 2 mM EDTA in water (pH
was adjusted between 6.3-6.5).
DMMB assay: GAG content was determined using a dimethylethylene blue solution (21
mg of 1,9-dimethyl-methylene blue zinc chloride double salt dissolved in 5 ml absolute
ethanol with 2 g of sodium formate. 800 ml of double distilled water was added, pH
adjusted to 3 with concentrated formic acid, and filled up with water to one liter total
volume). 25 μl of digested sample (diluted 1:20 in papain solution to yield values within
the linear range) was transferred into a 96-well plate and 100 μl of DMMB solution added.
The absorbance at 595 nm was measured on a microplate reader and the corresponding
amount calculated based on a linear regression of the C4S (chondroitin 4-sulfate sodium
salt from bovine trachea) standard curve (1-5 μg). GAG contents were reported per
sample or normalized to the DNA amount.
DNA assay: DNA content was determined using the Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen) following the manufacturer’s protocol. 2 μl of digested sample were diluted
in TE-Buffer to a total of 50 μl, transferred into a black 96-well plate and 50 μl of Pico
green solution added. The samples were analyzed in a microplate reader (ex. 480 nm, em.
520 nm). The DNA content was reported as μg DNA per scaffold normalized to day 1.
2.2.8 Histological and immunohistochemical analysis
Cryosectioning: Samples were transferred into cryomolds, covered with O.C.T (TissueTek O.C.T Compound Blue, Sysmex), frozen on dry ice, and stored at -80 °C. 4 to 5 μm thick
sections were cut using a Cryostat (CryoStar NX70, Thermo Scientific).
Alcian blue staining:
In vitro study - Cryosections were post-fixed in 4% formaldehyde for 7 minutes, washed
in PBS, and hydrated in double distilled water for 2 minutes. Alcian blue solution (1% in
3% acetic acid, pH 2.5) was added for 30 minutes, rinsed under running water and
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Nuclear fast red (0.1% in 5% aluminum sulfate) added for 10 minutes. The slides were air
dried and mounted with Richard-Allan Scientific Mounting Medium (Thermo Scientific).
In vivo/in vitro comparison – Note: due to interference of alginate with Alcian blue at pH
2.5, staining was performed at pH 1:
Cryosections were washed in PBS and incubated in 0.1N HCl (pH 1) for 5 minutes. Alcian
blue solution (1% in 0.1N HCl, pH 1) was added for 30 minutes, washed in 0.1 N HCl and
Nuclear fast red (0.1% in 5% aluminum sulfate) added for 10 minutes. The slides were air
dried and mounted with Richard-Allan Scientific Mounting Medium (Thermo Scientific).
Alizarin Red staining: Cryosections were washed in PBS, incubated for 10 minutes in
0.04% w/v Fast Green in water, washed in 1.5% acetic acid followed by running water.
Alizarin Red solution (Millipore #TMS-008-C) was applied for 2 minutes, slides washed
in 100% acetone and under running water before mounting with Richard-Allan Scientific
Mounting Medium (Thermo Scientific).
Immunohistological staining:
In vitro study: O.C.T was removed by immersing in PBS for 5 minutes and sections were
further incubated with 5% BSA (in PBS) for 1 hour to block unspecific staining. Collagen
1 and 2 staining were performed after 30 minutes of 0.2% w/v hyaluronidase digestion
at 37 °C, with 1:200 diluted anti-collagen 1 (Abcam #ab6308, clone COL-1) or 1:20 diluted
anti-collagen 2 antibody (Developmental Studies Hybridoma Band, clone II-II6B3). One
hour of 0.2% w/v hyaluronidase digestion was required for collagen 10 staining before
antibody (Abcam ab49945, clone COL-10, 1:50 dilution) incubation. All primary
antibodies were diluted in 1% BSA (in PBS) and incubated overnight at 4 °C. Alexa Fluor
594 Goat Anti-Mouse IgG (H+L) secondary antibody (Invitrogen, #A-11005) was used at
1:200 dilution in 1% BSA (in PBS) for 1 hour at RT. Further, slides were incubated for 10
minutes with the nuclear stain DAPI (Molecular Probes, Invitrogen) before mounting with
VectaMount AQ Mounting Medium (Vector Laboratories).
In vivo/in vitro comparison: Note: due to unspecific anti-mouse secondary antibody
staining of explant sections, the collagen 2 staining was modified:
Epitope retrieval in 0.2% w/v hyaluronidase was increased to 45 minutes, blocking
performed with 5% normal goat serum (NGS), and the antibodies changed to rabbit antihuman collagen 2 (Rockland, 1:150 in 1% NGS) as primary and goat anti-rabbit Alexa 488
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(Invitrogen A11008 #982425, 1:200 in 1% NGS) as secondary. All other parameters were
as described above.
For CD31 staining, O.C.T was removed in PBS for 5 minutes and epitopes retrieved in
sodium citrate buffer by boiling the slides for 20 minutes in a stainless-steel pressure
cooker at full pressure. Slides were cooled-down for 30 minutes, incubated with 1%
Triton-X100 for 30 minutes and blocked with 5% NGS for 1 hour. Rat anti-mouse CD31
antibody (clone MEC 13.3, BD Biosciences #553370, 1:50 in 1% NGS) was applied
overnight at 4 °C. Alexa Fluor 488 Goat Anti-Rat IgG (H+L) secondary antibody
(Invitrogen, #A-11006) was used at 1:200 dilution in 1% NGS (in PBS) for 1 hour at RT.
DAPI staining and mounting were performed as described above.
Phalloidin/DAPI staining: F-actin and cell nuclei were visualized on cryosections using
rhodamine-labelled phalloidin and DAPI respectively. Sections were post-fixed with 4%
formaldehyde for 10 minutes and permeabilized in 0.1% Triton X-100 for 10 minutes. Factin fibers were stained for 30 minutes followed by 10 minutes of DAPI (Molecular
Probes, Invitrogen) incubation. After completion, slides were washed in PBS and mounted
with VectaMount AQ Mounting Medium (Vector Laboratories).
2.2.9 Mechanical testing
Pre-hydrated scaffolds were mechanically tested under unconfined compression using a
TA.XTplus Texture Analyser (Stable Microsystems) with a 500 g load cell. A preload of 0.4
g was applied to ensure that the surfaces of the scaffolds were in direct contact with the
cylindrical 2 mm diameter stainless steel probe. For stress-strain testing, the samples
were compressed to a final strain of 10% at a loading rate of 0.01 mm per second. The
compressive modulus (E) was calculated as the slope of the linear range of the stress–
strain curve.
2.2.10 Image acquisition and analysis
All images were acquired on a AxioObserver epifluorescence microscope with structured
illumination (ApoTome2, Zeiss).
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2.2.11 Scanning electron microscopy
The morphology of the intact scaffolds was observed by scanning electron microscopy
(SEM, Hitachi S-4800) after applying a gold/palladium coating of 8 nm. All images were
acquired at a voltage of 2.0 kV and a current of 10 μA.
2.2.12 Statistical analysis
All experiments were performed with three different donors for MSCs and ACs (exception
in Supplementary Figure 2.1 with only one donor/repetition and Supplementary Figure
2.5 with two replicates for Sox9, TGIF and Scleraxis). For hCCs, one tissue donation was
used and grown separately in three replicates and differences between scaffolds are
therefore attributed to both technical and biological variability. All numerical data is
presented as boxplot diagrams. The central line represents the median, the circle the
mean, the box delimits the 25th and 75th percentiles and the whiskers extent to the
minimum and maximum values (not considered outliers). Outliers were defined as an
observation 1.5 times larger than the interquartile range. Statistical evaluation was
performed using Prism (Graphpad Software Inc., Version 6.0d). The dispersion of data
points around the mean is presented as coefficient of variance (% CV). Differences
between cell types and seeding density were assessed by two-way ANOVA and the effect
of culture time and cell type by repeated two-way ANOVA both with Tukey’s post hoc. Pvalues below 0.05 were considered statistically significant and if p<0.001 noted with an
asterisk (*) or otherwise with their exact number.

2.3

Results

2.3.1 Cell distribution in different scaffolds
DAPI staining of cryosections (Figure 2.1) showed the distribution of nuclei primarily in
the top third open-porous layer of Chondro-Gide leaving 2/3 of the collagen fleece devoid
of cells. In Novocart Basic cells were evenly distributed throughout the columnar part
(defect facing side) with a slightly increased density in top/inner region. The Optimaix40
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3D scaffold showed the most even cell distribution and hence was used for the rest of the
study.

Figure 2.1 Scaffold comparison. SEM top view images show the porosity of the scaffolds. SEM side views
show the bi-layered structure of Chondro-Gide and the columnar structure of Novocart Basic. Bright field
images (background exposure adjusted for increased contrast to scaffold) merged with DAPI (colored in
green) show the localization of nuclei in Optimaix-3D, Chondro-Gide and Novocart Basic scaffolds at day 21
initially seeded with 5x104 cells/mm3. Arrows indicate the seeding direction. Scale bars 500 μm (SEM and
bright field).

2.3.2 Optimization of cell seeding density
Higher cell density (5x104 cells/mm3) was shown to be associated with more GAG
production/scaffold (and GAG/DNA, data not shown) for ACs and hCCs (Figure 2.2A: AC 3.5 fold higher than 1x104 cells/mm3, p<0.001; hCC - 4.7 fold higher, p<0.001), Alcian blue
staining (Figure 2.2B) and a more round cell morphology closely resembling human
cartilage (Figure 2.2D). A lower starting cell density corresponded to higher proliferation
(Figure 2.2C) and a spread cell morphology, as evidenced by the F-actin staining (Figure
2.2D). MSCs synthesized similar amounts of GAG for both initial cell densities,
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concomitantly with the most pronounced increase in cell proliferation (MSC: 5.4 fold
increase from low to high density, p<0.001). The rounder phenotype at high density is
consistent with a decrease in collagen 1 gene expression for ACs and hCCs
(Supplementary Figure 2.1). Further, high density resulted in decreased collagen 10
expression for MSCs (Supplementary Figure 2.1). Based on these results, all subsequent
experiments were performed using the high cell density.

Figure 2.2 Effect of cell seeding density. Initial cell seeding density of 1x104 or 5x104 cells/mm3 compared
at day 21 based on A GAG production, B representative Alcian blue-stained sections (scale bar 500 μm,
donor demographics indicated by ♂ for male and ♀ for female followed by the age), C DNA content
normalized to day 1, and D Phalloidin/DAPI staining (scale bar 20 μm).

42

2.3 Results
2.3.3 In vitro chondrogenesis

Figure 2.3 Gross appearance, GAG/DNA and dry weight and chondrogenic potential. Optimaix-3D scaffold
at an initial cell density of 5x104 cells/mm3 were analyzed at day 1, 21, and 42 in vitro culture for A Gross
appearance (scale bar 1 mm) B GAG normalized by DNA content, and C dry weight. D1-3 gene expression at
day 21 and 42 of D1 collagen 2, D2 collagen 1, D3 collagen 2/1 ratio. Gene expression was normalized to
RPL13a. E shows the corresponding immunostaining at day 42 (scale bars 500 μm). Donor demographics
indicated by ♂ for male and ♀ for female followed by the age.
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Overall, all cell types produced extracellular matrix, as evidenced by the opaque
appearance of the constructs after 21 days of culture typical for cartilage (Figure 2.3A)
and the increase in GAG/DNA (Figure 2.3B; increase between day 21 and 42 for MSC: 2.43fold, p<0.001, AC: 1.94-fold, and hCC: 1.93-fold, all p<0.001) over the culture period of 6
weeks.
The accumulation of matrix further resulted in increased dry weight of the constructs
(Figure 2.3C). ACs exhibited generally the highest variance in matrix production reflected
in the gross appearance (Figure 2.3A), GAG/DNA (Figure 2.3B: 80.3% CV in ACs compared
to 47.1 in MSCs and 29.6% CV in hCCs at day 42) as well as collagen 2 gene expression
(Figure 2.3D1: 121.5% CV in ACs compared to 53.8 in MSCs and 68.1% CV in hCCs at day
42) and collagen 2 staining (Figure 2.3E). An inverse correlation between collagen 1 and
2 protein synthesis was observed in AC donor samples in which the lowest collagen 2
staining was accompanied by the highest collagen 1 staining and vice-versa (Figure 2.3E,
orange and green box). MSCs, on the other hand, had high collagen 2 matrix production
and also a higher collagen 1 mRNA expression compared to ACs (Figure 2.3D2: MSCs 3.21
times higher than ACs, p<0.001) and hCCs (MSCs 2.69-fold higher, p<0.001) at day 21
evident also in a stronger collagen 1 staining (Figure 2.3E). Additional analysis of
fibrocartilage formation based on Sox9/Scleraxis ratio revealed no statistical difference
between all three cell types at day 21 (Supplementary Figure 2.5 C2) whereas gene
expression Sox9/TGIF ratio showed a higher level for MSCs compared to hCCs
(Supplementary Figure 2.5 C2: MSCs 2.57-fold higher, p = 0.009) with a high variance for
MSCs (Supplementary Figure 2.5 C2: 69.3% CV in MSCs, and 30.4% CV in hCCs).
Most importantly, hypertrophic markers were only detected in MSCs (Figure 2.4),
indicating that hCCs are phenotypically closer to ACs than cartilage derived from stromal
cells. This difference is evident in a significantly higher protein and gene expression of
collagen 10 (Figure 2.4A/B) as well as indian hedgehog (Ihh, Figure 2.4C) and parathyroid
hormone 1 receptor (PTH1R, Figure 2.4D). Additionally, the vascularization potential of
all three cell types was analyzed based on the expression level of VEGF at day 21
(Supplementary Figure 2.5 A). VEGF expression levels followed a similar trend the highest
expression in MSCs (Supplementary Figure 2.5 A: 4.1 fold higher than hCCs, p < 0.001 and
2.1 fold higher than ACs, p = 0.012) as well as a trend of higher expression in ACs
compared to hCCs (2.0 fold higher, not statistically significant).
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Table 2.2 Compressive modulus (E*) measured at day 21 and 42 of in vitro culture in Optimaix-3D scaffolds
(5x104 cells/mm3). Note: day 1 and empty scaffolds were not possible to be measured with the chosen
settings.
MSC

AC

hCC

Day 21

35 ± 6.1

38 ± 18

52 ± 12

Day 42

81 ± 19

103 ± 22

78 ± 9

A general increase of compressive strength is observed in all cell types over time (Table
2.2), reaching a modulus of 103±22 kPa for ACs, 81±19 kPa for MSCs and 78±9 for hCCs
at day 42 of chondrogenic cultivation. Their values were all less than that measured for
native cartilage (ranging from 288 to 476 kPa, data not shown).
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Figure 2.4 Hypertrophic phenotype. Optimaix-3D scaffolds were seeded at a density 5x104 cells/mm3
were cultured for 21 and 42 days in vitro and analyzed by real time PCR for A collagen 10 gene expression,
B collagen 2/10 ratio, C Ihh, and D PTHrP receptor (PTH1R) expression normalized to RPL13a as well as by
E immunohistological staining of collagen 10 of MSC (female 34 years old), AC (male, 28 years old), and
hCCs (14 weeks gestation). Scale bars 200 μm.
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2.3.4 In vivo subcutaneous implantation
A pilot study with passage 5 hCCs implanted subcutaneously in mice, showed a total
absence of Alcian blue staining after 8 weeks in vivo (Supplementary Figure 2.2).
Increased pre-culture from 10 days to 5 weeks did not result in a better outcome. To
address this, a second study compared early passage hCCs (passage 3) with ACs.
Furthermore, alginate was added to the open porous Optimaix-3D scaffold as enhanced
chondrogenesis has been (previously) found in biphasic constructs (Figure 2.5). Collagen
2 expression was increased in the presence of alginate after 21 days in vitro (Figure 2.5)
(AC: 1.96 fold, p=0.005, hCC: 1.62, p=0.0946).

Figure 2.5 Effect of alginate on chondrogenesis. Real time PCR for mRNA expression of collagen 2 after 21
days in vitro culture of Optimaix-3D scaffolds (5x104 cells/mm3) in presence or absence of 0.4% w/v
alginate. Gene expression was normalized to RPL13a and hCC 2D culture used as control sample.

When implanted subcutaneously, the scaffolds seeded with passage 3 hCCs retained their
shape and size to a greater extent than the ACs-seeded scaffolds, which shrunk over time
(Figure 2.6, Supplementary Figure 2.3). Further, the hCC-seeded scaffolds retained a
much higher amount of GAGs and collagen 2 compared to the AC scaffolds, as illustrated
by Alcian blue and collagen 2 staining (Figure 2.6). Moreover, the amount of matrix
retained in vivo in the hCC-seeded scaffolds was comparable to in vitro controls. For both
hCC and AC, the addition of alginate resulted in a higher and more uniform deposition and
retention of matrix.
Alizarin Red staining showed that all scaffolds resisted mineralization both, in vitro and
in vivo. CD31 staining, on the contrary, showed a higher vessel infiltration in the AC
scaffolds in particular for the biphasic constructs. hCC scaffolds (with and without
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alginate) resisted vessel infiltration, as shown by the absence of CD31 staining inside the
scaffold.

Figure 2.6 In vivo versus in vitro culture of Optimaix-3D scaffolds (5x104 cells/mm3) in presence or
absence of 0.4% w/v alginate. A Macroscopic images and immunostaining of Alcian blue, collagen 2 of
scaffolds after 6 weeks subcutaneous implantation (following 3 weeks pre-culture) or their in vitro controls
(total of 9 weeks in vitro). B CD31 staining of in scaffolds analyzed after 6 weeks subcutaneous implantation
(following 3 weeks pre-culture). Scale bars: 1mm (macroscopic view), 500 μm (Immunostainings).

2.4

Discussions

This study proposes epiphyseal chodroprogenitor cells (hCCs) as a novel potential offthe-shelf cell source for articular cartilage repair. hCCs are collected in high amount from
single donation and are stored in a clinical grade cell bank. hCCs produce a phenotypically
stable cartilage resistant to vascularization and mineralization in an ectopic mouse model.
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In a first step, we established the relationship between seeding density and chondrogenic
differentiation, with a clear trend of rounder cell morphology and increased GAG
expression at high cell density. A low initial cell number resulted in increased
proliferation, a spread phenotype and inferior matrix production for ACs and hCCs. This
is in accordance with the report by others [193, 194] of increase cartilage matrix
deposition at higher seeding density. A higher initial cell number further resulted in
decreased collagen 1 expression of ACs and hCCs (also reported by Moretti et al. [195] for
human chondrocytes in Hyalograft C), most probably due to a local 3-dimensional
environment created by the high cell density limiting the growth and elongation on the
fibers. Phenotypic de-novo cartilage is, independent of the cell type, produced at a cell
density where proliferation is minimized. The current available clinical m-ACI treatments
use low cell densities [196] which is mainly due to the limited number of chondrocytes
obtained from adult cartilage. Our results highlight the importance of adequate cell
seeding, a parameter also considered in the technique of cell-seeded collagen matrixsupported ACI [197] and in the high density chondrospheres [198]. hCC isolation from
fetal cartilage yields highly viable cells [199] which maintain their strong chondrogenic
potential after 2D expansion, an advantage over the use of ACs that de-differentiate during
2D tissue culture.
The comparison of ACs, hCCs and MSCs in vitro showed that all cell types underwent
chondrogenic differentiation evidenced by the deposition of cartilage specific
extracellular matrix resulting in an increase of compressive moduli. A high donor-todonor variability was observed in ACs, a trend supported by Katopodi et al. [170] that
reported a 20-fold difference in GAG/DNA content between chondrocyte donors, which
underlies the inherent variability of using adult articular chondrocytes as a cell source.
Similar issues were reported with MSCs by others [200] as well as in our laboratory as
MSCs, mainly from older donors, often do not undergo chondro-differentiation at all
[201].
MSCs showed a trend towards fibrocartilage formation as evidenced by a strong collagen
1 staining. Fernandes et al. [202] observed the same trend in a comparative study of MSCs
and ACs in alginate hydrogels which might indicate that MSCs are prone to induce collagen
1 independently from the culture system. The gene expression analysis of Collagen 2/1 as
well as the Sox9/TGIF and Sox9/Scleraxis ratio, both indicative for the hyaline/fibro49
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cartilage balance [203], did contrary to the staining not confirm the increased
fibrocartilage tendency of MSCs.
The most striking result of our in vitro study was the absence of hypertrophy markers in
differentiated hCCs positioning this cell type clearly closer to adult chondrocytes then
MSCs. MSCs were the only cell type to express collagen 10, a key marker of hypertrophy.
The endochondral phenotype was further confirmed by the gene expression of Ihh and
PTH1R [204] in MSCs compared to the complete absence of these markers in hCCs and
ACs. Ihh has been shown to be an inducer of hypertrophy [205], triggering a signaling
pathway that leads to the activation of Runx2 (Runt-related transcription factor 2), a key
transcription factor in chondrocyte hypertrophy and osteoblastic differentiation [206].
Based on the phenotypic instability, MSCs are a problematic cell choice for cartilage
regeneration. hCCs, on the other hand, produce a phenotypically stable cartilage similar
to the samples from the best AC donor. This suggests hCCs might have obtained an
epigenetic stability without loss of collagen 10 methylation during their differentiation in
vivo as observed for MSCs [207]. However, it needs to be noted that MSCs induced in an
improved chondrogenic media containing growth factors such as leukemia inhibitory
factor (LIF) [208] could potentially result in a stable cartilage phenotype. The analysis of
VEGF, a mediator of cartilage vascularization, revealed a high angiogenic potential for
MSC-derived cartilage whereas ACs and hCCs showed a low VEGF expression.
Based on the in vitro phenotypic instability of MSCs which has been shown by others to
lead to mineralization and vascularization in vivo [209], subcutaneous implantations were
only performed with ACs (using cells of the donor which showed highest chondrogenic
matrix production in vitro) and hCCs. During a first pilot study using hCCs, the total loss
of cartilage matrix in explants was observed (Supplementary Figure 2.2) which might be
attributed to the open-porous structure of the Optimaix-3D scaffold favoring infiltration
as demonstrated by Sheehy et al. [210] in hydrogels with engineered micro-channels. To
minimize the open pores, the addition of 0.4% w/v alginate was evaluated in a second
study with ACs and early passage hCCs (passage 3 compared to 5 used for vitro studies to
increase their chondrogenic potential). While hCCs maintained part of their matrix
without alginate and stained as strong as in vitro samples for Alcian blue and collagen 2
when alginate was present, AC-seeded constructs lost their matrix in vivo
notwithstanding the presence of alginate. Furthermore, hCCs resisted vascularization in
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both conditions whereas vessel infiltration could be observed in ACs. This finding was
supported by the gene expression analysis of VEGF after 3 weeks of in vitro culture that
showed a trend to higher levels in ACs compared to hCCs, indicative for an increased
angiogenic potential of ACs. Interestingly, the presence of alginate did not only improve
matrix retention but also led to less shrinkage of the constructs. The promising result of
alginate application to the open-porous Optimaix-3D scaffold paves the way towards a
combined use of clinically-approved sponges with chondro-inductive hydrogels for
reduced host cell infiltration.
Altogether, fetal epiphyseal chondroprogenitors present the potential for high cell yields
and strong chondrogenic potential without the undesired induction of hypertrophy and
subsequent vascularization and mineralization in vivo. Future studies will need to address
the pre-culture time required for matrix retention in vivo. Further, a direct comparison of
fetal chondroprogenitors from different origins such as femoral head, spine and ulnar
epiphysis (used in this study) could determine the most stable cell source for cartilage
regeneration. Reports by others suggest that cells isolated from fetal femoral head
progress towards hypertrophic cartilage in vitro [180, 211].
Much effort by the cartilage repair community is currently directed towards the
development of a one-step cell-based procedure which would avoid the problems
associated with both, ACI and m-ACI [212]. Although autologous cells are considered by
many to be by default the ideal cell type, they have serious disadvantages, most notably
the large and unpredictable donor-to-donor variability and long period of time needed for
isolation, expansion and pre-culture. It is possible that commercially viable cell sources
for cartilage repair will eventually be off-the-shelf allogeneic products with proven
regeneration potential.
Although the use of allogeneic tissues and cells is controversial, the use of immunoengineering and type matching approaches have shown success [213]. Fortunately,
cartilage tissue shows several passive and active characteristics which favor the use of
allografts and allogeneic cells. Indeed, cartilage allografts have been used successfully in
the clinics for decades [214] and recently there has been a strong academic and
commercial interest in allogeneic tissue fragments and chondrocytes from juvenile
donors due to their superior chondrogenic capacity compared to adult chondrocytes .
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Like other avascular sites in the body without lymphatic drainage (i.e. cornea, anterior
part of the eye and vertebrae [215, 216], cartilage is characterized by immune-isolation
which prevents the trafficking of donor antigen presenting cells (APC) into host secondary
lymphoid organs and/or entry of recipient APC into the graft, two of the pathways by
which allografts can be rejected. In addition to vascular isolation, however, chondrocytes
are also surrounded by large tracts of extracellular matrix which prevent direct contact
between chondrocytes and migratory macrophages and dendritic cells within the joint
space. Additionally, the matrix itself contains glycoproteins, such as chondromodulin 1
[217], which have been shown to be anti-angiogenic and therefore immunosupressive.
Further,

chondrocytes

themselves

can

display

surface

receptors

with

immunosuppressive functions. Fujihara et al. found expression of Fas ligand (FasL) on
chondrocytes initiated apoptosis of macrophages bearing the Fas death receptor in vivo
[218]. The long-term fate of allogeneic cells in articular cartilage, also during
inflammation and disease states, is unknown and needs to be addressed. However,
considering the immune privileged situation of cartilage, the use of allogeneic epiphyseal
chondroprogenitor cells would be a big step towards a future cartilage regeneration
procedure with a more predictable outcome than ACI.

2.5

Conclusions

Our data demonstrates that epiphyseal chondroprogenitor cells produce high amounts of
cartilage matrix proteins, which are retained during subcutaneous implantation in mice.
The de-novo cartilage matrix from epiphyseal chondroprogenitor cells is in addition
resistant to vascularization and mineralization in vivo proven by the low CD31 and
Alizarin Red staining inside the scaffold. Articular chondrocytes, the current cell type used
in m-ACI, produces equal amounts of matrix in vitro but shows a substantial loss in our in
vivo model. This study further demonstrates the importance of high cell density using
porous scaffolds for cartilage regeneration and the need for a hydrogel/scaffold construct
for matrix maintenance in vivo. Based on the current knowledge of allogeneic
transplantation into immunoprotected sites, epiphyseal chondroprogenitor cells should
be considered as a possible cell source for clinically used cartilage repair strategies.
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2.7

Supplementary materials

Supplementary Figure 2.1 Real time PCR analysis of 1x104 or 5x104 cells/mm3 cell-laden scaffolds at day
21. Gene expression was analyzed for A collagen 2 (COL2), B collagen 1 (COL1), C collagen 2/1 ratio
(COL2/1), and D collagen 10 (COL10). Gene expression was normalized to RPL13a.
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Supplementary Figure 2.2 In vivo pilot study implanting hCCs (passage 5) after 10 days or 5 weeks preculture. Alcian blue and collagen 2 staining was performed on 8 weeks explants and compared to the 9.5
weeks in vitro control. Scale bars 500 μm.

Supplementary Figure 2.3 Optimaix-3D constructs pre-implantation. Macroscopic view and Alcian blue
staining of hCC and AC-seeded scaffolds pre-implantation (3 weeks pre-culture). Scale bars: 1mm
(macroscopic view), 500 μm (collagen 2).
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Supplementary Figure 2.4 Staining controls. A Collagen 2, 1, and 10 on human full thickness cartilage
(scale bars 200 μm) according to protocols used for in vitro part (described in Materials and Methods). The
articular cartilage surface is indicated with a dashed line and the calcified cartilage denoted CC. B and C
Staining controls for the in vivo study. B negative controls for collagen 2 and alcian blue staining on scaffolds
seeded with ACs in the presence of alginate and cultured without TGF-beta for 3 weeks. C Alcian blue and
collagen 2 staining (scale bar 500 μm) were performed on human full thickness cartilage, Alizarin Red (scale
bar 1mm) on a mouse front leg and CD31 on mouse skin (scale bar 500 μm).
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Supplementary Figure 2.5 Real time PCR analysis of Optimaix-3D scaffolds (5x104 cells/mm3) cultured
for 21 in vitro for A VEGF, B Sox9, C1 TGIF, C2 Sox9/TGIF, D1 Scleraxis, D2 Sox9/Scleraxis. Gene expression
was normalized to RPL13a.
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Supplementary Figure 2.6 Alizarin Red staining of Optimaix-3D scaffolds (5x104 cells/mm3) in presence
or absence of 0.4% w/v alginate after 6 weeks subcutaneous implantation (following 3 weeks pre-culture)
or their in vitro controls (total of 9 weeks in vitro). Scale bars: 500 μm
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As discussed in the introduction, an ideal scaffold for cartilage engineering applications
should be biocompatible, direct the desired cellular processes and integrate with the defect
site. In this chapter, a novel in situ-crosslinkable hydrogel for cartilage repair is introduced
and characterized. Hyaluronic acid- transglutaminase (HA-TG) is synthetized by
functionalizing high molecular weight hyaluronan (HA) with transglutaminase (TG)
crosslinkable peptides. HA-TG fulfills the key requirements for a cartilage engineering
hydrogel as it is injectable, fast-gelling, and strongly adheres to native cartilage.
Additionally, it promotes cell proliferation and cartilaginous ECM deposition of
encapsulated human chondroprogenitor cells (hCCs).

Note: This chapter has been published in ACS Biomaterials Science & Engineering as
Factor XIII Cross-linked Hyaluronan Hydrogels for Cartilage Tissue Engineering, N.
Broguiere and E. Cavalli, G. Salzmann, L.A. Applegate, M. Zenobi-Wong, 2016, 2: 2176–
2184*. Reprinted with permission from ACS Publications. Copyright 2016 American
Chemical Society.
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E. Cavalli and N. Broguiere are listed as first authors. N. Broguiere performed the material experiments

and wrote the manuscript. E. Cavalli performed most of the cell experiments. G. Salzmann and L.A. Applegate
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Abstract
In this study transglutaminase-crosslinked hyaluronan hydrogels (HA-TG) are
investigated for their potential treating cartilage lesions. We show the hydrogels fulfill
key requirements: they are simultaneously injectable, fast-gelling, biocompatible with
encapsulated cells, mitogenic, chondroinductive, form-stable and strongly adhesive to
native cartilage. Human chondroprogenitors encapsulated in HA-TG gels simultaneously
show good growth and chondrogenesis. Strikingly, within soft gels (~1 kPa),
chondroprogenitors proliferate and deposit extracellular matrix to the extent that the
hydrogels reach a modulus (~0.3 MPa) approaching that of native cartilage (~1 MPa)
within 3 weeks. The combination of such off-the-shelf human chondroprogenitor cell
source with HA-TG hydrogels lay the foundation for a cell-based treatment for cartilage
lesions which is based on a minimally invasive one-step procedure, with improved
reproducibility due to the defined cells, and with improved integration with the
surrounding tissue due to the new hydrogel chemistry.
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3.1

Introduction

Cartilage tissue has limited self-repair ability after injury or disease, which has prompted
intensive efforts to engineer cell-based methods to regenerate the tissue [219, 220]. In
particular, matrix assisted autologous chondrocyte implantation (MACI) has been shown
to be effective in comparison to microfracture [221, 222], but significant limitations and
costs associated with cell expansion and two surgeries have prompted the search towards
alternatives [223]. Single step procedures have been applied as early as 1982, when
Albrecht and colleagues used autologous particulate cartilage pieces to treat articular
joint surface defects [224]. This technique matured into a clinical product in the early
2000’s with the introduction of cartilage autograft implantation system (CAIS) showing
satisfying 2-year safety data [168, 225]. Varying follow-up papers have shown general
feasibility of minced autologous and allogeneic living cartilage pieces, with Christensen
reporting 2-year data among a small collective of patients that have been treated with
particulate cartilage pieces fixed by fibrin glue [226, 227]. Clinical and MRI data showed
good patient satisfaction and morphologically robust cartilage tissue formation.
Other approaches to further advance the treatment of cartilage lesions include
development of injectable materials which can undergo in situ polymerization. GelrinC,
based on polyethylene glycol (PEG) diacrylate and fibrinogen [228], as well as the
chitosan-based BS-Cargel are acellular products designed to enhance outcome of
microfracture by providing a 3D environment for the repair cells [229, 230]. Other
injectable systems such as those based on albumin, hyaluronan (HA) and PEG (Novocart
Inject [231]) are designed to be combined with autologous expanded chondrocytes. In
addition the use of juvenile cartilage cells, considered immune-privileged and with great
regenerative potential, has recently entered phase II clinical trials with promising results
(RevaFlex). In each clinical setting, an injectable material which is adhesive, chondrogenic
and mitogenic is desired [232, 233]. We recently reported the synthesis of novel HA-based
injectable hydrogels which use the specific transglutaminase (TG) activity of the activated
blood coagulation factor XIII (FXIIIa) for crosslinking [234]. The improved
biocompatibility, gelling kinetics and adhesion due to this new cross-linking scheme are
particularly attractive for cell delivery in cartilage applications. Furthermore, HA is a
prominent component of cartilage tissue and is involved in many biological interactions
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(such as aggrecan binding to form large aggregates important for load bearing [235]) and
signaling (through receptors such as CD44). Our synthesis is additionally based on high
molecular weight HA which has been documented as anti-angiogenic, anti-oxidant and
anti-inflammatory [236].
In this paper, the HA-TG hydrogel is combined with human chondroprogenitor cells
(hCCs) which were isolated by outgrowth culture from a 14 week fetal ulnar epiphysis.
These cells have previously been shown to exhibit great homogeneity in expansion with
steady proliferative potential [88] and produce phenotypically stable cartilage resistant
to vascularization and mineralization in an in vivo subcutaneous mouse model [88]. hCCs
also have low immunogenicity which makes them appropriate as an allogeneic off-theshelf cell source where many patients can be treated in single step procedures from the
same cell donor.

3.2

Materials and Methods

3.2.1 Chemicals
All chemicals were purchased from Sigma-Aldrich and cell culture reagents from
ThermoFisher Scientific unless stated otherwise.
3.2.2 Hydrogel synthesis
HA-SH synthesis: 400 mg (1 mmol of the disaccharide repeat unit) of HA sodium salt
(Lifecore Biomedical, 1.01-1.8 MDa), and 23.8 mg (0.1 mmol) of 3,3'-dithiobis(propanoic
dihydrazide) (DTPHY, Frontier Scientific) were dissolved in a 150 mM MES solution with
occasional gentle swirling (final pH 4.1). Then 38.4 mg (0.2 mmol) of 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC, Fluka) was dissolved in 1 ml of deionized
water and added dropwise with stirring. The stirring was stopped and the reaction was
allowed to continue overnight. The pH increased towards ~4.5 during the course of the
reaction, with MES buffer preventing it from going higher. Then, 143.33 mg (0.5 mmol) of
TCEP-HCl (Fluorochem) was dissolved in 500 µl water and added, the solution was
homogenized by swirling, and the reduction was left to proceed overnight in a standing
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sealed flask. Finally, 1 g (17 mmol) of NaCl was added to the solution, and the mixture was
dialyzed against ultrapure water balanced to pH 4.5 with dilute HCl, with 4 water changes
over 24h, to yield a solution of pure HA-SH sodium salt.
HA-VS synthesis: The HA-SH solution recovered from the previous dialysis was added
dropwise into a solution of 1 ml (10 mmol) divinyl sulfone (DVS) in 40 ml of
triethanolamine (TEOA) buffer, 300 mM, pH 8.0. The reaction was left to proceed for 2h
at RT, then 1 g of NaCl was added and the solution was dialyzed against ultrapure water
to yield pure vinyl sulfone-substituted HA (HA-VS). The substitution rate was measured
by comparing the peaks at 6.75 ppm (vinyl sulfones) and 1.75 ppm (N-acetyls from HA)
from proton NMR in D2O and found to be 10% of the carboxylic acids on HA.
HA-TG/Lys and HA-TG/Gln: The HA-VS was split in two equal parts. One half was
substituted with a FXIIIa substrate peptide that provides a reactive glutamine residue
(TG/Gln: NQEQVSPL-ERCG) and the other half with the peptide providing the reactive
lysine (TG/Lys: FKGG-ERCG). For a matrix metallo-proteinase (MMP) sensitive version of
the gels, a lysine donor with an MMP-sensitive sequence (30) was used instead (MMPTG/Lys: FKGG-GPQGIWGQ-ERCG). Peptides (Anawa) contained ∼40% salt which was
taken into account in the molarity calculations. For conjugation, 10 mL of TEOA buffer,
300 mM, pH 8.0, was added to each HA-VS portion; the solutions were deoxygenated by
bubbling with nitrogen gas, and finally, the peptides were added at 1.3 excess over the VS.
The solutions were quickly homogenized; the flasks were sealed, and the reactions left to
proceed overnight without stirring. Finally, 2 g of NaCl were dissolved in each flask, and
the products were dialyzed against ultrapure water. The resulting pure HA-TG
components were sterilized by 0.4 μm filtration, aliquoted, and lyophilized under sterile
conditions. NMR spectra were acquired on a Bruker 600 MHz instrument, using 15 to 25
mg of compound in 0.6 mL of deuterated water, and spectra were analyzed using
MestReNova.
HA-TG gel formation: Aliquots of HA-TG/Lys and HA-TG/Gln were resuspended at 1, 2,
or 3% (w/v) in sterile filtered TBS (NaCl 150mM, CaCl2 50 mM, TRIS 50 mM, balanced to
pH 7.6). Then, the two solutions were combined in equal volume to form HA-TG polymer
stock. To trigger the gelation of 60 µl of HA-TG solution, 1.5 µl of thrombin solution
(Baxter, 500 U/ml) followed by 6 µl of FXIII solution (Fibrogammin, CSL Behring, 200
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U/ml) were added. Gelation occurred in ~1 min, which left enough time to transfer the
liquid precursor.
Alginate gel formation: Alginate (Novamatrix) at 0.33% (w/v) (matching the stiffness of
3% HA-TG gels) in NaCl 150mM was placed in 4 mm diameter – 1 mm height cylindrical
PDMS casters on coverslips, and gelled in ~500 µl of 100 mM CaCl2 solution for 1h,
diffused through a pre-wetted membrane. The membrane and calcium were then
removed and the gel covered with culture medium.
3.2.3 Mechanical testing
Shear moduli measurements: After adding the FXIII and thrombin, the gel precursor
was quickly loaded onto an Anton Paar MCR 301 rheometer equipped with a 20 mm plateplate geometry and metal floor, pre-warmed to 37°C and with humidified chamber. The
probe was quickly lowered to measuring position (0.1 to 0.2 mm, monitoring the gel
precursor forming a ring around the geometry while lowering the probe to ensure the
measuring space is precisely filled). The gelation was then monitored at 1 Hz with 4%
strain, which was within the linear viscoelastic range of the gels (Supplementary Figure
3.6).
Compressive modulus measurements: Gels were left to swell for at least 2 days in PBS
and tested under unconfined compression using a TA.XTplus Texture Analyzer (Stable
Microsystems) with a 500 g load cell. The samples were compressed to a final strain of
10% at a rate of 0.01 mm/s. The compressive modulus E reported is the slope of the initial
linear range of the stress-strain curve.
Adhesion strength measurements: Bovine articular cartilage samples with 1-2 mm
thickness were harvested from the knee joints of calves aged 3-6 months. Cartilage rings
of 8 mm in outer diameter and 4 mm inner diameter were prepared using biopsy punches
and washed in PBS. The explants were then randomly divided in two groups: one group
was left in PBS while the other was incubated for 15 minutes at 37°C in 1 U/ml
chondroitinase ABC followed by 3 washes with PBS. The chondroitinase digestion results
in approximately 50 µm digestion of GAGs as confirmed by Alcian blue staining (data not
shown). HA-TG gels were injected into the circular hold of the cartilage explants and left
to gel for 20 minutes at 37°C in a humidified chamber. To prevent leakage the explants
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were laid on a parafilm-coated surface. Push-out tests were performed at 0.5 mm/s rate
with a 3 mm rod. The bond strength was calculated as the maximum force divided by the
area of the inner punched hole.
3.2.4 Cell isolation and expansion
hCCs were harvested and isolated as described by Darwiche et al. [88]. Briefly, a tissue
biopsy from the proximal ulnar epiphysis of a 14-week gestation donor was taken and
minced. hCCs grew out of the tissue pieces. Cells were cultured for up to 2 weeks in DMEM
(cat. 41966) containing 10% v/v FBS, 2mM L-glutamine, and 10 μg/ml Gentamycin. The
cells were stored in liquid nitrogen, and expanded to passage 3 before encapsulation.
hCCs encapsulation in gels: Cells were trypsinized and resuspended at 15x106 cells/ml in
the HA-TG solution, then the gelation was triggered as described previously. The gels
were quickly cast in 4 mm diameter UV-sterilized PDMS cylindrical molds (SYLGARD 184,
Corning) adhered to 10 mm coverslips. The gels were allowed to crosslink for 15 minutes
at 37°C before adding chondrogenic medium (DMEM (cat. 31966) supplemented with 10
ng/ml transforming growth factor β3 (TGF-β3, Peprotech), 100 nM dexamethasone, 50
µg/ml L-ascorbate-2-phosphate, 40 µg/ml proline, 1% penicillin-streptomycin, and 1%
ITS+ Premix (Corning)). The gels were incubated in a controlled humidified chamber
(37°C, 5% (vol/vol) CO2) for 3 weeks and the culture media was replaced twice a week.
3.2.5 Live imaging
Gels were incubated for 1h in medium supplemented with 2 µM calcein AM and 6.6 µg/ml
propidium iodide (PI), washed with fresh medium, and imaged on a Leica SP8
multiphoton microscope (25x water immersion objective, Mai Tai irradiation at 900 nm)
with simultaneous collection of second harmonic generation (SHG) and fluorescence. The
pictures presented were taken 60 to 70 µm from the sample surface, as the signal
deteriorated at deeper depths.
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3.2.6 Immunohistochemistry
Gels were fixed in 4% formaldehyde for 45 minutes, embedded in O.C.T (Tissue-Tek O.C.T
Compound Blue, Sysmex) and stored at -80 °C. 5 μm thick sections were cut using a
Cryostat (CryoStar NX70, Thermo Scientific). Collagen 1 and 2 staining were performed
after 30 minutes of 0.2% (w/v) hyaluronidase digestion at 37 °C and 1 hour blocking with
5% BSA in PBS with 1:200 diluted mouse anti-collagen 1 (Abcam #ab6308) and 1:200
diluted rabbit anti-collagen 2 (Rockland 600-401-104). Proteoglycan staining was
performed after reducing the tissue with 10mM dithiothreitol in TBS pH 7.4 for 2 hours
at 37ºC and alkylating with 40 mM iodoacetamide in PBS for 2 hours at 37°C. Sections
were then digested with 0.02 U/ml chondroitinase ABC for 40 minutes at 37°C and
blocked for 1 hour at room temperature with 5% BSA before incubating with primary
antibody (Hybridoma 12/21/1-C-6). All primary antibodies were diluted in 1% (w/v)
BSA in PBS and incubated overnight at 4°C. Alexa Fluor 594 Goat Anti-Mouse IgG
(Invitrogen, A11005), Alexa Fluor 488 Goat anti-rabbit Alexa 488 (Invitrogen A11008)
and Alexa Fluor 488 Goat anti-mouse (Invitrogen A11029) secondary antibodies were
used at 1:200 dilution in 1% BSA in PBS for 1 hour at RT. Finally, slides were incubated
for 10 minutes with the nuclear stain DAPI (Molecular Probes, Invitrogen) before
mounting with VectaMount AQ Mounting Medium (Vector Laboratories).
3.2.7 RNA extraction and PCR
Samples were frozen in liquid nitrogen and crushed using pellet pestles (Thomas
Scientific). Total RNA was prepared using NucleoSpin miRNA kit (Macherey-Nagel) and
concentration was determined with a microplate reader Synergy H1 (BioTek
Instruments). RNA with an absorbance ratio at 260/280 nm between 1.9 and 2.1 was used
for PCR analysis. The Fast SYBR Green Master Mix (Applied Biosystems) was used to
perform the PCR amplification with 150 nM forward and reverse primer. All primers (see
Table 1) were designed across exon-exon junctions using Real Time PCR Design Tool from
Integrated

DNA

Technologies

(http://eu.idtdna.com/Scitools/Applications/RealTimePCR/Default.asp) to avoid the
amplification of genomic DNA. All data came from 3 independent replicates and was
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analyzed using the 2-ΔΔCt method [192] and normalized against the reference gene RPL13a
[191] with day 0 samples chosen as reference.
Table 3.1 Primer specification used for RT–PCR
mRNA

Accession n°

BP

RPL13a

NM_012423

100

Col1a1

Col2a1

Col10a1

hACAN

3.3

NM_000088

NM_001844

NM_000493

NM_ 001135.3

83

92

108

98

Primer sequence (5’-3’)
FWD

AAGTACCAGGCAGTGACAG

REV

CCTGTTTCCGTAGCCTCATG

FWD

CAGCCGCTTCACCTACAGC

REV

TTTTGTATTCAATCACTGTCGCC

FWD

GGAATTCGGTGTGGACATAGG

REV

ACTTGGGTCCTTTGGGTTTG

FWD

ATTCCTAGTGGCTCCAATGTG

REV

GCCTACCTCCATATGCATTTT

FWD

GAATGGGAACCAGCCTATACC

REV

TCTGTACTTTCCTCTGTTGCTG

Results and discussion

3.3.1 Material synthesis
To impart FXIIIa sensitivity to HA, we substituted the polysaccharide with a spacer
followed by peptides which are specifically recognized and covalently ligated by the
enzyme. One of the peptides donates the reactive lysine (TG/Lys) and the other the
reactive glutamine (TG/Gln). HA substituted with TG/Gln and TG/Lys are synthesized
separately, and then combined in equimolar amounts together with the enzyme to trigger
the gelation, which can be done directly into cartilage defects and with encapsulated cells,
as illustrated in Figure 3.1. The HA starting material as well as FXIII and thrombin are all
in widespread use in the clinics, making it unlikely that any of the gel derivatives could
create an immune response [237]. The fast and mild gelation makes the material
particularly adapted to injection in situ, which would be optimum for clinical translation.
For example, the gelling time for 1% (w/v) gels with 10 U/ml FXIIIa is on the order of ~30
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s and no side reactions occur which could lead to toxicity due to the specificity of the
enzyme.

Figure 3.1 Concept schematics showing the gelation mechanism of transglutaminase (TG) cross-linked
hyaluronan (HA). The lysine and glutamine residues that are covalently cross-linked by the TG FXIIIa are
highlighted on the left, and the amide bond resulting from the conjugation is shown on the right. HA chains
appear in black, peptides in red with reactive side chains explicitly shown, and the spacer/adapter between
the peptides and the HA is in purple. Encapsulated human chondroprogenitor cells (hCCs) and adhesion to
cartilage tissue are also represented.

The synthesis of the HA-TG precursors has been described in detail previously [234]. In
short, HA was first thiolated using EDC activation and hydrazide conjugation of a dithiol
containing compound, followed by reduction of the dithiol with TCEP to yield HA-SH
(Figure 3.2, Step 1). Then, a large excess of divinyl sulfone was added, to exchange the
thiol functionality to vinyl sulfones (VS), yielding HA-VS. Finally, peptides containing a
cysteine cassette were reacted onto the HA-VS, using again the efficiency of the Michael
addition of thiols on VS (Figure 3.2, step 3). At every step, dialysis was the method of
choice for removal of the buffers and unreacted small molecules, because it is very
efficient with polymers and ensures no stress on the high MW HA chains, preserving the
molecular weight.
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Figure 3.2 Chemical synthesis of HA-TG precursors. Reaction conditions are 1/ EDC, MES pH4.1 to 4.5,
DTPHY then TCEP, 2/ DVS, TEOA pH8, 3/ Peptide, TEOA pH8.

To make gels with MMP sensitivity, we made a version of HA-TG that incorporated an
MMP cleavable peptide within the TG/Lys peptide (Figure 3.2). In this procedure, we
targeted (through the amount of reagents in the first step) a substitution rate of 10%,
which was confirmed by proton NMR on the HA-VS in D2O as shown previously (VS peaks
between 6 and 7 ppm versus acetylate peak from HA backbone at 1.9 ppm). Complete
substitution of the HA-VS with peptides was confirmed by the complete disappearance of
the VS peaks.
3.3.2 Mechanical characterization
The gelling behavior was characterized by rheometry (Figure 3.3A-B). Instead of preactivating FXIII with thrombin as was done in the PEG literature, we reasoned that in situ
activation of FXIII would give more interesting gelling kinetics. This way, a quite high
amount of FXIII can be used, for very fast equilibration after activation, and the initial
gelling speed can be tuned with the amount of thrombin, to have the gelling onset at the
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desired time (this can be seen as a cross-linking method having second order kinetics
versus time instead of the usual linear progression). It also means the same enzyme
concentrations can be used for any macromer content, always yielding a similar gelation
onset time. We chose to use 20 U/ml of FXIII and 12.5 U/ml of thrombin to obtain a
gelation onset at around 1 min and an equilibration to a plateau of 10 min. In comparison,
gels formed by Michael addition typically have an onset of >10 min and equilibration in
>1h at physiological pH [238]. The very high number of functional groups present on a
single molecule, due to the high molecular weight of the HA precursor and 10%
substitution rate, is expected to contribute largely to the fast gelation, together with the
good kinetics of FXIIIa catalyzed cross-linking in general.
Macromer precursor solutions of 1 to 3% gave storage moduli ranging from ~ 0.3 to 2
kPa, which span a range of stiffness that supported high cell viability [238]. Stable gels
could still be formed down to at least 0.25% (w/v), but the high viscosity of the solutions
at more than 3% makes the handling of more concentrated precursors difficult. There was
no difference in mechanical properties of the HA-TG gel due to inclusion of the MMPsensitive peptide.
Complete degradation of the gels could be achieved by treating them with either 10 U/mL
hyaluronidase in PBS overnight at 37 °C or 0.25% trypsin for 15 min at 37 °C. This
indicates biodegradation is not hindered by TG cross-linking. The cells were nevertheless
stable when used for cell cultures, as shown in the following sections.
Measurement of gel diameter and swelling ratios (dry mass over wet mass) showed that
the gels did not undergo any dimensional change or polymer loss compared to D0 cast
gels after incubation in PBS for 4 days (Figure 3.3C-D). The stable polymer content over 4
days demonstrates that essentially all HA chains were cross-linked, something which was
expected for such an efficient cross-linking procedure using such a high molecular weight
polymer. The lack of swelling or shrinkage, however, was a remarkable finding as it
indicates a perfect balance of attraction and repulsion between the chains which allowed
the gels to maintain their size at each concentration examined. Every part of the polymer
chain likely plays a role in the auspicious shape stability, with negative charge on the HA
contributing repulsion, peptides contributing positive charges, and the spacers
hydrophobicity. As a partial confirmation of this reasoning, we measured the change in
the diameter of HA-TG 1% gel disks when the ionic strength of the buffer is altered, which
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essentially changes the extent of shielding of the negative charge on the chains
(Supplementary Figure 3.4). As expected, gels immersed in ultrapure water increased in
size while gels immersed in brine were shrinking (by approximately 200% and 10%,
respectively). The shape stability of HA-TG in physiological conditions is in contrast to
most hydrogel systems where chain–chain and chain–solvent interactions lead to
significant gel shrinkage or swelling. In these cases, the unpredictable concentration- and
time-dependent shape change can cause tissue engineered constructs to delaminate or
pop out from their site of implantation.

Figure 3.3 Material properties. (A) Representative gelling curves as monitored by rheometry showing the
build-up of the storage G′ and loss G″ moduli for various concentrations of HA-TG. Note the fast gelation and
equilibration to a plateau. (B) Values of the final storage modulus (taken at 30 min), showing the range of
stiffness used in this study and the absence of influence from MMP sensitive sequence addition. (C) Change
in diameter of the gels after 4 days of swelling in PBS. The dotted line indicates no change. (D) Swelling ratio
(wet/dry weight of the gels) after 4 days of swelling in PBS. The dotted line indicates the values expected
for no mass loss or volume change. Error bars: SD with n=8 (for C and D at 3%) or n=3 (the rest).
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3.3.3 Adhesion to cartilage explants
Adhesion to cartilage explants was studied with push-out tests of cylinders of gels made
in 4 mm rings of bovine cartilage (Figure 3.4). The adhesion was compared to fibrin, a
common surgical glue and sealant [239, 240], and alginate, which is the most common
hydrogel for 3D chondrocyte culture but is not adhesive [241, 242]. The HA-TG was found
to be significantly more adhesive to cartilage than fibrin glue, which was itself more
adhesive than alginate (student t-tests p<0.05). When the cartilage surface was treated
with chondroitinase, to remove the polysaccharides and expose the protein part of the
cartilage matrix, which is what mediates the adhesion in all three cases, the adhesion
strength was found to be increased by approximately 2, 3, and 6 fold for fibrin, HA-TG,
and alginate respectively. Alginate and fibrin were becoming comparable, but HA-TG
adhesion was ~3 times stronger than the controls, reaching a bond strength of more than
6 kPa.

Figure 3.4 Adhesion to cartilage. (A) Cartilage biopsies adhered together with a gel layer. (B) Setup of the
push-out assay for bond strength determination. (C) Bond strength of HA-TG gels compared with alginate
and fibrin. Brackets: p<0.05. Error bars: SEM n=6.
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3.3.4 Cartilage formation from encapsulated hCCs
Finally, hCCs were encapsulated in the hydrogels to study their potential to support
chondrogenesis and effective cartilage tissue formation. These cells are particularly
appealing for clinical translation due to their high chondrogenic potential and ability to
treat many patients in a reproducible manner. They do not constitutively express cell
surface molecules required for induction of T cell immune responses, and they were
shown not to stimulate allogeneic T cells in vitro [187]. We analyzed the biological and
mechanical outcome of hCCs in HA-TG cultures at 3 weeks post-encapsulation (D21).
Alginate gels were used as controls.
Live/dead assays showed nearly full viability in all conditions (Figure 3.5A), and cell
morphology as seen from calcein (whole cell) and actin staining (Figure 3.5B) was
strongly dependent on polymer concentration. Cells spread and proliferated to fill almost
the whole space in the softest gels, whereas they only formed small clusters without
spreading in the stronger gels. Confocal imaging of fluorescein tagged HA-TG gels
(Supplementary Figure 3.5) showed that the pore size was under the resolution limit
(∼200 nm) in all conditions. The differences in cell spreading are therefore not directly
explained by gel porosity and have to involve gel deformation or degradation. Second
harmonic generation (SHG) at 60-micron depth from the surface was collected
simultaneously with calcein/PI fluorescence. This provided a way to check overall
collagen production in a non-type-specific way directly amongst the living cells. The soft
gels clearly stood out from the rest for being completely filled with a dense collagen
network, whereas the other conditions just showed collagen deposition pericellularly.
The collagen appeared fibrillar on the very surface of the gel, which is commonly seen
from collagen 1 staining of such engineered cartilage constructs, but more homogeneous
inside the gel, though it is deposited in the shape of the spread cells.
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Figure 3.5 Cell and collagen morphology visualized with non-specific markers. (A) Multiphoton live
imaging, with simultaneous acquisition of calcein (cytoplasm of live cells, green), propidium iodide (PI,
nuclei of dead cells, red), and second harmonic generation (SHG, assembled collagen, blue). All conditions
are highly viable, while cells spread, proliferate, and deposit a dense collagen matrix in soft HA-TG gels only.
Images are aquired at ~60 µm depth beneath the surface of the gels. (B) Actin cytoskeleton (phalloidin, red)
and nuclei (DAPI, blue) imaged in the center of the gels from fixed cryosections. This highlights that the
spreading and proliferation of hCCs in soft HA-TG gels are not merely surface effects. (A+B) Images are at
21 days post encapsulation. Scale bars: 80 µm.

We then investigated the matrix deposition at the gene and protein level with qPCR
normalized to D0 and immunofluorescence, respectively (Figure 3.6). In all conditions,
collagen 2 gene expression increased at least 104 fold, whereas collagen 1 upregulation
was less than 10 fold, indicating good induction of chondrogenesis in all conditions. The
high collagen 2 expression was also translated to the protein level: the soft gels were
entirely filled with collagen 2 matrix, whereas the stiffer gels had only thin and more
compact collagen 2 deposition around the cell clusters, reminiscent of what was seen in
SHG. The collagen 2 / collagen 1 ratio was higher in stiffer gels, which was expected as
these cells had a rounder cell morphology [243]. Aggrecan was upregulated on the order
of 10 fold in all conditions, again with higher expression in the stiffer gels. Aggrecan
deposition was particularly strong on the HA gels surface. The most striking difference
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between the conditions is that the matrix deposition is more pericellular in stiffer gels and
more homogeneous in softer gels.
The pattern of protein deposition was strongly depth-dependent, which can be attributed
to that fact that the hydrogels were cultured in cylindrical PDMS casters bound to
coverslips. The stainings clearly show proximity to the surface strongly benefits protein
production, probably due to better access to nutrients/growth factors.

Figure 3.6 Cartilage production by encapsulated hCCs as seen from (A) gene expression 21 days post
encapsulation, normalized to expression on the day of encapsulation (D0), and (B) matrix protein
deposition. Each image is from a vertical slice of the gel taken from the center of the cylinder. Collagen 1,
collagen 2 and DAPI are acquired on the same section. Scale bars: 400 µm.

Finally, the most important outcome for clinical applications, the evolution of the
mechanical properties over time, was evaluated (Figure 3.7). While it was found that stiff
3% gels essentially maintain their stiffness over the 3 week culture period, soft 1% gels
showed a tremendous increase in stiffness from an initial compressive modulus of ~1 kPa
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to a final value close to 0.3 MPa. Native cartilage measured in the same conditions was
found to be ~1 MPa, consistent with reported literature values [244]. It is particularly
noteworthy that the stiffness of the soft gels reached the order of magnitude of native
cartilage in a clinically-relevant time frame. Intermediate 2% gels had values between
these two extremes, and alginate gels were too unstable to be measured at D0 and only
reached 10 kPa at D21. It is important to note that while the alginate gels underwent
significant shrinkage and shape change, all of the HA-TG gels had nearly perfectly stable
shape and size over the culture time. These stiffness results strongly correlate with the
collagen deposition as seen by SHG that only shows assembled matrix, whereas gene
expression was not the best predictor of physical outcome.

Figure 3.7 Evolution of the mechanical properties with matrix deposition by the hCCs between 2 and 21
days after encapsulation. Bovine hyaline cartilage was found to have a compressive modulus of 106 Pa in
the same measuring conditions. Error bars: SD from n=3 (D2) and n=6 (D21).

All the cell experiments were performed as well with MMP sensitive HA-TG gels, and none
of the characterizations showed a significant difference between MMP sensitive and
insensitive gels (data shown in Supplementary Figure 3.1, Supplementary Figure 3.2 and
Supplementary Figure 3.3). These results suggest that the increased cost and risk of
premature gel degradation when using MMP sequences is not warranted, and that the use
of HA-TG without MMP sequences is the best choice for cartilage tissue engineering.
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Other HA-based hydrogels have been described, such as those cross-linked with
tyramines/HRP/hydrogen peroxide [245], methacrylates [246], aldehydes, thiols, and
Huisgen cycloaddition, and have been reviewed [247]. In particular, photo-cross-linked
HA hydrogels were shown to support chondrocyte matrix deposition and chondrogenic
differentiation of mesenchymal stem cells (MSCs) both in vitro and in vivo. In direct
comparison to relatively inert poly(ethylene glycol) (PEG) hydrogels, with matched
stiffness and the same cross-linking chemistry, HA supported enhanced expression of
cartilage-specific markers. The gene expression and matrix deposition found in
methacrylated HA was close to what we obtain with chondroprogenitors in stiff HA-TG
gels; however, the authors did not investigate softer hydrogels, which give better results
in our case, or the stiffening of the gels over time due to matrix deposition [247]. Also, all
of those cross-linking schemes have at least one drawback compared to the one presented
here, in terms of specificity/toxicity, gelling kinetics, stability of the precursors in
particular when working with high molecular weight HA, adhesion to cartilage, or ease of
handling and injectability. Other enzymatically cross-linked hydrogels have been
described as well [248], some of them enabling fast gel formation, low toxicity, and
adhesion to cartilage, but the amount of matrix deposition and the resulting gel stiffening
observed in our system are still outstanding. For example, some recent work was
published showing chondrocyte encapsulation in injectable carboxymethylated pullulanchondroitin sulfate hydrogels. Fast gelling and good cell viability were demonstrated, but
collagen 2 upregulation compared to 2D cultures, cartilage, or any other reference was
not shown, collagen 2 deposition was only pericellular, and no gel stiffening resulting
from matrix deposition was reported [249].

3.4

Conclusions

We investigated the use of HA derivatives that can be cross-linked with the
transglutaminase activity of FXIIIa for cartilage tissue engineering. We showed these gels
have an ideal set of properties for treating cartilage lesions: they are injectable, very fast
gelling, adhesive to cartilage tissue, retain their shape and have excellent
biocompatibility. Human chondroprogenitors encapsulated in the gels showed tunable
proliferation and good cartilage matrix deposition, transforming the gels into cartilage77
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like tissue within three weeks. Strikingly, the softest 1% gels showed a tremendous
increase in stiffness over the culture time, reaching a stiffness of the same order of
magnitude as native cartilage. The material development and in vitro characterization
presented here support that HA-TG has potential for clinical translation, which would
provide a 1-step treatment simpler than current standards, and should be brought
forward to in vivo evaluation.
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Supplementary Figure 3.1 Cell and collagen morphology visualized with non-specific markers in MMP
sensitive HA-TG gels. (A) Multiphoton live imaging, with simultaneous acquisition of calcein (cytoplasm of
live cells, green), propidium iodide (PI, nuclei of dead cells, red), and second harmonic generation (SHG,
assembled collagen, blue). Images are aquired at ~60 µm depth beneath the surface of the gels. (B) Actin
cytoskeleton (phalloidin, red) and nuclei (DAPI, blue) imaged in the center of the gels from fixed
cryosections. (A+B) Images are at 21 days post encapsulation. Scale bars: 80 µm.
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Supplementary Figure 3.2 Cartilage production by encapsulated hCCs in MMP sensitive HA-TG gels as
seen from (A) gene expression 21 days post encapsulation, normalized to expression on the day of
encapsulation, and (B) matrix proteins deposition. Each image is from a vertical slice covering the gel from
the bottom to the top around its center. Collagen 1, collagen 2 and DAPI are acquired on the same section.
Scale bars: 400 µm.
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Supplementary Figure 3.3 Evolution of the mechanical properties with matrix deposition by the hCCs
between 2 and 21 days after encapsulation in MMP sensitive HA-TG gels. Error bars: SD from n=3 (D2) and
n=6 (D21).

Supplementary Figure 3.4 Size changes of HA-TG gels with respect to ionic strength. The precursor
concentration is of 1% (w/v), and gel size (i.e. diameter) is normalized to the initial gel size, after
equilibration in ultrapure water followed by saturated saline solution. Error bars: SD from n=3.
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Supplementary Figure 3.5 Pore size imaging of fluorescently tagged HA-TG gels. The pore size is under
the resolution limit (~200 nm) in all conditions under study. The fluorescent tag is TG/Gln-Fluorescein at
100 µm, gels are washed in PBS before imaging.

Supplementary Figure 3.6 Linear viscoelastic range determination for gelling monitoring by rheometry.
The response of the material is linear for amplitudes below 80%, while the signal over noise becomes too
low for amplitudes lower than 0.1%. The frequency response shows non-linear behavior above 2.5 Hz.
Monitoring of gelation was done at 1Hz and 5% strain (dashed lines), which falls well within the linear
range. Amplitude sweep was acquired on a 1% HA-TG gel, frequency sweep on a 0.5% gel.
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4 Cartilage engineered constructs in mice with
varying immune systems

In vivo testing is a key step in the translation of cartilage engineering treatments into the
clinics. A number of animal models are available, however it is not clear they compare to
each other. Additionally, the use of human cells often limits the choice to
immunocompromised animals. In this chapter, we evaluate the chondrogenic and
immunogenic potential of HA-TG in four animal models with varying immune systems (i.e.
NSG, nude, NSG-SGM3 humanized and C57BL/6). Scaffolds were prepared without cell
seeding as the control and in combination with either human auricular chondrocytes
(hAUR) or human chondroprogenitor cells (hCC). The hydrogel is able to maintain its shape
and resist vascular and cellular infiltration in all mouse strains, suggesting that not only HATG is stable in vivo, but also that it is possible to engineer cartilage in a fully
immunocompetent animal.

Note: This chapter was submitted and is currently under revision in the Journal of
Immunology and Regenerative Medicine as A comparative study of cartilage engineered
constructs in immunocompromised, humanized and immunocompetent mice, E. Cavalli and
P. Fisch, F. Formica, R. Gareus, T. Linder, L.A. Applegate, M. Zenobi-Wong*.

*

E. Cavalli and P. Fish are listed as first authors. E. Cavalli, P. Fisch and M. Zenobi Wong designed the study.

E. Cavalli, P. Fisch, F. Formica and M. Zenobi-Wong performed the experiments and acquired the data. P.
Fish performed the mechanical testing, while E. Cavalli performed most of the histological staining and
wrote the manuscript. All the authors were involved in interpreting the data and revising the manuscript
for important intellectual content.
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Abstract
Choosing the best ectopic in vivo model for cartilage engineering studies remains
challenging and there is no clear consensus on how different models compare to one
another. The use of xenogeneic cells can often limits the choice to immunocompromised
animals only and thus prevents the understanding of how tissue-engineered grafts
perform with potential active inflammatory and immunological responses. The recent
advances in humanized mouse research have raised the question of whether this model
could represent a useful tool to bridge the gap between rodent and human studies,
particularly with regard to allogenic cell transplantation. The aim of this study was to
evaluate the chondrogenic potential of a recently developed hydrogel, hyaluronan
transglutaminase (HA-TG), in four mouse strains with varying immune systems: NSG,
nude, NSG-SGM3 humanized and C57BL/6. The hyaluronan-based hydrogel was
implanted subcutaneously for 4 weeks after an in vitro pre-culture time of 4 weeks.
Scaffolds were prepared without cell seeding as the control and in combination with
either human auricular chondrocytes (hAUR) or human fetal chondroprogenitor cells
(hCC). We have seen that constructs were able to maintain their volumes and resisted
vascularization as well as macrophage infiltration in vivo. Both hAUR and hCC maintained
and produced ECM in vivo, but hAUR showed higher levels of innate collagen 2 even
without mechanical stimulation. Collagen 1 and 2 deposition as well as mechanical
properties of the scaffolds were comparable in all mouse strains. The C57BL/6 mouse
model consistently displayed higher levels of C-reactive protein (CRP), serum amyloid A
(SAA), and serum amyloid protein (SAP) in serum as a reaction to the foreign material and
human cells. In addition, the number of CD68+ and CD163+ macrophages around the
constructs in C57BL/6 mice was significantly higher than in humanized and
immunocompromised mouse models. The results suggest that it is possible to engineer a
cartilage-like graft subcutaneously not only in immunocompromised, but also in
immunocompetent and humanized mouse model.
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Introduction

In vivo testing plays a key role in tissue engineering and in providing the pre-clinical data
necessary to bring new therapies to the clinic [126]. Despite recent advances with in vitro
techniques such as bioreactors, organ-on-a-chip and organoids, animal models remain
critical, particularly for safety assessment of tissue engineering components. This is no
exception in the cartilage repair field where animal models continue to be required for
regulatory approval of biologics and devices [127]. Nevertheless, choosing the
appropriate animal model for the assessment of new cellular-, drug- or biomaterial-based
strategies for cartilage repair remains a major challenge. Animal type, size and
physiological differences inter- and intra-species can have a significant influence on the
outcome of a study. Additionally, the limited ability of cartilage to regenerate has driven
the development of cell-based and tissue engineering techniques [250] which often
involve the use of allogenic cells [157-159] and allografts [251-253]. The widespread use
of immunocompromised mice for preclinical studies often prevents a full understanding
of how tissue-engineered constructs are able to translate to an allogenic transplantation
in humans.
Under current regulatory scrutiny, a number of aspects need to be kept in consideration
when choosing the animal model for cartilage tissue engineering. Despite the value of
large animal models, there are still ethical, economical and technical constraints that
prevent their wide-spread utilization and acceptance [126]. Furthermore, despite the
recent advances in gene-editing techniques like CRISPR-Cas9, the availability of
transgenic models in large animals is still limited [254]. Rodents, and particularly mice,
are affordable, easy to manage and can provide proof-of-concept data in a time-effective
manner. Due to their rapid reproduction, they can be genetically modified to insert and
delete specific genes and they are commercially available in a variety of athymic,
transgenic and knockout strains. Therefore they are usually a first choice in cartilage
engineering studies for screening purposes and to bridge the gap between in vitro
experiments and large animal preclinical studies [135].
Since the beginning of the 20th century, the inbreeding of mice has led to genetically
identical animals with reduced individual variation and therefore the use has increased
dramatically [255]. With the advances in the field of genetics, scientists started modifying
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the genome of mice, creating transgenic and knockout mice, which made animal models a
useful and necessary tool to study diseases and potential treatments. Indeed gene-editing
techniques led to a variety of specific animals available for research [137].
Chondrogenesis for cartilage engineering strategies has been extensively studied in
murine models by subcutaneous implantations. The subcutaneous implant model was
developed due to the limited joint size and cartilage thickness of mice [135, 136] and
allows the evaluation of tissue-engineered constructs to sustain and induce cartilage
formation in an ectopic site as well as the ability of the construct to resist cellular
infiltration.
Athymic nude mice, which have a limited adaptive immune response, are the most
commonly used strain of mice in cartilage engineering [136]. They are hairless and their
lack of the thymus prevents them from having a cell-mediated immunity [256]. Indeed,
the immune response to foreign and xenogenic bodies does not involve the activation of
antigen-specific T lymphocytes and the consequent release of cytokines. Another widelyused mouse strain is the NOD SCID gamma (NSG). NSG mice are among the most
immunodeficient mouse strain described to date, lack mature T cells, B cells, and natural
killer (NK) cells and have a defective innate immune system [257].
In the attempt to reduce the gap between pre-clinical and clinical studies, mouse-human
chimeras, or humanized mice, have been developed [258]. Humanized mice are
immunodeficient mice engrafted with human hematopoietic cells or human peripheralblood mononuclear cells. Of these mice, the NSG™-SGM3 transgenic strain contains three
co-injected human transgenes, the Stem Cell Factor (SCF), the Granulocyte/Macrophage
colony factor 2 (GM-CSF) and the interleukin-3 (IL-3). Thanks to this triple transgenic
modification, NSG™-SGM3 mice constitutively express cell proliferation and survival
signals and support a stable engraftment of human hematopoietic cells. This strain is
gaining popularity in the immune-oncology field to understand the interactions between
human immune cells and specific patient-derived tumors due to its high count of human
immune cell populations (i.e. CD19+ B cells, CD3+ T cells, CD33+ myeloid cells) [259-261].
It is still an open question whether humanized mice could represent a useful model to
predict the outcome of tissue-engineered graft transplantation in humans.
Despite the widespread use of immunodeficient mice for the subcutaneous implantation
of engineered constructs for cartilage repair applications, there is no consensus as to
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whether this should be the ideal choice for a mouse model. The recent development of
humanized mice has furthermore raised the question of whether these chimeras would
represent an alternative animal model for the field.
The aim of this study was to evaluate and compare the chondrogenic potential of a
recently developed tissue engineered scaffold for cartilage repair applications in four
different mouse strains, namely NSG, nude, NSG-SGM3 humanized and C57BL/6. The
biomaterial used was a hyaluronan-based hydrogel [234, 262], produced by
functionalizing the hyaluronan backbone with transglutaminase (TG) crosslinkable
peptides, hereby addressed as HA-TG. The material was investigated alone and in
combination with one of two cell types of different origins: human auricular chondrocytes
(hAUR) and human fetal chodroprogenitor cells (hCCs) (Figure 4.1). We investigated how
differences in the innate and adaptive immune systems of the mouse strain affect the
quality and amount of extracellular matrix (ECM) produced and maintained by the cells.
hCCs are a newly proposed cell source [88], which have previously shown to produce
phenotypically stable cartilage in combination with HA-TG in vitro [262] and in different
collagen scaffolds in an in vivo subcutaneous mouse model [89]. Allogeneic cells derived
from fetal or juvenile tissue have the additional benefit of not only having a more stable
phenotype and higher chondrogenic potential than adult articular chondrocytes [87], but
also lower immunogenicity [263]. Fetal chondroprogenitors have high stability and
therefore very large quantities of cells may be prepared from one, single organ donation
allowing for the development of Master and Working Cell banks (MCB and WCB). These
cell banks provide a long-term solution as the cells can be thawed just before use in
transplantation.

Alternatively, auricular chondrocytes are currently emerging as a

potential autologous cell source for tissue engineering purposes due to their ease in
harvesting from the patient, enhanced proliferation capacity, high and reproducible
chondrogenic potential after in vitro expansion and the quality of the generated tissue
[264]. Importantly, auricular chondrocytes can be obtained from a cartilage biopsy with
minimal donor site morbidity compared to articular cartilage sites and therefore are
suitable for autologous applications in a clinical setting.
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Figure 4.1 Schematics of the study. Cell-laden (either human auricular chondrocytes, hAUR or human fetal
chondroprogenitors, hCCs) and acellular hyaluronic acid-transglutaminase (HA-TG) hydrogels were
prepared. HA-TG synthesis was achieved by functionalizing the side chains of a hyaluronan backbone with
transglutaminase (TG) substrate peptides coupled to a spacer. Gelation occurred via crosslinking of the two
TG peptides and was triggered by addition of activated factor XIII (FXIII) in presence of calcium. The
constructs were subcutaneously implanted in four mouse strains with varying immune systems: NSG, nude,
NSG-SGM3and C57B6/6.

4.2

Materials and Methods

4.2.1 Chemicals
All chemicals were purchased from Sigma-Aldrich unless stated otherwise.
4.2.2 Cell sources
Human hCCs were isolated from the proximal ulnar epiphysis of a 14 week gestation
organ donation (same donor as used in Darwiche et al. [88] and Studer et al. [89], Centre
Hospitalier Universitaire Vaudois, Ethics Committee Protocol No. 62/07) and registered
under the Federal Transplantation Program complying with the associated laws, Biobank
procedures and regulations.
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Human auricular chondrocytes (male, 17 years old) were isolated from auricular cartilage
of otoplasty patients after having received informed consent (BASEC-Nr.2017-02101).
4.2.3 Cell isolation, culture and expansion
hCC: The biopsy was collected and processed as previously described [88] except that
Trypsin/EDTA (Thermo Fisher Scientific) was used during processing to prepare more
uniform populations from the tissue and no antibiotics were used for cell culture to
develop the MCB. A WCB was developed for the project that was derived from the MCB
from the organ donation to provide equivalent cells throughout the current project. The
cells were expanded to passage 4 in Dulbecco's modified Eagle's medium (DMEM; Gibco)
containing 10% v/v FBS (Gibco), 2 mM L-glutamine (Gibco) and 10 μg/ml Gentamycin
(Gibco).
hAUR: The cartilage pieces were washed extensively with PBS containing 50 μg/ml
gentamicin and incubated in 0.5% w/v pronase solution for 1.5 hour. The cartilage was
then minced into pieces of 1-3 mm3 and digested in 0.12% w/v collagenase solution
(DMEM, 12 mg/ml collagenase from Clostridium histolyticum, 10% v/v FBS) overnight
with gentle stirring at 30°C. The resulting cell suspension was passed through a 40 μm
cell strainer before collecting the cell pellet by centrifugation (500 rcf for 10 minutes).
The cells were plated at 10’000 cells/cm2 and expanded to passage 2 in DMEM, 10% v/v
FBS, 10 μg/ml gentamycin and 50 μg/ml L-ascorbate-2-phosphate at 37°C, 5% CO2 and
95% humidity.
4.2.4 HA-TG synthesis and hydrogel formation
HA-TG synthesis: HA-TG hydrogel precursors were synthesized as described previously
by Broguiere et al. [234]. Briefly, 400 mg of HA sodium salt (Lifecore Biomedical, 1.01-1.8
MDa), and 23.8 mg of 3,3’-Dithiobis(propanoic dihydrazide) (Frontier Scientific) were
dissolved in 160ml of 150mM MES solution. Thereafter 38.4 mg of 1-Ethyl-3-(3dimethylaminopropyl)carbodiimide (Fluka) was added dropwise and left to react
overnight. 143.33 mg of TCEP-HCl (Fluorochem) was added, and the reduction left to
proceed overnight. The product was dialyzed against ultrapure water balanced to pH 4.5.
The recovered solution was added dropwise into a solution of 1 ml divinyl sulfone (DVS)
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in 40 ml of 300mM triethanolamine (TEOA) buffer, pH 8.0. The reaction was left to
proceed for 8h at RT and then dialyzed against ultrapure water to yield vinyl sulfonesubstituted HA (HA-VS). The recovered HA-VS was split in two equal parts. One half was
functionalized with a substrate peptide that provided a reactive glutamine residue
(TG/Gln: NQEQVSPL-ERCG) and the other half with the peptide providing the reactive
lysine (TG/Lys: FKGG-ERCG). For conjugation, 10 ml of TEOA buffer 300 mM, pH 8.0 was
added to each HA-VS portion and the peptides were added at 1.3 excess over the 10% DVS
substitution. The reactions were allowed to proceed overnight without stirring. Finally,
the products were dialyzed against ultrapure water, sterilized by 0.4 µm filtration,
lyophilized and stored at -80°C until use.
Cell encapsulation: Cells (either hCCs or hAUR) were suspended at a concentration of 15
million cells/ml in HA-TG. The gelation was triggered as described by Broguiere & Cavalli
et al. [262]. Briefly, the gel precursors were resuspended at 2% w/v in sterile filtered TBS
(NaCl 150mM, CaCl2 50 mM, TRIS 50 mM, balanced to pH 7.6). The crosslinking was
initiated by adding thrombin (Baxter) and factor XIII (Fibrogammin, CSL Behring) to a
final concentration of 12.5U/ml and 10U/ml respectively. The gels were quickly cast in
UV-sterilized PDMS cylindrical molds (SYLGARD 184, Corning, diameter=4mm, height=
2mm) adhered to 10 mm glass coverslips. The gels were allowed to crosslink for 15
minutes at 37°C before adding chondrogenic medium, consisting of high glucose DMEM
supplemented with 10 ng/ml transforming growth factor β3 (TGF-β3, Peprotech), 50
µg/ml L-ascorbate-2-phosphate, 40 µg/ml L-proline, 0.5% penicillin-streptomycin
(Gibco) and 1% ITS+ Premix (Corning). The PDMS molds were then detached from the
cover slip and the gels left free floating.
Gels without encapsulated cells were prepared as well and used as controls. The cultures
were maintained for up to 8 weeks, replacing the medium 3 times a week.
4.2.5 Subcutaneous implantation
Animal studies were performed in compliance with the ethical license (Application No.
ZH189/2014). Nude (Crl:NU(NCr)-Foxn1nu) and Black 6 (Crl:C57BL/6J, indicated in the
figures as Bl6) animals were obtained from Charles River, while NOD scid gamma (NSG)
and CD34+ humanized (NSG-SGM3, indicated in the figures as hu-NSG) mice were
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obtained from The Jackson Laboratory. All animals were female with an age of 2-3 months
and a weight of 23 g ± 4g. NSG-SGM3 animals were used 18 weeks post engraftment, when
the highest number of myeloid cells was present (Supplementary Table 4.2). Animals
were housed in groups of 4-5 and allowed to move without restrictions. Standard food
and water were provided ad libitum.
Different conditions were investigated during the study: HA-TG alone (acellular), HA-TG
with hCC and HA-TG with hAUR. Following randomization, six scaffolds of each condition
were subcutaneously implanted after 4 weeks of preculture in four different mouse
strains: C57BL/6, nude, NSG and NSG-SGM3. Six constructs per condition were further
cultured in vitro. Three animals were used for each experimental condition, for a total of
9 mice per strain. Mice were anesthetized with 4.5% isofluorane and Meloxicam
(Metacam, 2 mg/kg) was administered via subcutaneous injection before surgery. Eye
cream was applied to prevent desiccation of the cornea and the anesthesia was continued
with 1.5-3% isoflurane. Two incisions were made in the skin lateral to the dorsal midline
at the level of the hip joint and constructs were placed subcutaneously. The incisions were
closed with surgical staples (3M), which were removed after 1 week. Blood samples were
collected 10 days before surgery through puncture of the Vena Saphena and at the end of
all procedures and experimentation via heart puncture. After 4 weeks, the animals were
euthanized via CO2 asphyxiation and the explants fixed for 2 hours in 4%
paraformaldehyde.
4.2.6 Histology and immunohistochemistry
After dehydration, samples were paraffin embedded and 5 µm sections were cut using a
microtome. Collagen 1 and 2 staining were performed after 30 minutes of 0.2% (w/v)
hyaluronidase digestion at 37 °C and 1 hour blocking with 5% normal goat serum (NGS)
with 1:1500 diluted rabbit anti-collagen 1 (Abcam ab138492) and 1:200 diluted rabbit
anti-collagen 2 (Rockland 600-401-104) antibodies. CD68 staining and CD163 were
performed after heat-mediated epitope retrieval in sodium citrate buffer at pH 6 for 20
minutes, permeabilization in 0.3% v/v Triton-X for 15 minutes and 1 hour blocking with
5% NGS with 1:200 diluted rabbit anti-CD68 (Abcam ab125212) and CD163 (Abcam
ab182422) antibody respectively. Negative controls were performed using a rabbit IgG
isotype control (Novus Biologicals, NBP2-24891) diluted 1:200.
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All primary antibodies were diluted in 1% w/v NGS in PBS and incubated overnight at
4°C. Alexa Fluor 594 Goat Anti-Mouse IgG (Thermo Fisher Scientific, A11005) and Alexa
Fluor 488 Goat anti-rabbit Alexa 488 (Thermo Fisher Scientific, A11008) secondary
antibodies were used at 1:200 dilution in 1% NGS in PBS for 1 hour at RT. Finally, the
slides were incubated for 15 minutes with the nuclear stain DAPI (Molecular Probes) and
mounted with VectaMount AQ Mounting Medium (Vector Laboratories).
For semi-quantitative analysis of collagen 1 and 2, the 8-bit integrated density of the
stainings were analyzed using ImageJ v1.51 software (National Institutes of Health). For
quantification analysis of CD68 and CD163, positively stained cells were counted in
randomly selected regions of interest in the fibrous capsule around the scaffolds and
expressed as the mean number of cells per region of interest (cells/ROI).
4.2.7 Mechanical testing
Scaffolds were tested under unconfined compression using a TA.XTplus Texture Analyser
(Stable Microsystems) with a 500 g load cell. The compression probe was brought in close
contact with the sample and a slight preload applied to ensure proper contact of the probe
with the surface of the sample. Samples were compressed to a strain of 15% at a loading
rate of 0.01 mm per second. The compressive modulus E was calculated as the slope of
the linear range of the stress–strain curve.
4.2.8 Ultrasound and photo-acoustic imaging
The Vevo LAZR (Visualsonics) system with a LZ550 transducer was used to perform highfrequency ultrasound and photoacoustic imaging for the visualization and quantification
of scaffold volumes and oxygen saturation surrounding the implants. The images were
acquired 1 week post-surgery and right before sacrifice via excitation of the tissues with
high-frequency ultrasound waves for volume monitoring and with non-ionizing laser
pulses for blood flow analysis.
Oxy- and deoxy-hemoglobin absorb near infrared light differently, therefore
photoacoustic imaging can be used to generate a high-resolution parametric maps of the
oxygen saturation of blood in real-time. Total hemoglobin content was visualized by
exciting the tissue around the implant with laser pulses at 700nm while the oxygen
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saturation was assessed using the Oxyhemo mode, a software algorithm that uses a dual
wavelength (750 and 850 nm) approach. The volumes of the scaffolds were calculated at
each time point by scanning the implant using the 3D mode with a motorized scan stage
at a step size of 0.2 mm. The scans were manually processed to identify the scaffold
contours and used to reconstruct the scaffold volumes.
The imaging is a non-invasive, painless procedure conducted under anesthesia that lasts
no longer than 30 minutes per animal assessments.
4.2.9 Serum inflammation marker analysis
Mouse blood serum was prepared by clotting the whole blood for 2 hours at RT followed
by centrifugation at 3’000 rcf for 20 min at RT. The supernatant was then collected and
frozen at -80°C until further analysis. Values were normalized to baseline levels of serum
obtained 10 days before surgery.
Multiplex assay: The serum concentrations of the cytokines IL-1β, IL-4, IL-6, IL-10 and
TNF-α as well as the C-reactive protein (CRP) were quantified using multiplex
immunoassay technology xMAP on a MAGPIX instrument (Luminex) according to
manufacturer’s instructions. Mouse serum was diluted 1:2 with compatible “Universal
Assay Buffer” and measurements were performed with a custom-designed multiplex
assay kit (IL-1β - EPX01A-26002-901; IL-4 - EPX01A-20613-901; IL-6 - EPX01A-20603901; IL-10 - EPX01A-20614-901; TNF-α - EPX01A-20607-901, CRP - EPX01A-26045-901
ProcartaPlex assays; ThermoFisher). Protein levels were measured in technical
duplicates for each of the 36 animals. The calibration was performed using a serial
dilution of the standard mix provided with the multiplex kit. Data were fitted using a fourparameter logistic regression model. The quantification of the lower limit of detection
(LOD) using this system was 2.2, 0.2, 0.2, 0.1, 1 and 2.7 pg/ml for IL-10, IL-1β, IL-4, IL-6
and TNF-α, respectively.
Enzyme Linked Immunosorbent Assay (ELISA): Pentraxin 2 (PTX 2), also known as
Serum Amyloid P (SAP), and Serum Amyloid A (SAA) levels in mouse serum were
quantified using Quantikine® ELISA kits (MPTX20 and MSA00 respectively, R&D
Systems) according to manufacturer’s instructions. For the SAA ELISA assay mouse
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serum was diluted 1:200. For SAP analysis, serum was diluted 1:400 with the exception
of C57BL/6 serum that was diluted 1:100 due to different levels of endogenous SAP.
4.2.10 Statistical analysis
All data are reported as mean ± standard deviation. Statistical analysis was performed
with Matlab (Matlab 2017b, MathWorks). Comparison of results was carried out by
analysis of variance (ANOVA) using Tukey's multiple comparison post hoc test for
significance. p values of less than 0.05 were considered statistically significant results.

4.3

Results

4.3.1 Macroscopic appearance and vascularization of the scaffolds
Ultrasound scans of cell-laden and acellular constructs (Figure 4.2A) revealed the
homogenous structure of the constructs with the cellular scaffolds being lighter than the
acellular ones, likely due to their higher collagen content. The oxy-hemo photoacoustic
images (Figure 4.2B and Supplementary Figure 4.1) of the constructs showed an absence
of oxy-hemoglobin inside the scaffolds. On the other hand, the tissue that surrounded
them appeared to be highly vascularized. Quantification of the ultrasound images
acquired with the device’s 3D mode showed that the scaffolds retained 60 to 95% of the
initial volume. Acellular scaffolds showed a reduction of volume compared to both hCC
(*p<0.05) and hAUR (***p<0.001) containing scaffolds. No statistically significant
difference in volume reduction was observed between the cellular conditions across mice
while there was a significant difference between NSG and nude mice (*p<0.05).
Shape retention and lack of vascularization could also be observed from the macroscopic
pictures (Figure 4.2C) of the constructs after explantation from mice. No adverse effects
or macroscopic signs of toxicity such as necrosis of nearby tissue, edema or hyperemia
were observed.
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Figure 4.2 A: Ultrasound and photoacoustic images of HA-TG constructs 4 weeks after implantation.
Photoacoustic images are depicted as overlay of ultrasound and heat map of oxygen saturation. Scale bar:
1mm. B: Relative volume quantification (week 4/ week 1) of ultrasound images. *p<0.05. C: Macroscopic
images of HA-TG hydrogels after explantation. Scale bar: 2mm
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4.3.2 Chondrogenesis of hCCs and hAURs in HA-TG hydrogels

Figure 4.3 Collagen 2 and collagen 1 histological staining with DAPI counterstaining of cell-laden HA-TG
hydrogels after 4 weeks of in vitro pre-culture and 4 additional weeks in vivo. Scale bar close up: 100µm,
scale bar insert: 500µm. The integrated density of the staining was used for semi-quantitative analysis of
collagen 2 and 1. **p<0.01, ***p<0.001.

Both cellular conditions resulted in high amounts of extracellular matrix (ECM) produced
in vitro during pre-culture (Supplementary Figure 4.2). Yet, only hAUR were able to
maintain and/or produce collagen 2 consistently in vivo (
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Figure 4.3). In hAUR–seeded scaffolds collagen 2 appeared homogeneously distributed
throughout the constructs with a dense ring in the outer border of the scaffolds implanted
in nude animals. These results were confirmed by semi-quantitative analysis of the
staining intensities (hAUR vs. hCC, ***p<0.001).
Collagen 1 production was comparable in all mouse strains, while for hCC it was
homogeneously distributed through the cross section, for hAUR it was only present in the
outer border. The differences in collagen distributions could be due to a different cell
response to nutrients, growth factors and oxygen, although more studies will be required
to clarify it. The integrated density quantification showed no significant difference
between the mouse strains.
4.3.3 Mechanical properties of HA-TG scaffolds

Figure 4.4 Stress strain curves of compression tests from in vivo samples after explantation and in vitro
samples after 49 days. Compressive modulus of cellular and acellular samples corresponding to the
depicted stress strain curves. *p<0.05, **p<0.01.

A significant increase in compressive modulus of the constructs compared to the acellular
gels was observed as a result of matrix produced by hCCs and hAUR (Figure 4.4). Acellular
scaffolds in vitro maintained their mechanical strength over 7 weeks (E = 4.7 ± 1.2 kPa)
while acellular scaffolds in vivo displayed different behavior: samples implanted in NSG
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and hu-NSG mice maintained their strength (E = 8.4 ± 4.0 kPa, E = 7.0 ± 5.4 kPa,
respectively), while samples implanted in nude mice decreased in strength compared to
the time of implantation (E = 1.2 ± 0.1 kPa) and samples implanted in C57BL/6 increased
in strength (E = 30.4 ± 1.6 kPa). Both cell types led to a significantly higher modulus
compared to acellular scaffolds (***p<0.001), hAUR performed significantly better than
hCCs (***p<0.001). All mouse strains led to comparable compressive moduli, with only
NSG and nude mice resulting in significantly lower moduli than in vitro controls (**p<0.01
and *p<0.05).
4.3.4 Inflammation markers

Figure 4.5 Acute phase inflammation markers CRP, SAA and SAP detected in mouse serum and normalized
to baseline values acquired 10 days before surgery. *p<0.05, **p<0.01, ***p<0.001.

CRP levels in serum (Figure 4.5) at 4 weeks after surgery showed no increase to baseline
levels (Supplementary Table 4.2) in NSG, nude and humanized NSG-SGM3 mice. 2.0 ± 1.0
and 1.4 ± 0.7 fold increase were observed in C56BL/6 mice for hAUR and acellular
scaffolds respectively. No significant differences were observed between the cellular and
acellular conditions across strains and, although hCC seeded scaffolds routinely showed
lower CRP values, they were not significantly different.
SAA levels in serum (Figure 4.5) were significantly higher (**p<0.01) in humanized NSGSGM3 and C56BL/6 mice (2.2 ± 1.1 for hCC, 0.56 ± 0.2 for hAUR, 2.0 ± 0.8 for acellular and
1.3 ± 0.3 for hCC, 1.6 ± 0.2 for hAUR, 1.8 ± 0.7 for acellular respectively) than NSG (0.7 ±
0.5 for hCC, 0.4 ± 0.1 for hAUR, 0.7 ± 0.6 for acellular). Both cell-loaded scaffolds led to an
overall downregulation of SAA levels compared to acellular scaffolds (with hAUR showing
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a significant difference to acellular, **p<0.01). SAP levels in serum (Figure 4.5) followed a
similar trend, with the lowest values found in NSG mice (0.9 ± 0.3 for hCC, 0.7 ± 0.2 for
hAUR, 1.3 ± 0.3 for acellular) and the highest in C56BL/6 mice (1.4 ± 0.3 for hCC, 1.1 ± 0.2
for hAUR, 1.3 ± 0.1 for acellular). Similarly, hAUR and hCC led to an overall
downregulation of SAP levels compared to acellular scaffolds (*p<0.05 for hAUR vs
acellular) showing that cellular associations have a positive effect on the biomaterial
implantation.
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4.3.5 Macrophage presence and infiltration

Figure 4.6 A: CD68 and CD163 histological staining with DAPI counterstaining. Images being cross-sections
of the scaffolds and fibrous capsule with the scaffolds in the bottom part of the image, below the dotted
white lines. Scale bar: 50 µm. B: Quantification of CD68 and CD163 positive cells per region of interest (ROI).
***p<0.001.

100

4.4 Discussion
CD68 (Cluster of Differentiation 68) and CD163 (Cluster of Differentiation 163) are
transmembrane glycoproteins expressed by cells in the monocyte and macrophage
lineages [265, 266]. CD68 and CD163 are used to identify macrophages in tissue sections
with CD163 positive cells usually considered as M2 (anti-inflammatory) macrophages
[267]. A significantly higher (***p<0.001) number of both CD68+ and CD163+ cells was
observed in the fibrous capsule around the scaffolds implanted in C57BL/6 mice
compared to the other mouse strains (Figure 4.6). For both markers, a significantly lower
(***p<0.001) number of positive cells was found around the acellular scaffolds compared
to both hAUR and hCC scaffolds. No macrophage infiltration into samples was observed
in any of the conditions but a thicker fibrous capsule was observed in C57BL/6 mice
around the scaffolds.

4.4

Discussion

Despite the critical role that mouse studies play in providing cost and time effective proofof-concept data, there is no unanimity on the optimal mouse strain for cartilage
regeneration studies [129]. This could be attributed to several reasons. Firstly, there are
no regulatory guidelines for conducting cartilage engineering studies in small animal
models. Secondly, the use of human cells often limits the choice to immunodeficient
animals [268]. Lastly, despite cartilage being considered immune-privileged [269, 270],
there is a lack of understanding of how the host immune system affects chondrogenesis
in vivo [271]. The recent advances in the development of humanized mice has further
increased the range of possible mouse strains to choose from. We indeed raised the
question of whether those could represent a better animal model to bridge the gap
between mouse and human studies at least for pre-screening purposes. In this study, we
evaluated the chondrogenic potential of xenogenic, tissue-engineered grafts by
implanting it subcutaneously in mice that present varying immune systems.
The HA-TG hydrogel system has already proven to be biocompatible, mitogenic and
adhesive to cartilage tissue. In addition, it induces cartilaginous matrix deposition by
encapsulated human chondroprogenitor cells in vitro [262]. In this study, we were able to
show that HA-TG supports human auricular chondrocyte survival and extracellular
matrix deposition in vitro and in vivo. Both cellular and acellular HA-TG hydrogels did not
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degrade and resisted vascular and cellular infiltration for up to 4 weeks in vivo.
Importantly, as reflected by the increase in mechanical strength and collagen 2 content,
HA-TG

hydrogels

chondroprogenitor

supported
(hCC)

ECM

production

chondrocytes

by

independently

both
of

adult
the

(hAUR)

mouse

and

strains.

Furthermore, in hAUR-seeded scaffold, HA-TG induced the synthesis of a collagen 2-rich
ECM while keeping low expression levels of collagen 1.
Different in vitro results were seen with hCC seeded scaffolds as high levels of collagen 2
were not maintained in vivo. The differences of hCC to preserve the matrix that was
produced during in vitro preculture could be due to several factors. The ECM produced in
vitro might not be sufficiently mature and crosslinked [272] and therefore diffuse out of
the hydrogel once in vivo, however mechanical testing would suggest otherwise. hCC have
been shown to undergo a certain degree of spontaneous differentiation (i.e. without
stimulation by growth factors) towards the chondrogenic lineage [88], however their
chondrogenic potential can be impaired in the absence of TGF-β growth factors (data not
shown). No obvious inflammatory infiltrates or foreign-body reactions were observed at
histological examination but host cytokines and the surrounding subcutaneous
environment could contribute to cell death and/or phenotype instability [273]. Although
it remains unclear whether the same cells would make durable cartilage tissue when
implanted into a cartilage-inducing/maintaining environment, such as an articular
cartilage defect, ex-vivo studies showed promising results [262].
There are differences for the two investigated cell types as they have different origins
during embryonic development [155]. While articular chondrocytes develop from the
mesoderm, auricular chondrocytes originate from the neural crest. Cells from the neural
crest have the capacity to generate various cell and tissue types even across germ layers
[274] and are known for their multipotency and ability to undergo chondrogenic
differentiation in heterotopic transplantation sites [275]. Therefore, the two cell types
have a different stability depending on the environment and mechanical/biochemical
stimulation that they will receive upon transplantation. Clinically, autologous
chondrocyte therapies are already routinely implemented in articular cartilage
treatments and have recently started being reimbursed by insurances in several countries
according to the new NICE guidelines [276].
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C57BL/6 mice have complete innate and adaptive immune systems. Not surprisingly,
systemic inflammation markers (CRP, SAA and SAP: Figure 4.5; IL1-β, IL4, IL6, IL10 and
TNF-α: Supplementary Figure 4.3) were consistently upregulated in C57BL/6 animals
and a higher number of macrophages and lymphocytes (Figure 4.6 and Supplementary
Figure 4.4 respectively), together with a larger fibrous capsule, was found around the
implants in comparison to immunodeficient and humanized mice. In addition to their
phagocytic properties, macrophages actively regulate tissue repair by secreting various
cytokines, growth factors, ECM components and proteases [277]. A CD163 macrophagemediated reaction might have reduced inflammation and promoted chondrogenesis in
immunocompetent animals, as indicated by the higher collagen 2 production observed in
this strain [278]. Another factor that could have played a role is the thicker fibrous capsule
which might have produced a more hypoxic environment compared to the capsules
observed in the immunodeficient and humanized mice and therefore led to a stronger
chondrogenesis [279]. Nude mice, on the other hand, are athymic and therefore lack Tlymphocytes and the ability to recognize and eliminate foreign or xenogenic cells as
displayed by the thin fibrous capsule and macrophages around the sample. NSG mice lack
mature T cells, B cells, the hemolytic complement system and natural killer cells; they are
deficient in multiple cytokine signaling pathways, dendritic cell functions, and
macrophage activity. NSG can be engrafted with human hematopoietic stem cell and
develop a functional human immune system, including robust T-cell maturation,
becoming NSG-SGM3.
Previous studies reported mixed outcomes of ectopic cartilage reconstruction and bone
regeneration in immunocompetent small animals [268, 280-283].

Failures in

chondrogenesis and osteogenesis were attributed to immune reaction of the host to the
allogenic materials and cells, but also to vascular invasion that cause construct
degradation and host tissue ingrowth [284]. The absence of T-cells in nude animals was
suspected to be the reason for reduced cytotoxic mechanisms associated with
macrophages and soluble factors, including complements and antibodies [285]. HA-TG
resistance to cellular and vascular infiltration could explain why chondrogenesis of hAUR
in immunocompetent C57BL/6 animals was comparable to that of in immunodeficient
mice. In addition, HA-TG is a naturally derived material which is degraded by MMPs and
hydrolytic enzymes in low molecular weight hyaluronan molecules [286]. The non103
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toxicity of its degradation products exclude another common reason of chondrogenic
failure [287].
Humanized mice could represent a useful tool to bridge the gap between rodent and
human studies, particularly with regard to allogenic cells transplantation. It has been
shown that genetic responses in mice correlate poorly with the human situation in
inflammatory diseases [288]. Contrarily, Buscher and colleagues [289] suggested that
using a panel of different mouse strains could be used to simulate the natural diversity in
human immune responses and increase the translatability of mouse data to clinical
outcome of inflammatory and malignant diseases in humans. Humanized mice could serve
as a transition model in cartilage tissue engineering to test the potential of engineered
grafts in relation to their interaction with allogenic immune systems. New strains of NSG
mice expressing certain human cytokines are being developed, which may engraft
additional functional human hematopoietic lineages. Nevertheless, more research is
required to develop reliable humanized mice and to systematically evaluate how mouse
studies translate into large animal models and humans.
This study provides an insight on the role of the murine immune system in subcutaneous
implantation of cartilage engineering scaffolds. Overall, we observed a similar trend in the
development of the scaffolds in all four mouse strains in terms of mechanical
strengthening of the grafts and ECM expression. Our results suggest that despite being
subjected to a functional immune system, chondrogenesis still occurs in samples
implanted in C57BL/6 and that, despite being subjected to a humanized immune system
in NSG-SGM3, chondrogenesis still occurs albeit not as strongly as in the other mouse
strains. Nevertheless, there are some limitations to our study. Even though our results
were reproducible among the biological replicates, studies with larger sample size would
be needed for validation. The inflammation markers were analyzed by multiplex assay on
serum whereby several cytokines were below the lower limit of detection and therefore
a subcutaneous tissue cage model [290] utilizing the analysis of exudate could be better
suited for this purpose.
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4.5

Conclusions

To our knowledge, this is the first study that compared the chondrogenic potential of a
tissue-engineered construct for cartilage regeneration in several mouse strains. In
addition, this is the earliest attempt to use a humanized mouse model in the cartilage
engineering field. Collectively the results of this study suggest that chondrogenesis of a
tissue-engineered cartilage graft is feasible in immunocompetent small animals. We
suggest that immunocompetent and immunodeficient animals could lead to analogous
results in terms of chondrogenesis, as long as the implanted cells are shielded from the
host by a biomaterial. Preclinical investigation in immunocompetent animals is an
essential step in the clinical translation of orthopedic scaffolds [82, 287] and
immunodeficient rodent models are still the model of choice for early testing procedures
and screening. Subcutaneous implantation in small animals with a complete and human
immune system could help to predict the outcome of engineered grafts for cartilage
applications.
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4.7

Supplementary materials

Supplementary Table 4.1 Flow cytometry quantification of human cell engraftment in NSG-SGM3. Data
were obtained 12 weeks after birth (8 weeks after engraftment).
hCD45+
[total %]

hCD19+
(B cells)
[% of hCD45]

hCD3+
(T cells)
[% of hCD45]

hCD33+
(myeloid)
[% of hCD45]

hCD45[total %]

28 ±2.4

60.5±16.4

19.9±20.3

12.1±4.3

67.3±14.4

Supplementary Figure 4.1 Photoacoustic images of HA-TG constructs at 4 weeks after implantation.
Photoacoustic images are depicted as overlay of ultrasound and heat map of oxyhemoglobin saturation
(λ=700nm). Scale bar: 1mm.
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Supplementary Figure 4.2 Collagen 2 and 1 immunohistochemical staining of acellular HA-TG hydrogels
after 4 weeks of in vitro preculture and 4 additional weeks in vivo. Bovine cartilage and IgG isotype antibody
were used as controls. Scale bar close up: 500µm, scale bar insert: 100µm.
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Supplementary Figure 4.3 Inflammation markers IL1-β, IL4, IL6, IL10 and TNF-ɑ detected in mouse serum
and normalized to baseline values acquired 10 days before surgery. Values below the limit of detection were
set to the corresponding lower limit of detection.

Supplementary Table 4.2 Baseline values of C-reactive protein (CRP), serum amyloid A (SAA) and serum
amyloid protein (SAP) prior to experiment
NSG

nude

hu-NSG

Bl6

CRP (pg/ml)

5104.8

11895.5

10451.6

6062.5

SAA (pg/ml)

961.0

5509.1

2217.4

881.2

SAP (pg/ml)

2217.4

881.2

61907.2

3662.9
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Supplementary Figure 4.4 CD3 histological staining (purple) with DAPI (blue) counterstaining. Images
being cross-sections of the scaffolds and fibrous capsule with the scaffolds in the bottom part of the image,
below the dotted white lines. Scale bar: 50 µm. B: Quantification of CD3 positive cells per region of interest
(ROI). *p<0.05, ***p<0.001.
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5 Polydactyly chondrocytes and their potential for
cartilage repair

This chapter investigates the potential of an alternative cell types for cartilage engineering
applications, namely infant chondrocytes from polydactyly. Polydactyly is a congenital
malformation of hand and foot that results in the formation of additional fingers and toes.
The digits often contain fully formed joints and are removed from patients at around one
year of age. Intra-articular injections of TGF-β transduced polydactyly chondrocytes have
been proposed as a chronic osteoarthritis treatment but the use of gene therapy still raises
safety concerns. The aim of this chapter is to characterize infant polydactyly chondrocytes
during in vitro expansion and chondrogenic re-differentiation in 3D culture (i.e. centrifuged
pellet assay and HA-TG hydrogels). Polydactyly chondrocytes have the key characteristics of
an ideal cell type, as they are non-immunogenic, have a steady proliferative rate and redifferentiate in 3D cultures after in vitro expansion. This chapter introduces the possibility
of augmenting HA-TG hydrogels with heparin moieties and loading the hydrogel with the
chondrogenic factor TGF-β1. Additionally, it supports the use non-transduced polydactyly
chondrocytes as an injectable treatment for cartilage lesions.

Note: This chapter was submitted to Communications Biology as Non-transduced
polydactyly chondrocytes produce stable cartilage in vitro and in vivo, E. Cavalli, C.
Levinson, M. Hertl, N. Broguiere, O. Brück, S. Mustjoki, A. Gerstenberg, D. Weber, G.
Salzmann, M. Steinwachs, G. Barreto, M. Zenobi-Wong*.

*

E. Cavalli and M. Zenobi Wong designed the study. E. Cavalli performed the in vitro experiments, analyzed
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M.R. Steinwachs, D. Weber and A. Gerstenberg provided clinical samples and important intellectual
contributions. All authors were involved in interpreting the data and in revising the manuscript.
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Abstract
Treating cartilage injuries and degenerations represents an open surgical challenge. The
recent advances in cell therapies have raised the need for a potent off-the-shelf cell source.
Intra-articular injections of TGF-β transduced polydactyly chondrocytes have been
proposed as a chronic osteoarthritis treatment but despite promising results, the use of
gene therapy still raises safety concerns. In this study, we characterized infant,
polydactyly chondrocytes during in vitro expansion and chondrogenic re-differentiation.
Polydactyly chondrocytes have a steady proliferative rate and re-differentiate in 3D pellet
culture after up to five passages. Additionally, we demonstrated that polydactyly
chondrocytes produce cartilage-like matrix in a hyaluronan-based hydrogel, namely
transglutaminase cross-linked hyaluronic acid (HA-TG). We utilized the versatility of TG
cross-linking to augment the hydrogels with heparin moieties. The heparin chains
allowed us to load the scaffolds with TGF-β1, which induced cartilage-like matrix
deposition both in vitro and in vivo in a subcutaneous mouse model. This strategy
introduces the possibility to use non-transduced, infant, polydactyly chondrocytes for the
clinical treatment of joint diseases.

112

5.1 Introduction

5.1

Introduction

Globally 1.2 million patients are affected by cartilage degeneration annually, a burden that
will increase as population ages [79, 291] and which accounts for one of the leading causes
of disabilities worldwide [292]. Additionally, it is estimated that up to 36% of athletes
present focal cartilage defects [43], while up to 69% of adults older than 50 years old show
signs of cartilage anomalies in their knees [293]. Articular cartilage has a very limited
ability to regenerate due to its low cellularity and lack of vascularization. Consequently,
cartilage injuries often lead to the development of post-traumatic osteoarthritis (OA) and
frequently require surgical intervention [51]. The limited capability of cartilage to heal
has driven the development of cell-based and tissue engineering strategies [250] such as
microfracture, autologous chondrocyte implantation (ACI) and matrix-assisted
autologous chondrocyte implantation (MACI). ACI is so far the most effective, clinically
approved technique to repair cartilage lesions [294]. However, this technique has major
limitations, which include fibrocartilage tissue formation [38], lack of integration of the
grafts, the requirement of multiple surgeries and high donor-to-donor variability [170].
These latter contribute to more than 20% of non-responders to ACI [295, 296] and justify
the need for a next-generation of chondrocyte implantation.

Figure 5.1 Polydactylous hand (pre-axial polydactyly) (A) and polydactylous foot (post-axial polydactyly).
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The potential of infant and juvenile cartilage as non-immunogenic, off-the-shelf cell
sources with stable chondrogenic potential have been extensively investigated and
exploited. Infant chondrocytes from deceased donors have been characterized and
proposed as a cell source for scaffold-free articular cartilage repair [87, 297] and disc
regeneration techniques [181]. Juvenile cells were shown not only to have an enhanced,
inherent ability to synthetize cartilage matrix, but also to exhibit immunosuppressive
properties [187]. Infant hip chondrocytes from donors with hip dysplasia and Perthes
disease in polylycolic acid (PGA)-fibrin scaffolds were shown to express higher levels of
chondrogenic markers and lower levels of undesirable fibroblastic markers compared to
adult cells [298]. Clinically, the use of allogenic, juvenile cartilage has been
commercialized since 2007 as DeNovo NT Natural Tissue Graft from Zimmer. DeNovo NT
is a particulated cartilage implant intended as an early-intervention option for articular
cartilage repair and restoration. It was shown to successfully reduce the symptoms
associated with cartilage damage, including knee pain, and to improve function and sports
activities for at least two years following surgery [251, 252].
The use of chondrocytes from polydactyly patients overcomes the constraint of the
limited availability of healthy deceased donors and tissues from rare disease patients (i.e.
Perthes disease). Polydactyly is a congenital malformation that results in the formation of
additional fingers or toes (Figure 5.1). It has an incidence of 1 in 1000 births on the
preaxial side of the hand (thumb duplication) and an incidence of 1 in 3000 births on the
postaxial side of the hand and feet (supernumerary little fingers and toes). The incidence
highly vary according to ethnicity and is higher in males [299]. The digits often contain
fully formed articular joints and are generally removed with corrective surgery at around
one year of age [300]. Polydactyly chondrocytes are currently being investigated as an
alternative, allogenic cell source for chondrocyte sheet transplantation [301]. Cell sheet
technology has shown promising results already with adult chondrocytes in preclinical
studies and in clinical studies with osteoarthritis patients [302]. However, the use of
autologous chondrocytes requires a two-step surgical procedure and is associated with
high donor-to-donor variability. Additionally, human polydactyly chondrocytes that are
retrovirally transduced to express TGF-β1 are currently commercially available in South
Korea as INVOSSA (TissueGene-C) and are undergoing phase III clinical trials in the USA.
After being proven safe in a range of pre-clinical animal models [156], INVOSSA
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chondrocytes have been confirmed safe and efficient in grade III, chronic knee
osteoarthritis patients [157, 158]. One-year follow-up studies have shown significant
improvement in patients treated with INVOSSA chondrocytes over the placebo group
[159].
The aim of this study was to evaluate the potential of non-transduced chondrocytes from
polydactyly of children under the age of 2 years as a source of cells for articular cartilage
repair applications. For comparison, adult chondrocytes were obtained from patients
who underwent knee surgical procedures (e.g. MACI). The chondrocytes isolated from
articular cartilage of young patients undergoing surgical removal of supernumerary digits
are hereby addressed as infant chondrocytes in contrast to the adult chondrocytes. To
characterize the properties of the cells the native tissue of polydactyly cartilage was
evaluated histologically for cartilage markers and the dedifferentiation of non-transduced
polydactyly chondrocytes was characterized up to passage 5. The re-differentiation
potential of the cells was evaluated in centrifuged pellets made after sequential passaging.
Additionally,

we

screened

for

histocompatibility

markers

and

tested

the

immunosuppressive properties of chondrocytes by performing a T-cell stimulation assay.
To evaluate the potential of polydactyly chondrocytes to serve as a cell source for cartilage
engineering techniques, we encapsulated the cells into an enzymatically crosslinked
hydrogel based on hyaluronic acid modified with transglutaminase substrate peptides
(HA-TG) [234, 262]. The ability of the cells to proliferate and produce cartilage-like matrix
was studied in vitro and in an ex-vivo model with TGF-β supplemented medium. Finally,
polydactyly chondrocytes were encapsulated in a TGF-β loaded, biomimetic scaffolds and
implanted subcutaneously in nude mice (Figure 5.2).
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Figure 5.2 Schematics of the study. Cartilage was harvested from joints of children undergoing surgical
correction of polydactyly (A) and cells were isolated from the tissue (B). Polydactyly chondrocytes were
characterized for their de-differentiation profile and for their and re-differentiation ability in 2D and in 3D.
3D studies (C) included centrifuged pellet culture and encapsulation in a hyaluronic acid-derived hydrogel,
HA-TG. For further in vivo studies, the cells were encapsulated in a mix of HA-TG and modified heparin
(heparin-TG) in a cartilage explant model for delivery of TGF-β1.

5.2

Materials and Methods

5.2.1 Chemicals
All chemicals were purchased from Sigma-Aldrich unless stated otherwise.
5.2.2 Cell sources
Human infant chondrocytes (5 male donors and 4 female donors, aged 13±6 months)
were isolated from the epiphyseal cartilage in joints removed during corrective surgery
for polydactyly (ethics approval number KEK-ZH 2014-0390).
Human adult chondrocytes (3 female donors and 2 male donors, aged 25±4 years) were
isolated from healthy pieces of cartilage obtained during surgical knee operations (ethics
approval number KEK-ZH 2013-0097)
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5.2.3 Cell isolation and expansion
Cartilage pieces were minced into 1-3 mm3 fragments, washed extensively in PBS with 50
μg/ml gentamicin (Gibco) and digested in collagenase solution (DMEM (Gibco), 0.12%
w/v collagenase from Clostridium histolyticum, 10% v/v FBS (Gibco)) overnight with
gentle stirring at 30°C. The resulting cell suspension was passed through a 100 μm cell
strainer before collecting the cell pellet by centrifugation (500 rcf, 10 minutes). The cells
were plated at 10’000 cells/cm2 and expanded in DMEM, 10% v/v FBS, 10 μg/ml
gentamicin and 50 μg/ml L-ascorbate-2-phosphate at 37°C, 5% CO2 and 95% humidity.
When reaching 80% confluency, the cells were trypsinized and subcultured to passage 5,
plating at 3’000 cells/cm2. The growth kinetics was calculated as: n = (log UCY - log
l)/log(2) + X, where n is the population doubling at the end of a given subculture, UCY is
the cell yield at that point, l is the cell number used as inoculum to begin that subculture,
and X is the doubling level of the inoculum used to initiate the subculture [303]. The
growth rate was calculated as average population doubling per day.
5.2.4 Pellet Culture
Cells were suspended in chondrogenic medium consisting of high glucose DMEM
supplemented with 10 ng/ml transforming growth factor β3 (TGF-β3, Peprotech), 50
µg/ml L-ascorbate-2-phosphate, 40 µg/ml L-proline, 0.5% penicillin-streptomycin
(Gibco) and 1% ITS+ Premix (Corning). Cells were then plated in conical bottom 96-well
plates and centrifuged for 5 minutes at 250 rcf to obtain pellets of 250’000 cells each. The
cultures were maintained for 3 weeks while the media was replaced 3 times a week.
5.2.5 Hydrogel preparation and culture
HA-TG and heparin-TG synthesis: HA-TG hydrogel precursors, TG/Gln and TG/Lys
were synthetized by substituting a hyaluronan backbone (Lifecore Biomedical, 1.01-1.8
MDa) with reactive glutamine residue (NQEQVSPL-ERCG) and a reactive lysine residue
(FKGG-ERCG) respectively as previously described. [234, 262]. Heparin-TG was
synthetized by substituting 15% of the carboxylic acid moieties in the heparin chains with
the glutamine-donor peptide. Briefly, 76.2 mg of heparin (heparin ammonium salt from
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porcine intestinal mucosa) and 4.53 mg of 3,3’-Dithiobis(propanoic dihydrazide)
(Frontier

Scientific)

were

solubilized

in

7.6

ml

of

150

mM

2-(N-

morpholino)ethanesulfonic acid (MES) solution. Thereafter 7.32 mg of 1-Ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC, Fluka) predissolved in a small amount of water
was added dropwise and left to react overnight. 26.29 mg of TCEP-HCl (Fluorochem) was
added, and the reduction left to proceed overnight. The product was dialyzed against
ultrapure water balanced to pH 4.5. The recovered solution was added dropwise into a
solution of 190 µl divinyl sulfone (DVS) in 7.6 ml of 300 mM triethanolamine (TEOA)
buffer, pH 8.0. The reaction was left to proceed for 8h at RT and then dialyzed against
ultrapure water to yield vinyl sulfone-substituted heparin. The recovered product was
functionalized with a substrate peptide that provided a reactive glutamine residue
(TG/Gln: NQEQVSPL-ERCG) following the same protocol described in [234].
Explant model: Stifle joints of 3 to 6 month-old calves were obtained from a local butcher
(Metzgerei Angst, Zurich, Switzerland) and dissected to obtain rings with an outer
diameter of 8 mm, an inner diameter of 4 mm and a height of 2 to 3 mm. The explants
were extensively washed in PBS with 50 µg/ml gentamicin and the inner parts of the rings
were digested with 1 U/mL chondroitinase ABC for 15 minutes at 37˚C. The rings were
further washed with PBS and kept frozen at -80°C until use.
Collagen scaffolds: Optimaix-3D (1.5 mm in height) is an open porous porcine collagen
I/III sponge (containing < 30% w/w elastin) produced by a zero-length crosslinking
procedure using EDC/NHS chemistry. The scaffolds were kindly provided by Matricel
GmbH.
Preparation of HA-TG hydrogels: HA-TG precursors, HA-glutamine and HA-lysine, were
solubilized at 1, 2, or 3% w/v in sterile filtered TBG with calcium (Glucose 100 mM, CaCl2
50 mM, TRIS 50 mM, balanced to pH 7.6). Cells were suspended at the desired
concentration in HA-TG precursors. The crosslinking was initiated by adding thrombin
(Baxter) and factor XIII (Fibrogammin, CSL Behring) to a final concentration of 12.5 U/ml
and 10 U/ml respectively. The gels were quickly cast either in UV-sterilized PDMS
cylindrical molds (SYLGARD 184, Corning, diameter=4 mm, height=2 mm) adhered to 10
mm coverslips or in the circular hole of cartilage explants (to prevent leakage, the
explants were laid on a parafilm-coated surface). The gels were allowed to crosslink for
15 minutes at 37°C before adding chondrogenic medium. The PDMS molds were then
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detached from the cover slip and the explants from the parafilm to leave the gels free
floating. The cultures were maintained for up to 7 weeks while the media was replaced 3
times a week.
Preparation of heparin-TG hydrogels and TGF-β loading: The heparin-TG precursor
was solubilized in sterile filtered TBG buffer with calcium at a concentration of 0.2% w/v.
TGF-β1 (Peprotech) was added to the heparin-TG at a concentration of 1.6 µg/ml and
incubated at room temperature for 15 minutes to allow equilibrium binding. 4% w/v HATG precursors were solubilized and mixed 1:1 with the heparin-TG precursor. Polydactyly
chondrocytes were suspended at 15 million cells/ml in the gel precursor mix and the
gelation was triggered as previously described. The final concentrations obtained are 2%
w/v HA-TG, 0.1% w/v heparin-TG and 800 ng/ml TGF-β.
To mechanically support the hydrogels, the addition of Optimaix collagen scaffolds was
tested. For this experimental condition, Optimaix scaffolds were punched into cylinders
(4 mm in diameter) and placed in the PDMS mold or explant prior to the addition of the
HA-TG/cell mixture.
Acellular hydrogels were prepared similarly by solubilizing HA-TG and heparin-TG
precursors at the desired concentrations and initiating the gelation as previously
described.
5.2.6 Subcutaneous mouse implantation
Animal studies were performed in compliance with the ethical guidelines (Application No.
ZH11/2017). Female, NU/NU nude mice were obtained from Charles River and operated
at 3 months of age. The scaffolds (4 scaffolds/conditions, 2 scaffolds/animal) were
prepared and subcutaneously implanted on the same day. Mice were anesthetized with
4.5% isoflurane and Meloxicam (Metacam, 2 mg/kg) was administered via subcutaneous
injection before surgery. Eye cream was applied to prevent desiccation of the cornea and
the anesthesia was continued with 1.5-3% of isoflurane. Two incisions were made lateral
to the dorsal midline at the level of the hip joint and constructs were placed
subcutaneously. The incisions were closed with surgical staples, which were removed
after 1 week. After 6 weeks, the animals were euthanized by CO2 asphyxiation and the
explants processed for histology as described below.
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5.2.7 FACS
Human infant chondrocytes were analyzed for the expression of immune-related cell
surface markers by flow cytometry using the BD FACSVerse (BD Bioscience). Briefly, cells
were washed with PBS, centrifuged (300 rcf, 5 min), and the supernatant discarded. Cells
were incubated in presence the surface-marker antibodies CD14, CD3, CD44, CD90 and
CD45 (15 min, RT; Characterization panel available in Supplementary Table 5.1), washed
with PBS, and resuspended in PBS-EDTA-BSA. The fluorescence intensity of surface
markers in infant chondrocytes was analyzed using FlowJo (v. 10.3.0) and compared with
that of mononuclear cells (MNCs) used as positive control.
5.2.8 T-cell stimulation assay
The immune suppressive activity of chondrocytes was assessed using allogeneic
mononuclear cells (MNCs) with T-cell stimulation assay. Chondrocytes were cultured at
various densities (1 × 104, 2 × 104 and 4 × 104 cells/well) with MNCs in RPMI 1640
medium (Lonza) supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, 1%
penicillin and 1% streptomycin in 96-well plates. MNCs with stimulation were incubated
with 2.5 μg/ml anti-CD3 (#555329, BD Bioscience), 1 μg/ml anti-CD28 (#340975, BD
Bioscience), and 0.5 μg/ml anti-CD49d (#340976, BD Biosciences) for 16 hours (at 37°C).
Unstimulated wells did not include stimulatory antibodies. All wells included GolgiStop
((#554724, BD Biosciences). The experiment was conducted in triplicate wells.
After the incubation, cells were stained for surface antibodies as mentioned above (T-cell
stimulation panel, available in Supplementary Table 5.2). For intracellular staining, cells
were first treated (15 min, 4°C) with Fixation/Permeabilization solution (#554714, BD
Biosciences) and washed twice with PBS. Anti-IFNg was added (30 min, RT), and the cells
were washed with PBS and resuspended in PBS-EDTA-BSA before analysis with BD
FACSVerse.
5.2.9 Histology and immunohistochemistry
Native tissue and explant samples were fixed in 4% formaldehyde in PBS for 4 hours and
paraffin embedded. 5 μm sections were cut, deparaffinized with xylene and re-hydrated
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in decreasingly concentrated ethanol baths before starting the staining protocols.
Hydrogel samples (without explants) were fixed in 4% formaldehyde for 1 hour,
immersed in 10% w/v sucrose solution in PBS for 2 hours and incubated in 30% w/v
sucrose solution overnight. The gels were then embedded in O.C.T (Tissue-Tek Optimum
Cutting Temperatue Compound, Sysmex) and stored at -80°C. 5 μm thick sections were
cut using a Cryostat (CryoStar NX70, Thermo Scientific). The sections were washed with
PBS to remove the OCT before commencing the staining protocols.
Native tissue samples were stained with Alcian blue (pH 2.5) and nuclear fast red,
Safranin-O and hematoxylin and eosin (H&E) according to standard protocols.
Collagen 1 and 2 staining were performed after 30 minutes of 1200 U/ml hyaluronidase
digestion at 37°C and 1 hour blocking with 5% normal goat serum (NGS) in PBS with
1:1500 diluted anti-collagen 1 (mouse, Abcam #ab6308 for in vitro samples or rabbit,
Abcam #ab138492 for in vivo samples) and 1:200 diluted rabbit anti-collagen 2 (Rockland
600-401-104). Aggrecan staining was performed after reducing the tissue with 10 mM
dithiothreitol (DTT) in 50 mM Tris-HCl and 200 mM NaCl (pH 7.4) for 2 hours at 37°C and
alkylating with 40 mM iodoacetamide in PBS for 2 hours at 37°C. Sections were then
digested with 0.2 U/ml chondroitinase ABC for 40 minutes at 37°C and blocked for 1 hour
at room temperature with 5% NGS before incubating with primary antibody (1:5 dilution,
Hybridoma 12/21/1-C-6-s). Lubricin staining was performed after 18 minutes of
incubation in trypsin solution (0.05% trypsin, 0.1% CaCl2) at 37°C and 1 hour blocking
with 5% NGS in PBS at room temperature, followed by an incubation with 1:250 diluted
rabbit anti-lubricin (Abcam #ab28484). All primary antibodies were diluted in 1% w/v
NGS (in PBS) and incubated overnight at 4°C. Alexa Fluor 594 goat anti-mouse IgG
(Thermo Fisher Scientific, A11005) and Alexa Fluor 488 goat anti-rabbit (Thermo Fisher
Scientific, A11008) secondary antibodies were used at 1:200 dilution in 1% NGS in PBS
for 1 hour at RT. Finally, slides were incubated for 15 minutes with the nuclear stain DAPI
(Thermo Fisher Scientific) and mounted with VectaMount AQ Mounting Medium (Vector
Laboratories).
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5.2.10 PCR
Table 5.1 Primer specification used for RT-PCR. Sequence of primers with their accession number, product
length (BP) and sequence of forward (FWD) and reverse (REV) primer.

mRNA

Accession n°

BP

RPL13a

NM_012423

100

Col1a1

Col2a1

hACAN

ChM1

CHRDL1

MFAP1

NM_000088

NM_001844

NM_ 001135.3

NM_001011705.1

NM_001143982.1

NM_002404.2

83

92

98

107

119

93

Primer sequence (5’-3’)
FWD

AAGTACCAGGCAGTGACAG

REV

CCTGTTTCCGTAGCCTCATG

FWD

CAGCCGCTTCACCTACAGC

REV

TTTTGTATTCAATCACTGTCGCC

FWD

GGAATTCGGTGTGGACATAGG

REV

ACTTGGGTCCTTTGGGTTTG

FWD

GAATGGGAACCAGCCTATACC

REV

TCTGTACTTTCCTCTGTTGCTG

FWD

TGGAAATAGACGCTGGGAAC

REV

AAAACGAATTCCTGTGATGCC

FWD

GAG ATG GAG AAC TGT CAT GGG

REV

GAG AGC GGT GGT AAG AAT GTC

FWD

CGG CTG GAA TGA CTA CAA GC

REV

TGT CAG GAG GTG CAT GTT CT

Cell-laden HA-TG hydrogels were collected and frozen. Samples were homogenized using
pellet pestles (Thomas Scientific) and RNA was prepared using NucleoSpin miRNA kit
(Macherey-Nagel) following manufacturer’s instructions. The RNA concentration was
determined with a microplate reader Synergy H1 (BioTek Instruments), then RNA with
an absorbance ratio at 260/280 nm between 1.9 and 2.1 was used for PCR analysis. The
Fast SYBR Green Master Mix (Applied Biosystems) was used to perform the PCR
amplification with 150 nM forward and reverse primer. Data was analyzed using the 2ΔΔCt

method and normalized against the house-keeping gene RPL13a. All primers were

ordered from Microsynth AG (Table 5.1).

122

5.2 Materials and Methods
5.2.11 Biochemical assays
Cell-laden HA-TG hydrogels were frozen at -80°C and digested in papain buffer (250
μg/ml papain from papaya latex in 5 mM L-cysteine HCl, 50 mM sodium phosphate, 2 mM
EDTA in water, pH 6.5) overnight at 60°C with vigorous shaking.
GAG content was determined using the 1,9-DMMB assay. Chondroitin sulfate dilutions
were used as standards and absorbance was measured at 595 nm on a microplate reader
(Synergy, BioTek Inc.). Total dsDNA was quantified using the Quant-IT PicoGreen kit (Life
Technologies) according to manufacturer's instructions.
5.2.12 Mechanical testing
Compression tests: Pre-hydrated hydrogels were tested under unconfined compression
using a TA.XTplus Texture Analyser (Stable Microsystems) with a 500 g load cell and a
preload of 0.4 g was applied to ensure that the surfaces of the scaffolds were in direct
contact with the cylindrical 20 mm diameter probe. The samples were compressed to a
final strain of 10% at a loading rate of 0.01 mm per second. The compressive modulus E
was calculated as the slope of the stress–strain curve in the linear range.
Push-out tests: Push-out tests were performed on hydrogels in cartilage explants at 0.5
mm/s rate with a 3 mm rod. The bond strength was calculated as the maximum force
divided by the integration area in the inner part of the rings.
5.2.13 Statistical analysis
All experiments were performed with at least 3 different donors, in triplicates and with
double technical readings (exception in Figure 6, with only 2 adult donors). All data are
reported as mean ± standard deviation of the biological replicates with single data points.
For clarity, PCR data are reported as mean ± standard deviation without single data
points. SPSS (SPSS for Windows, Rel 20.0.0. Chicago: SPSS Inc.) was used for statistical
analysis. Comparison of results was carried out by analysis of variance (ANOVA) using
Tukey's multiple comparison post hoc test for significance. p values of less than 0.05 were
considered statistically significant.
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5.3

Results

Figure 5.3 Characterization of infant polydactyly tissue and cells. A: Histological analysis of infant
polydactyly cartilage tissue. The images are oriented to present the cartilage surface on the top. Scale bar:
100 µm. B: Growth kinetics of infant and adult chondrocytes expressed as population doubling levels (PDLs)
over time. C: Growth rate averages for infant chondrocytes compared to adult chondrocytes, calculated as
population doublings per day, **p<0.01. D: Morphology of infant and adult chondrocytes after 5 and 7 days
of 2D culture. Scale bar: 100 µm. E, F, G: Collagen 2 (COL2), collagen 1 (COL1) and chondrododulin-1(CHM1)
expression after sequential passaging. Gene expression was normalized against the reference gene RPL13a
with one infant chondrocyte donor at passage 0 chosen as the calibrator sample.
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5.3.1 Extracellular matrix in infant native cartilage
Cartilage tissue from joints of surgically resected digits was carefully dissected and
histologically analyzed for cartilage-specific markers. Although only the cartilage from the
superficial part of the joint (about 1 mm) was used for cell isolation, the tissue exhibited
a homogeneous and intense Safranin-O and Alcian blue staining (Figure 5.3) indicating
abundant amounts of proteoglycans. Collagen type 2 was present until the deep layer with
particularly high intensity in the pericellular zones. Lubricin was expressed mostly in the
superficial layer, but also by cells in deeper regions. Lubricin, or proteoglycan 4, is a
protein expressed by cells in the superficial cartilage layer to provide boundary
lubrication of the tissue but it can be expressed by progenitor cells in deeper layer [304].
No collagen type 1 nor type 10 was found in the cartilage tissue within at least the first 2
mm from the surface.
5.3.2 Kinetics and dedifferentiation profiles in expansion
Infant polydactyly chondrocytes showed a stable and high proliferation capacity during
2D expansion on tissue culture plastic up to passage 5 (Figure 5.3A). On the contrary, adult
articular chondrocytes displayed a significantly lower (p<0.01) growth rate (population
doubling per day) (Figure 5.3B and C) and a more elongated morphology (Figure 5.3D)
during expansion. The results are in line with what was previously reported in the
literature [305]. Additionally, the fast and steady proliferation rate supports the potential
of polydactyly chondrocytes as an allogenic cell source for cartilage repair techniques.
Indeed, this would allow one to obtain the high number of cells necessary to constitute a
master cell bank.
Gene expression analysis of passaged chondrocytes showed that both adult and infant
chondrocytes de-differentiate during in vitro culturing and expansion. Collagen 2
expression, a typical chondrocyte marker, decreased up to 100’000 fold for adult
chondrocytes and up to 1’000 fold for polydactyly chondrocytes when the cells where
expanded to passage 5. Similarly, chondromodulin-1, a strong anti-angiogenic factor and
ossification inhibitor [217], is downregulated in both cell types during in vitro expansion
but reaches a plateau at passage 3 in infant chondrocytes. Collagen 1, a fibroblastic
marker, did not show a strong upregulation in either cell type.
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We also investigated the gene expression of two recently identified “juvenile
chondrocyte-specific factors”, chordin-like 1 (CHRDL1) and microfibrillar-associated
protein (MFAP4) [306]. Chordin-like 1 is a bone morphogenic protein (BMP) antagonist
known to be involved in connective tissue development [307], while microfibrillarassociated protein 4 is an extracellular matrix (ECM) protein involved in collagen binding
[308]. Both genes were upregulated in infant chondrocytes compared to adult
chondrocytes. The trend could be observed both for freshly isolated cells and for
extensively passaged cells (Supplementary Figure 5.1). Collectively, these results confirm
the previous studies supporting the age-related involvement of the genes and show that
these genes are not only expressed by freshly-isolated infant chondrocytes but also by
passaged cells.
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5.3.3 Immunophenotyping of infant chondrocytes

Figure 5.4 CD4+ T-cell stimulation assay. Polydactyly (A) and adult (B) chondrocytes were co-cultured at
different seeding numbers with T lymphocytes. Chondrocytes do not trigger CD4+T lymphocytes reaction
and, when T lymphocytes were activated, chondrocytes demonstrated an inhibitory behavior as observed
in the decreased secretion of interferon gamma (IFNG). CD4-Lymphocytes gating strategy available in
Supplementary files.
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Due to its avascular nature and lack of lymphatics, cartilage is considered
immunoprivileged and allograft transplantation can be performed even in absence of
immune suppressive therapy [309, 310]. Additionally, juvenile chondrocytes were shown
to inhibit T cell proliferation via cell surface B7 co-stimulatory molecules and through
expression of high level of chondromodulin-1 and of indoleamine 2,3-dioxygenase (IDO)
[187]. Polydactyly chondrocytes were also observed not to induce a T cell response
thanks to the absence of major histocompatibility complex (MHC) class II and T cell costimulatory molecules [311]. However, they express T cell co-inhibitory molecule PD-L2
and suppress T cell proliferation from a MHC-mismatched donor [311]. In this study we
observed that polydactyly chondrocytes do not express the surface immune-related
markers, CD45, CD14 and CD3 (Supplementary Figure 5.2) but express for the
chondrocytic markers CD44 and CD90. We also performed a T-cell stimulation assay
where polydactyly and adult chondrocytes were co-cultured at different seeding numbers
with a fixed number of T lymphocytes. We observed that polydactyly, but also adult
chondrocytes, do not trigger T lymphocytes reaction, in either CD4+ or CD8+ T
lymphocytes.

Moreover,

when

T

lymphocytes

were

activated,

chondrocytes

demonstrated a concentration-dependent inhibitory behavior as observed in the
decreased secretion of IFNG in both CD4+ or CD8+ T lymphocytes (Figure 5.4 and
Supplementary Figure 5.4).
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5.3.4 Chondrogenic re-differentiation of infant chondrocytes in pellet culture

Figure 5.5 Chondrogenic re-differentiation of infant polydactyly chondrocytes and adult articular
chondrocytes in centrifuged pellet culture. Alcian blue, collagen 2 and collagen 1 staining of centrifuged
pellets made with 250’000 cells/pellet after 3 weeks of in vitro culture in chondrogenic media. Scale bar:
100 µm, scale bar insert: 500 µm.
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Centrifuged pellet culture is a widespread assay for recapitulating embryonic
condensation and inducing chondrogenic differentiation of mesenchymal stem cells
[312]. High-density cultures are known to be a model for re-differentiation of dedifferentiated, passaged chondrocytes [313]. Despite the downregulation of chondrocytespecific markers during in vitro passaging infant polydactyly chondrocytes were able to
deposit significant cartilaginous ECM after 3 week of centrifuged pellet culture in
chondrogenic media. Cells exhibited a homogeneous distribution of glycosaminoglycans
(GAGs) as shown by the Alcian blue staining until passage 5 (Figure 5.5). Additionally,
collagen 2 was highly and homogeneously expressed until passage 4 without a strong
upregulation of collagen 1. On the other hand, adult articular chondrocytes produced
smaller pellets with a high deposition of GAGs only until passage 1 and a pericellular
expression of collagen 2 after passage 3. Collagen 1 was produced incrementally from
passage 2 to 5. These results demonstrate the ability of infant polydactyly chondrocytes
to re-differentiate towards the chondrogenic lineage even after extensive passaging. This
ability is highly advantageous compared to adult chondrocytes as it allows the creation of
a cell bank of off-the-shelf chondrocytes.
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5.3.5 Chondrogenic re-differentiation of infant chondrocytes in 3D hydrogels

Figure 5.6 Proliferation and GAG production of P3 infant polydactyly chondrocytes and P3 adult articular
chondrocytes in HA-TG hydrogels. Cells were encapsulated in HA-TG at different concentration (1, 2 and
3% w/v) and culture for 3 weeks in vitro in chondrogenic media. A: DNA fold increase to day 1 (D1). B: GAG
amount per scaffold. C: GAG normalized to DNA content per scaffold. D: Compressive modulus E.

Hyaluronic acid-transglutaminase, or HA-TG, is a novel hydrogel developed by
functionalizing high molecular weight hyaluronan with transglutaminase-crosslinkable
peptides (providing a reactive lysine and glutamine residues respectively). HA-TG was
previously shown to be biocompatible, mitogenic and chondroinductive with
encapsulated fetal chondroprogenitor cells [262]. Additionally, thanks to its injectability,
fast gelation kinetics and adhesion to cartilage, HA-TG was proposed as a novel
biomaterial for cartilage engineering applications. We evaluated the ability of infant and
adult chondrocytes to proliferate and produce cartilaginous ECM in HA-TG. Infant
polydactyly and adult articular chondrocytes were encapsulated at 15 million cells/ml in
1, 2 and 3% w/v HA-TG and cultured for 3 weeks in vitro. Both cell types proliferated
during the culture, with polydactyly chondrocytes having consistently higher DNA
content in all of the conditions tested (Figure 5.6A). Independently of the HA-TG
concentration, both cell types secreted GAGs in the hydrogel (Figure 5.6B). When the GAG
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amount was normalized to the DNA in the scaffolds, no significant difference was
observed between the two cell types for any of the HA-TG concentrations (Figure
5.6Figure 5.6C), indicating that the conditions induce similar GAG deposition per cell. As
a consequence of the ECM deposition by the encapsulated cells, hydrogels increased their
compressive moduli over the 3 weeks of culture (Supplementary Figure 5.5), going from
1.3±0.3 kPa for the initial 1% gels to 58.0±5.5 kPa and 20.9±2.8 kPa for infant and adult
chondrocytes respectively, from 4.6±1.4 for the 2% gels to 33.5±10.2 and 13.3±4.5, and
from 7.0±3.5 kPa for the 3% gels to 24.3±6.7 and 12.54±2.5 kPa.
The results indicate that HA-TG supports proliferation and matrix deposition of
encapsulated chondrocytes, particularly of infant cells. Therefore, we tested whether
polydactyly infant chondrocytes would re-differentiate and produce cartilage-specific
proteins in HA-TG at different cell seeding densities (Figure 5.7). 5, 10 and 15 million
cells/ml were encapsulated in 1, 2 and 3% w/v HA-TG hydrogels and cultured for 3 weeks
in chondrogenic media in vitro. In all of the conditions, infant chondrocytes highly
upregulated (1’000 to 10’000 fold) collagen 2 expression compared to passage 3, 2D
controls. Similarly, collagen 1 and aggrecan were upregulated up to 10 fold. The highest
cell seeding density condition (i.e. 15 million cells/ml) consistently led to the upregulation
of cartilage-specific markers (collagen 2 and aggrecan) and to lower expression of the
fibroblastic marker collagen 1.
Histological analysis of the 15 million cells/ml hydrogels revealed abundant protein
deposition (Figure 5.7). 1% gels induced a homogeneous production of collagen 2, 1 and
aggrecan that filled the whole hydrogels. However, they tended to shrink in size during
the culturing time. ECM deposition tended to be more concentrated around cell clusters
in the stiffer gels and the higher concentration of hydrogel led to poorer collagen 2
deposition. Therefore, for further studies, the intermediate stiffness condition (2%) was
chosen.
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Figure 5.7 Gene expression and matrix protein deposition by infant polydactyly chondrocytes encapsulated
in 1, 2 and 3% w/v HA-TG and cultured for 3 weeks in vitro in chondrogenic media. Gene expression of
collagen 2, collagen 1 and aggrecan was evaluated for infant chondrocytes encapsulated at 5, 10 and 15
million cells/ml, while protein deposition is shown for the 15 million cells/ml concentration only. Scale bar:
100µm, insert: 1mm.
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5.3.6 Ex vivo model and growth factor loading

Figure 5.8 Explant model in vitro. Constructs were either cultured in TGF-free media (”no TGF”) or loaded
with TGF and cultured in absence of additional factors (“TGF-loaded”) or cultured in chondrogenic media
containing TGF (“soluble TGF” condition). A: Bond strength of HA-TG with and without the addition of
heparin-TG and with and without Optimaix scaffold at D0 and after 6 weeks of in vitro culture. A: Bond
strength of the constructs at D0 and after 6 weeks of in vitro culture. B and C: Collagen 2 and collagen 1
staining of the constructs with DAPI counterstaining. The top picture depicts the whole construct, while the
bottom one depicts a close up of the middle part of the hydrogel. Scale bar: 1 mm for whole construct and
100 µm for close-up.
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Heparin is a naturally occurring glycosaminoglycan, known to bind certain growth
factors, including TGF-β1 [314]. In an attempt to more closely mimic the highly sulfated
ECM of native cartilage and introduce the possibility of loading growth factors in the
hydrogels, heparin was functionalized and incorporated in the HA-TG system.
Furthermore, the addition of a collagen sponge with a composition similar to that of the
clinically used matrix-induced autologous chondrocyte implantation (MACI) scaffolds
was investigated. It was hypothesized that the addition of this sponge would improve the
HA-TG scaffold system in two ways: on one hand, it reinforces the hydrogel under
mechanical compression (Supplementary Figure 5.6) and on the other hand it helps retain
the ECM produced by the cells [315].
Infant chondrocyte-seeded HA-TG with and without additional heparin-TG and Optimaix
scaffolds were crosslinked in situ in bovine cartilage explants. The constructs were then
cultured for up to 6 weeks in vitro in presence or absence of TGF-β1. The growth factor
was either mixed with the hydrogel precursors before crosslinking (this condition is
indicated as “TGF-loaded”) or added to the media (indicated as “soluble TGF”).
Neither the addition of heparin-TG nor the addition of Optimaix affected the high adhesive
properties of HA-TG to native cartilage as indicated by push-out test done on cartilage
explants shortly after crosslinking (Figure 5.8). After 6 weeks of culture, scaffolds
cultured in presence of TGF-β1 (loaded and soluble) exhibited higher bond strength to
cartilage, likely due to matrix deposition at the interface between the cartilage and the
hydrogel. As reflected by the push-out tests, infant chondrocytes cultured in HA-TG
produced limited amount of collagens in absence of TGF-β1. Interestingly, the addition of
heparin to the hydrogel induced some spontaneous collagen 2 production without
affecting collagen 1 production.
As expected, mixing TGF-β in HA-TG did not induce visible collagen production as the
growth factor is expected to quickly diffuse out and get washed in media changes. On the
other hand, when heparin–TG was blended with HA-TG, collagen 2 deposition was
achieved, reflecting growth factor retention. The highest collagen 1 and 2 staining
intensities were obtained when TGF-β was delivered to the cells constantly by media
supplementation.
The addition of the Optimaix scaffold did not seem to have a visible effect on the
constructs in terms of bond strength and matrix deposition at 6 weeks of culture.
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5.3.7 Subcutaneous in vivo study

Figure 5.9 Chondrogenesis in vivo. HA-TG scaffolds with the addition of heparin-TG were implanted
subcutaneously in nude mice and explanted after 6 weeks. The constructs were tested without growth
factor loading (no TGF), loaded with TGF (TGF-loaded) and TGF-loaded with the addition of Optimaix
scaffolds (TGF- loaded and Optimaix).

Finally, we wanted to test the ability of polydactyly chondrocytes to produce cartilagelike matrix in HA-TG with heparin-TG in an ectopic mouse model. Cartilage explant
constructs were prepared by crosslinking 2% HA-TG with 0.1% heparin-TG in cartilage
explants. Some of the constructs were pre-loaded with 800 ng/ml of TGF-β1 (20
ng/construct) by incubating the hydrogel precursors with the growth factor for 10
minutes before initiating the gelation. Of these TGF-β-loaded constructs, some were
further reinforced with Optimaix scaffolds. The constructs were implanted
subcutaneously in nude animals within 4 hours after casting and explanted after 6 weeks.
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Collagen 2 analysis (Figure 5.9) of un-loaded constructs only showed sparse, pericellular
staining, indicating that this ECM protein was either not synthesized or not retained in the
hydrogels. Contrarily, abundant collagen 1 could be observed. Growth-factor loading
successfully induced collagen 2 production while reducing collagen 1 deposition,
especially in the inner part of the gels. The further addition of the Optimaix scaffold
facilitated matrix retention and resulted in a homogeneous deposition of collagen 2 and
only minimal collagen 1.

5.4

Discussion

The recent increase in popularity of cell-based strategies for cartilage repair application
has generated an urgent need for a potent and safe off-the-shelf cell source. The
availability of potent, autologous chondrocytes is limited and requires costly and timeconsuming expansion. Additionally, the need for a biopsy introduces donor site morbidity
and, in the case of articular chondrocytes, often leads to the production of fibrocartilage
tissue [171]. Mesenchymal stem cells (MSCs) have been used in several clinical
applications, however their presence and chondrogenic differentiation capability are
highly donor-to-donor dependent [176, 316].
Recently, allogenic cell sources emerged as possible clinical alternatives to autologous
approaches, with several advantages. First, patients do not need to undergo an additional
surgery, making the surgical procedure faster and logistically simpler. Second, there is no
donor site morbidity and no lag time required for ex vivo expansion. Treating the lesion
immediately after injury helps to prevent ulceration of the tissue and reduces the risk of
post-traumatic OA [317]. Finally, outcome variability can be reduced by using a single
donor or a pool of established donors to treat several patients. For these reasons, allogenic
cell-based treatments are already at the clinical trial stage in several countries for chronic
osteoarthritis indications. It was demonstrated that allogeneic bone marrow MSC
transplantation is not only feasible and safe, but it can also improve pain, quality of life
and cartilage quality compared to a biomaterial alone [318]. Invossa TissueGene C, an
allogenic cell and gene therapy based on TGF-β1 transfected polydactyly chondrocytes, is
currently commercially available in South Korea and undergoing phase III clinical trials
in the USA for severe osteoarthritis indications. Cells are irradiated to stop their
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reproduction circle and delivered via one intra-articular injection without a carrier into
patients’ knees. Randomized, placebo-controlled trials demonstrated feasibility, safety
and efficacy in improving pain and function after up to 24 months [159].
Due to the recent clinical trials and the promising results obtained with allogenic and
infant chondrocytes, there is an increasing interest in the use of polydactyly chondrocytes
as a cell source for cartilage repair. Nevertheless, polydactyly chondrocytes have been
characterized and used only by a handful of research centers. In this study, we isolated
polydactyly chondrocytes from cartilage tissue obtained by surgical resection of
supernumerary digits and we characterized their de-differentiation and re-differentiation
profiles in vitro and in vivo. We could demonstrate that polydactyly chondrocytes can be
isolated from their native tissue with an easy and fast protocol by enzymatic digestion.
Despite the limited size of the tissue, cellularity in young cartilage is higher than in mature,
adult tissue [319], leading to a relatively high cell yield compared to adult tissue.
Additionally, with an incidence of about 1 in 500 births, polydactyly is a common
malformation making polydactyly chondrocytes an available source of cells.
We could show that polydactyly chondrocytes can be expanded in vitro for up to 5
passages maintaining a fast and steady proliferative rate, an important characteristic for
an off-the-shelf cell source. We investigated the de-differentiation profile of the cells
under in vitro expansion, and we could confirm that polydactyly chondrocytes are not
only non-immunogenic, but also immune-suppressive. Even though polydactyly
chondrocytes tend to lose their chondrogenic phenotype during expansion (i.e.
downregulation of collagen 2 expression), they are highly responsive to chondrogenic reinduction. Indeed, we could show that 3D culture in centrifuged pellets of expanded
polydactyly chondrocytes is able to induce chondrogenic re-differentiation and lead to
cartilaginous matrix production.
Finally, we could show that passaged infant polydactyly chondrocytes can be
encapsulated and re-differentiated in 3D hydrogels both in vitro and in vivo in a
subcutaneous mouse model. Previous studies using transduced and non-transduced
polydactyly chondrocytes focused on scaffold-free approaches [159, 320]. Invossa
TissueGene consists of intra-articular injections of TGF-β-transduced polydactyly
chondrocytes, while Nasu et al. have shown that subcutaneous injections of nontransduced polydactyly chondrocytes in immunodeficient mice leads to chondrogenesis
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and osteogenesis via endochondral ossification. Clinically, the use of a biomaterial for
cartilage repair applications has been shown to be beneficial in comparison to scaffoldfree approaches. Biomaterials can indeed retain the implanted cells in place preventing
their leakage from the lesion site and, at the same time, support cell survival and ECM
production [321]. Smeriglio et al. showed that poly(ethylene glycol) (PEG) and
chondroitin sulfate-based hydrogels supports the chondrogenic phenotype of articular
infant chondrocytes [322]. To our knowledge, our study is the first attempt to redifferentiate polydactyly chondrocytes in a 3D biomimetic hydrogel. We chose to use HATG because it is based on the cartilaginous GAG hyaluronic acid and can be crosslinked
using cell-friendly chemistry. Additionally, it is highly versatile and can be co-crosslinked
with transglutaminase-modified heparin. The addition of heparin and the consequent
sulfation, makes the material more biomimetic and cell-instructive. Importantly, it also
introduces the possibility of loading the scaffolds with heparin-binding proteins. This
means that TGF-β1 can be incorporated in the scaffolds and released to the cells. It is
known that polydactyly chondrocytes require a constant supply of chondrogenic factors
to maintain a chondrogenic phenotype after being passaged in monolayer culture [323].
Growth factor loading in the hydrogel represents an interesting alternative to viral
transfection of chondrocytes. In fact, despite the recent advances in gene therapy, the use
of retroviral vectors still raises safety concerns [324, 325].
Further studies will be necessary to confirm whether our hydrogel system would induce
and maintain chondrogenic differentiation of non-transduced, polydactyly chondrocytes
upon implantation in a cartilage-inducing/maintaining environment, such as an articular
cartilage defect. Tests in a chondral defect in a large animal model such as a sheep or goat
will be informative as to the clinical translational potential of the cells and material
combination.
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5.5

Conclusions

In conclusion, we could demonstrate that due to their high proliferative rate,
immunosuppressive properties and high responsiveness to chondrogenic induction,
polydactyly infant chondrocytes represent a promising cell source for allogenic cell-based
therapies for cartilage repair. In addition, infant polydactyly chondrocytes can proliferate
and produce cartilage-like matrix in 3D biomimetic hydrogels in the presence of TGF-β.
The versatility of our hyaluronic acid-based hydrogel allows the release of the
chondrogenic factor TGF-β and the reinforcement with collagen sponges, opening the
opportunities to use polydactyly chondrocytes for focal cartilage defect treatment and not
only for osteoarthritis.

We could demonstrate that non-transfected polydactyly

chondrocytes are able to produce stable cartilaginous ECM in vivo and in absence of preculturing.
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Supplementary Figure 5.1 Microfibrillar-associated protein 4 and chordin-like-1 expression after
sequential passaging. Gene expression was normalized against the reference gene RPL13a with one infant
chondrocyte donor at passage 0 chosen as the calibrator sample.

Supplementary Table 5.1 Markers and respective antibodies used in the FACS characterization panel.

Marker

Fluorochrome

Volume/well (µl)

Catalog number

Company

CD14

PerCP-Cy5.5

5

550787

BD Biosciences

CD3

AF700

1

557943

BD Biosciences

CD44

APC

5

17-0441-81

eBioscience

CD90

PeCy7

5

561558

BD Biosciences

CD45

V500C

3

655873

BD Biosciences
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Supplementary Table 5.2 Markers and respective antibodies used for T-cell stimulation assay.

Marker

Fluorochrome

Volume/well (µl)

Catalog number

Company

CD45

V500C

3

655873

BD Biosciences

CD3

BV421

3

563798

BD Biosciences

CD4

PE

3

555347

BD Biosciences

CD8

Pe-Cy7

1

335822

BD Biosciences

IFNg

FITC

0.6

554700

BD Biosciences

IL-10

PerCP-Cy5.5

4

501418

BioLegend

GrB

Alexafluor700

0.9

561016

BD Biosciences
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Supplementary Figure 5.2 Flow cytometry analysis for immune surface marker on polydactily
chondrocytes. Polydactyly chondrocytes were stained with antibodies against immune-related surface
markers, including CD45, CD14 and CD3. Mononuclear cells were used as immune cells controls. Polydactyly
chondrocytes were also assessed for the chondrocytic markers CD44 and CD90.
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Supplementary Figure 5.3 Gating strategy for flow cytometry analysis of lymphocytes. The lineage cocktail
used to measure T lymphocytes expressing IFNG, included, CD8, CD4, CD45, IL10, and GrB.
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Supplementary Figure 5.4 CD8+ T-cell stimulation assay. (A) Infant polydactyly chondrocytes and (B)
adult chondrocytes seeding gradient effect on T-cell stimulation assessed by IFNG production.
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Supplementary Figure 5.5 Compressive modulus E of acellular 1, 2 and 3% w/v hydrogels.

Supplementary Figure 5.6 Compressive modulus E of acellular 2% w/v HA-TG hydrogels with and without
Optimaix scaffold.

Supplementary Figure 5.7 Collagen 2, collagen 1 and chondromodulin 1 gene expression after sequential
passaging and after re-differentiation of p3 infant chondrocytes in 1, 2 and 3% HA-TG hydrogels. Gene
expression was normalized against the reference gene RPL13a with one infant chondrocyte donor at
passage 0 chosen as the calibrator sample.
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6 Preclinical evaluation of a hyaluronan-based
hydrogel for cartilage repair

Preclinical models, and large animals in particular, are a useful tool to evaluate the safety
and efficacy of cartilage engineering strategies prior to clinical trials. The previous chapters
presented an extensive in vitro and in vivo characterization of both human
chondroprogenitor cells (hCCs) and of the hyaluronic acid-transglutaminase (HA-TG)
hydrogel system. In this chapter, acellular and cell-laden HA-TG hydrogels are investigated
in a clinically relevant, chondral defect model in sheep. The initial short-term pilot study
suggests that xenogeneic cell transplantation is feasible, possibly due to the young age of the
cells used. In a later 3-month study, HA-TG gels were reinforced with a collagen scaffold and
investigated with and without exogenous growth factor loading. Overall, this chapter shows
that that HA-TG can successfully mediate the integration of the grafts to the native tissue
and has the potential to induce de-novo cartilage formation in a large animal model.

Note: This chapter was written as Preclinical evaluation of a hyaluronan-based hydrogel
for cartilage repair, E. Cavalli, C. Levinson, S. Darwiche, L.A. Applegate, B. von Rechenberg,
M. Zenobi-Wong*

*E.

Cavalli wrote the manuscript and contributed to writing the grant that funded the project. E. Cavalli, C.

Levinson, S. Darwiche, and M. Zenobi-Wong designed the study. Experiments were performed by E. Cavalli,
C. Levinson, S. Darwiche and B. von Rechenberg. L.A. Applegate provided clinical samples. Acquisition and
analysis of all data was conducted by E. Cavalli C. Levinson and S. Darwiche.
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Abstract
Articular cartilage lacks the ability to self-repair due to its avascular nature. Therefore,
untreated articular cartilage lesions can lead to the development of post-traumatic
osteoarthritis (OA). Despite on-going efforts, current clinical techniques to treat cartilage
lesions are not optimal and often have poor long-term outcome. We previously introduced
a novel, adhesive biomaterial, namely HA-TG, derived from the functionalization of
hyaluronic acid (HA) with transglutaminase (TG) substrate peptides and investigated the
mitogenic and chondrogenic properties of HA-TG in vitro as well as in an ectopic mouse
model.
In this follow-up study, we tested the feasibility of HA-TG as a treatment for chondral
lesions in sheep and its potential for cartilage engineering applications. In a first, shortterm pilot study, we analyzed stability and integration of HA-TG hydrogels and due to
initial weak mechanical properties decided to reinforce the hydrogel with a collagenous
sponge. In a second, 3-month study we investigated the ability of HA-TG gels to induce
cartilage repair with and without additional encapsulation of human chondroprogenitor
cells (hCCs) as well as with and without exogenous non-covalent loading of the
chondrogenic factor TGF-β1. We could show that HA-TG can successfully mediate the
integration of the grafts to the native tissue and has the potential to induce de-novo
cartilage formation. Further studies will be necessary to understand the regeneration
potential of HA-TG at longer time points (i.e. 6-12 months).
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Introduction

Articular cartilage has a limited ability to self-repair after injuries. This is partly due to its
avascular nature that prevents progenitor cells in blood to migrate to the site of the lesion
and partly to the limited amount of resident cells [326]. If left untreated, cartilage lesions
often lead to joint degeneration and eventually to the development of post-traumatic
osteoarthritis [51]. About 60% of patients undergoing knee arthroscopic surgery and up
to 69% of adults older than 50 years old show signs of cartilage anomalies in their knees
[293]. The limited capability of cartilage to heal has driven the development of cell-based
and tissue engineering strategies [250] such as microfracture, autologous chondrocyte
implantation (ACI) and matrix-assisted autologous chondrocyte implantation (MACI).
However, these techniques are often unavailable due to their high costs and their longterm outcome are variable or unknown [38]. Furthermore, they present major limitations,
which include formation of mechanically inferior tissue like fibrocartilage [38, 171], lack
of integration of the grafts, the requirement of multiple surgeries and high donor-todonor variability [170]. Novel tissue engineering strategies for the surgical treatment of
articular cartilage lesions would be highly desirable.
Preclinical studies are a key requirement for the clinical translation of new therapeutics
and biologics [127, 327]. Nevertheless, choosing the most appropriate animal model for
the translation of cartilage engineering application remains a challenge [135]. While small
animals have the advantage of being cost-effective and therefore allow a larger sample
size, large animal models can more closely compare to the human anatomy and healing
physiology. The size of the joint, articular cartilage thickness, the biomechanics of the joint
and the load distribution in large animals make them excellent candidates for a preclinical study [129]. Particularly, the ovine stifle joint is an established experimental
model used to investigate a range of orthopedic conditions [328]. While spontaneous
healing of small sub-chondral defects have been shown to heal in fetal lamb [329] and
small (i.e. <3mm in diameter) full-thickness defects can self-repair in rabbits [330],
critical size, chondral defects in skeletally mature animals rarely heal. It was shown that
6mm osteochondral defects in goat articular cartilage lead to the progressive
degeneration of the underling bone and eventually of the joint [143]. Other studies
indicate that, when the subchondral bone is affected, bleeding is caused and mesenchymal
149

6. Preclinical evaluation of a hyaluronan-based hydrogel for cartilage repair
stem cells can initiate osseous and chondral repair [331]. However, the nature of the
cartilage repair tissue is fibrocartilaginous and characterized by inferior mechanical
properties. In the long-term, this leads to fissures and finally to the loss of the newly
formed tissue [330].
We have previously introduced a hyaluronic acid-derived hydrogel, namely hyaluronic
acid-transglutaminase or HA-TG, an adhesive and chondro-inductive material developed
by functionalizing high molecular weight hyaluronan with transglutaminasecrosslinkable peptides (i.e. TG/Lys and TG/Gln) [262]. HA-TG is able to direct
proliferation and chondrogenic differentiation of human cells from several origins: fetal
chondroprogenitor cells (hCCs), infant chondrocytes from polydactyly and adult auricular
chondrocytes. Given its fast gelation kinetics and high adhesive properties to cartilage, we
proposed HA-TG as a cell-carrier for injectable, cartilage engineering applications.
Furthermore, we previously demonstrated that HA-TG promote chondrogenesis of
encapsulated cells and lead to the formation of stable cartilage grafts both in vitro and
subcutaneously in an ectopic mouse model.
The aim of this study was to evaluate HA-TG as a biomaterial for cartilage engineering
applications in a clinically relevant, large animal model. For this reason, we chose full
thickness, chondral defects in the stifle joint of skeletally mature sheep as a model.
Initially we performed a short-term (2 and 4 weeks) pilot study to evaluate the stability
of the material and the feasibility of xenogeneic cell transplantation. In a follow-up, 3month study we reinforced the hydrogel by adding a collagenous sponge before injecting
the HA-TG hydrogel precursors. Additionally, we compared HA-TG hydrogels with and
without encapsulated hCCs as well as with and without exogenous loading of the
chondrogenic factor TGF-β1.
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Figure 6.1 Schematics of the project. In a first pilot study, we tested human chondroprogenitor cells (hCCs)
in hyaluronic acid-transglutaminase hydrogels (HA-TG) for stability and ability to induce an immune
reaction. In the following study, we reinforced the hydrogel with a collagenous sponge (Optimaix) and
compared the material alone and the material with encapsulated hCCs both with and without exogenous
TGF-β1.

6.2

Materials and Methods

6.2.1 Cell source, isolation and expansion
Human hCCs were isolated from the proximal ulnar epiphysis of a 14 week gestation
organ donation (same donor as used in Darwiche et al. [88] and Studer et al. [89], Centre
Hospitalier Universitaire Vaudois, Ethics Committee Protocol No. 62/07) and registered
under the Federal Transplantation Program complying with the associated laws, Biobank
procedures and regulations.
A tissue biopsy was collected and processed as previously described [88] except that
Trypsin/EDTA (Thermo Fisher Scientific) was used during processing to prepare more
uniform populations from the tissue and no antibiotics were used for cell culture to
develop the master cell bank (MCB). A working cell bank (WCB) was developed for the
project that was derived from the MCB from the organ donation to provide equivalent
cells throughout the current project. The cells were expanded to passage 4 in Dulbecco's
modified Eagle's medium (DMEM; Gibco) containing 10% v/v FBS (Gibco), 2 mM Lglutamine (Gibco) and 10 μg/ml gentamycin (Gibco).
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6.2.2 Hydrogel
HA-TG and Heparin-TG synthesis: HA-TG hydrogel precursors, TG/Gln and TG/Lys,
were synthetized by substituting a hyaluronan backbone (Lifecore Biomedical, 1.01-1.8
MDa) with reactive glutamine residue (NQEQVSPL-ERCG) and reactive lysine residues
(FKGG-ERCG) respectively as previously described. [234, 262]. Heparin-TG was similarly
synthesized by functionalizing heparin (Sigma) with glutamin-containing peptides (for
more information see chapter 3).
Preparation of HA-TG hydrogels: HA-TG precursors were solubilized at 2 or 3% (w/v)
in sterile filtered TBS (NaCl 150 mM, CaCl2 50 mM, TRIS 50 mM, balanced to pH 7.6). Cells
were suspended at 15 million cells/ml in HA-TG precursors. The crosslinking was
initiated by adding thrombin (Baxter) and factor XIII (Fibrogammin, CSL Behring) to a
final concentration of 12.5 U/ml and 10 U/ml respectively (see chapter 3).
Preparation of Heparin-TG hydrogels and TGF-β loading: The Heparin-TG precursor
was solubilized in sterile filtered TBS buffer at a concentration of 0.2 w/v. TGF-β1
(Peprotech) was added to the Heparin-TG at a concentration of 1.6 µg/ml and allowed to
react for 15 minutes at room temperature. 4% w/v HA-TG precursors were solubilized
and mixed 1:1 with the Heparin-TG precursor to obtain a final concentration of 2% w/v
HA-TG, 0.1% w/v Heparin-TG and 800 ng/ml TGF-β1. hCCs were suspended at 15 million
cells/ml in the gel precursor mix and the gelation was continued as previously described.
6.2.3 Collagen scaffold
Optimaix-3D (1.5 mm in height) is an open porous porcine collagen I/III sponge
(containing <30% w/w elastin) produced by a zero-length crosslinking procedure using
EDC/NHS chemistry. The scaffolds were kindly provided by Matricel GmbH. Optimaix
scaffolds were punched into cylinders (6mm in diameter) and placed in the defect prior
to the addition of the mixture of HA-TG and cells.
6.2.4 Animals
Female, skeletally mature (2-3 years old) Swiss Alpine sheep were used for the
experiments. This study was conducted according to Swiss laws for animal welfare and
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approved by the local governmental authorities (Kantonales Veterinäramt Zürich,
Switzerland, No. ZH193/15)
6.2.5 Animal anesthesia, preparation, and surgical technique
The sheep were premedicated intramuscularily with 0.1mg/kg xylazine and 0.01mg/kg
buprenorphine. Anesthesia was then induced intravenously via a jugular catheter with
0.1mg/kg midazolam, 3 mg/kg ketamine and 0.4-0.9 mg/kg propofol. Following laryngeal
desensitization with lidocaine spray, the trachea was intubated. Anesthesia was
maintained with an intravenous constant-rate infusion of 1 mg/kg/h propofol in
combination with 1-3% isoflurane in oxygen. Epidural anesthesia was applied with 0.1
mg/kg morphine diluted in sterile 0.9% NaCl to a total volume of 2mL. Intravenous
penicillin (30,000 IU/kg, Streuli Pharma) and gentamycin (4 mg/kg, Vetagent, MSD
Animal Health Care) were administered on the day of surgery as preoperative antibiotic
prophylaxis and for 4 days thereafter. A booster for tetanus (3’000 IU/sheep, MSD Animal
Health Care) was administered subcutaneous on the day of surgery. Regarding analgesia,
Carprofen (4mg/kg) was administered intravenously on the day of surgery and for 4 days
thereafter. Buprenorphine (0.01 mg/kg) was applied three times after surgery, every 4 to
6 hours.
A para-patellar approach was chosen with the stifle joint in maximal flexion to access the
weight bearing area of the femoral condyles. Four full thickness cartilage defects (6mm in
diameter) were created at the weight bearing area in the medial (2 defects) and lateral (2
defects) condyles of the distal femur of one hind limb using a biopsy punch. Cartilage was
removed from the defect site using a scalpel and the calcified cartilage was removed down
to the subchondral bone plate using a drill burr. The defects were treated with the
different experimental conditions by injecting the activated HA-TG hydrogel precursors
(with and without encapsulated cells, with and without TGF-β loading) in the chondral
defects using a positive-displacement pipette. The hydrogels were allowed to crosslink
undisturbed for 10 minutes before performing the surgical operation on the other condyle
or closing the joint. The contralateral limb was left un-operated. Treated limbs were
alternated from one animal to the next. Treatments on the medial and lateral condyle
defects were also alternated from one animal to the next. A cast was placed on the
operated limb for the 5 weeks post operation to minimize stifle joint movement and
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animals were placed in a suspension net for 3 weeks after surgery to reduce, but not
eliminate, loading on the stifle joint. Following cast removal, a soft bandage was placed
for 4 days thereafter.
For the pilot study, one animal was sacrificed after 2 weeks while another was sacrificed
4 weeks after surgery. For the study, all of the 6 sheep were sacrificed at 3 months after
surgery.
Table 6.1 Treatment allocation.

Phase

Pilot

Number of
animals

Number of
defects

Survival

HA-TG

1

4

2 weeks

1

4

3
Main
study

3

Cells

Opimaix
sponge

Yes

HeparinTG and
TGF-β1
No

Yes

No

4 weeks

Yes

No

Yes

No

6

3 months

Yes

Yes

No

Yes

6

3 months

Yes

No

No

Yes

6

3 months

Yes

Yes

Yes

Yes

6

3 months

Yes

No

Yes

Yes

Scheme 6.1 Condition overview. In the pilot study, 2 and 3% w/v HA-TG were tested acellular and in
combination with cells. In the study, Optimaix scaffolds was added to all of the conditions to increase
mechanical stability of the constructs. Additionally, the addition of TGFβ-1 was tested. Medial and lateral
condyles were randomized between the different treatments.
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Table 6.2 Treatment allocation to each animal in the main study.

✓ ✓
✓ ✓

76.05

L

✓ ✓

76.06

R

✓ ✓

76.07

L

✓ ✓

76.08

R

✓ ✓

✓
✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

TGFβ-1

✓
✓

✓
✓

Optimaix

TGFβ-1

HA-TG

L
R

Lateral condyle
Cells

76.03
76.04

Optimaix

Medial condyle
HA-TG

Operated limb

✓
✓

✓
✓

6.2.6 Histology and histological scoring
Pilot study: After sacrifice, repair tissue was harvested using a scalpel, fixed in 4%
formalin and embedded in paraffin. Sections with a thickness 3 to 5 µm were prepared
and stained with hematoxylin & eosin (H&E) and Toluidine blue. Immunohistochemical
staining procedures were performed using K4061/Envision Dual Link System-HRP
(rabbit and mouse). Sections were incubated for 30 minutes at room temperature with
polyclonal rabbit antibody (CD31 ab28364) at 1:50 dilution and CD68 (ab125212) at
1:100 dilution. Heat mediated epitope retrieval was conducted at 97°C for 20 min and in
the Target Retrieval Solution of pH 6.0 (Agilent-Dako, S2031). Diaminobenzidine (DAB)
as chromogen was added for 10 min followed by Gill`s hematoxylin as a counterstain for
3 minutes.
Main study: After sacrifice, osteochondral blocks for each condyle containing both the
defect areas, surrounding cartilage and subchondral bone, were prepared and fixed in 4%
formalin. Following MMA embedding, ground sections (400-600 µm) were produced and
surface stained with Toluidine blue. Thin sections (5 µm) were also produced and stained
with Toluidine blue highlighting most osteochondral structures, Safranin-O to specifically
highlight GAG deposition and von Kossa/McNeal to specifically highlight calcified tissue.
Toluidine blue-stained sections were blind-scored independently by two individuals for
the quality of the repair tissue in the defects according to a modified O’Driscoll score
[332]. Total scores ranged between 0 (poor repair) and 20 (excellent repair). Specific
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parameters were extracted for semi-quantitative evaluation (Table 6.3). In particular,
cartilage bonding was scored for each graft at the proximal and distal defect margin and
the mean considered for analysis. The quality of the cartilage adjacent to the defect on
both sides was scored by two individuals using and adapted score first described by Little
et al. [333]. The total score ranged from 0 (normal cartilage) to 18 (severely abnormal or
absent cartilage) and was calculated as the sum of the averages of the individual criteria
on the two defect sides (Table 6.4). To evaluate the presence and severity of subchondral
cysts, a score was developed (Table 6.5) with a total score ranging from 0 (no cyst) to 19
(deep cyst filled with synovial fluid).
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Table 6.3 Modified O’Driscoll score used to assess the quality of the repair tissue in the defects [332]. Each
criterion was blind-scored by two independent individuals in both the distal and proximal edges of the
defect and the final score was calculated as the sum of the averages of the individual criteria.
Structural integrity of tidemark/subchondral bone plate (Overall)
Description
Grade
Intact tidemark under defect filling
0
Sightly disrupted
1
Severely disrupted / cyst formation
2
Surface coverage (%) (Overall)
Description
100% coverage
>75%
75%-25%
Severe disruption (<25%)

Grade
0
1
2
3

Bonding of new tissue to adjacent cartilage (Rim only)
Description
Fully bonded
Partially bonded
Not bonded

Grade
0
1
2

Thickness
Description
75-100% of normal adjacent cartilage
50-75% of normal adjacent cartilage
25-50% of normal adjacent cartilage
0-25% of normal adjacent cartilage

Grade
0
1
2
3

GAG staining of the filling matrix (e.g. Safranin O)
Description
Normal
Moderate
Slight
None

Grade
0
1
2
3

Cellularity of defect filling
Description
Normal / Increased
Slight hypocellularity
Moderate hypocellularity
Severe hypocellulariy

Grade
0
1
2
3

Cellular morphology in defect filling
Description
Normal hyaline articular cartilage / columnar structures
Hyaline-like cartilage cells
Incompletely differentiated mesenchyme
Flattened/Elongated cells
Fibrous tissue / no filling / no cells

Grade
0
1
2
3
4
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Table 6.4 Little score used to assess the quality of cartilage adjacent to the defects [333]. Each criterion was
blind-scored by two independent individuals in the cartilage in both the distal and proximal edges of the
defect and the final score was calculated as the sum of the averages of the individual criteria.
Structure
Description
Normal
Slight Surface irregularities
Moderate surface irregularities
Severe surface irregularities
Clefts into transitional zone (1/3 depth)
Clefts into radial zone (2/3 depth)
Clefts into calcified zone (full depth)
Fibrillation and/or loss to transitional zone (1/3 depth)
Fibrillation and/or loss to radial zone (2/3 depth)
Fibrillation and/or loss to calcified zone (full depth)
Fibrillation and/or loss to subchondral bone

Grade
0
1
2
3
4
5
6
7
8
9
10

Tidemark / Calcified Cartilage / Subchondral Bone
Description
Intact subchondral bone plate and single tidemark
Intact subchondral bone plate and multilayered tidemark
Blood vessels through subchondral bone to calcified cartilage
Severe disruption in tidemark

Grade
0
1
2
3

Interterritorial GAG staining (e.g. Toluidine Blue, Safranin O)
Description
Grade
Normal
0
Loss of staining in tangential zone (1/3 depth)
1
Loss of staining in transitional zone (2/3 depth)
2
Loss of staining in radial zone (full depth)
3
No staining
4
Territorial GAG staining (e.g. Toluidine Blue, Safranin O)
Description
Normal
Incrase or slight decrease in staining
Moderate decrease
Severe decrease
No staining

Grade
0
1
2
3
4

Cellularity
Description
Normal
Increase or slight decrease
Moderate decrease
Severe decrease
No cells

Grade
0
1
2
3
4
Cell Cloning

Description
Normal
Several doublets
Many doublets
Doublets and triplets
Multiple cell nests
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Grade
0
1
2
3
4

6.2 Materials and Methods
Table 6.5 Customized developed cyst score used to assess the presence and severity of subchondral cysts
in proximity of the defect. Each criterion was blind-scored by two independent individuals and the final
score was calculated as the sum of the individual criteria.
Size
Description
no cyst
Shallow
Mid-Size (depth and width equal to defect size)
Deep

Grade
0
1
2
3

Isolation
Description
no cyst
complete isolation from synovial space by cartilage/bone
isolation by fibrous tissue
cyst in contact with synovial space

Grade
0
1
2
3

Filling
Description
no cyst
Completely/predominantly filled with bone
Mix of bone/cartilage-like tissue
Mix of fibrotic/bone/cartilage-like tissue
Predominantly fibrotic tissue
Predominantly fluid

Grade
0
1
2
3
4
5

Bone tissue activity (remodeling)
Description
no cyst
More than 50% of cyst
25-50%
Less than 25%
None

Grade
0
1
2
3
4
Non-fibrotic soft tissue activity

Description
no cyst
More than 50% of cyst
25-50%
Less than 25%
None

Grade
0
1
2
3
4

6.2.7 Statistical analysis
SPSS (IBM SPSS Statistics Version 24) was used for all statistical operations. Comparison
of results was carried out by t-test and analysis of variance (ANOVA) using Tukey's
multiple comparison post hoc test for significance.
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6.3

Results and discussion

6.3.1 Clinical and gross examination

Figure 6.2 Surgical procedure. A: Swiss Alpine sheep were used for the study. B and C: 6mm, full thickness
chondral defects were made in the sheep condyles using surgical punches. D: the defects were filled with
the respective conditions. E and F: HA-TG was allowed to crosslink for 15 minutes before closing the joint.
G and H: a cast was put on the operated legs and the sheep were kept under suspension for 3 weeks.

The surgical procedure (Figure 6.2) presented no complications. All animals tolerated
surgery well and showed no lameness or abnormal behavior. There were no clinical
abnormalities noted, beyond those expected after surgery.
Upon sacrifice at 2 and 4 weeks, the joint appeared mildly red and the synovial fluid was
bloody, likely due to the recent surgical procedure. After 3 months, the exposed joints
showed no signs of synovial inflammation or irritation. The synovial fluid was clear and
visual inspection showed no anomalies.
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6.3.2 Preliminary study results

Figure 6.3: For the pilot study, hCCs were encapsulated in 2 and 3% w/v HA-TG. Macroscopic images and
stained histology sections: H&E (A and E), Toluidine blue (B and F), macrophage marker CD68 (C and G)
and lymphocyte marker CD3 (D and H). Arrows points to CD68 and CD3 positively stained cells. Scale bar:
500µm
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In a pilot study, human chondroprogenitor cells were tested in combination with HA-TG
and the animals were sacrificed after 2 and 4 weeks. The first aim of the pilot study was
to test the feasibility of an injectable surgical procedure with the HA-TG hydrogel system.
Additionally, we aimed at evaluating the stability of the constructs and investigating
possible adverse reaction caused by implantation of xenogeneic cells. From an initial
macroscopic investigation (Figure 6.3), it appeared that the defects were filled with
neither the material nor newly-deposited repair tissue, possibly due to mechanical
instability of the hydrogel. This preliminary finding motivated the decision to reinforce
the scaffolds with a collagenous sponge (i.e. Optimaix) for the following study.
To

avoid

prolonged

decalcification

periods

upon

sacrifice

and

to

allow

immunohistochemical analyses, defects and surrounding cartilage were carefully
removed using a surgical scalpel and processed for paraffin embedding. This procedure
led to the loss of some samples, especially in cases in which the filling of the cartilage
defect was poor. In the recovered samples, histological analysis revealed that the
integration of the hydrogel to the cartilage was maintained at the interfaces between the
scaffold and the native tissue. In samples harvested after 2 weeks with a concentration of
2% HA-TG, a strong Toluidine blue staining and a clear cellular organization revealed the
presence of some initial repair tissue. Despite the absence of cartilaginous tissue, the
material inside the defects had a higher cellular content than articular cartilage.
Nevertheless, only a fraction of the cells stained positively for CD68 (macrophage marker)
and CD3 (lymphocyte marker), suggesting that only a mild immunological reaction took
place. Due to the limited amount of filling in the defects after 2 and 4 weeks postoperatory, it was decided to reinforce the hydrogels with a collagenous sponge. Yet, the
results showed the feasibility of using injectable HA-TG in a clinical setting and supported
the use of human cells for the follow-up study.
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6.3.3 Stability and integration of the constructs

Figure 6.4 Defects, 3 month post implantation. A: Macroscopic images of the different conditions. Scale bar:
3mm. B: Toluidine blue staining of the corresponding defects. Scale bar: 1 mm.
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To evaluate the chondrogenic potential of injected and in situ crosslinked HA-TG, a 3month study was conducted. To improve mechanical stability, Optimaix scaffolds were
placed in the sheep chondral defects and 2% w/v HA-TG was injected in the defect site
and crosslinked in situ. For this experiment we used either acellular or cell laden HA-TG
solutions with 15 hCCs/ml. Additionally, the benefit of TGF-β1 addition to the hydrogel
precursor solution was investigated in both acellular and cellular conditions. In these
conditions, an advanced HA-TG system, called Heparin-TG was used. Heparin was
chemically modified to crosslink to HA-TG. Due to the affinity binding of TGF-β1 to
heparin, the growth factor was retained in the hydrogel system.
Upon sacrifice, macroscopic appearance of the articular defects treated with any
condition displayed a highly variable outcome (Figure 6.4). It has been previously
reported that an increased variability in the healing of cartilage defects can be observed
in sheep between week 8 to 12 post-surgery [331]. This is indeed the time point when the
highest individual differences between animals were observed in chondral defect studies.
Many studies, however, report reduced differences in the 6-month and 12-month time
points [334, 335]. Further, long-term study will be desirable to evaluate how the repair
tissue develops over longer period of time.
The quality of the integration, as well as of the repair tissue were assessed in a semiquantitative manner using the modified O’Driscoll score (Figure 6.9) [332]. Analyzed
criteria included bonding of new tissue to adjacent cartilage, interterritorial and
pericellular GAG staining, cellularity in the defects and cell morphology. Almost all
scaffolds integrated to the native tissue (22 out of 24 of the defects). This result is
particularly promising, as graft integration (both vertical and lateral) is considered
paramount to long-term success of cartilage repair strategies [160, 161]. Signs of failure
of cartilage integration, such as delamination and fracturing [336], were not observed at
the defect interface even in defects with minimal or absent cartilage repair. The higher
defect filling compared to the pilot study indicates that the collagen sponge not only was
able to reinforce the hydrogel but also did not hinder the adhesive properties of HA-TG
hydrogels.
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6.3.4 Adjacent cartilage

Figure 6.5 Defects, 3 month post implantation. Toluidine blue staining of the best and worst defects in
terms of repair quality throughout the defect. Scale bar: 1mm.

The quality of the cartilage adjacent to the defects was assessed with the Little scoring
method (Figure 6.9) [333]. Considered criteria included the structure of the tissue, its
cellularity, the amount of the GAGs present and the integrity of the subchondral bone. The
tissue quality was comparable between the various conditions and no treatment
performed significantly better or worse than another one. The quality of the adjacent
cartilage was variable: almost perfectly healthy in some cases and highly disrupted in
others. Some clefts and fissures could be observed as well as a general decrease of GAG
staining intensity in proximity of the defect edges. A mild degradation of the cartilage
interface is expected as cell death can occur during surgical preparation of the defects
[160]. Additionally, a mismatch in defect filling and surrounding tissue height could lead
to an increased mechanical stress at the rims of the defects and lead to cartilage
degeneration. Interestingly, many GAG-rich cell clustering and nesting could be observed
in all of the experimental conditions (Figure 6.8) and in particular in the defects where
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there was abundant GAG staining. This suggests that proliferation was taking place at the
edge of the defects and that it played a vital role in driving the regeneration of the tissue.
Indeed, it was hypothesized that healing of osteochondral defects happens by
neocartilage formation in the cartilage adjacent to the defect [331]. The new tissue
provides an appropriate conduit for further cartilage production as well as contribute to
the secretion of local trophic factors to induce differentiation of undifferentiated cells into
chondrocytes [337]. Neocartilage is then deposited from the sides into the subchondral
bone and contribute to the filling of the defect. The repair mechanisms in chondral defects
that do not affect the subchondral bone are unclear. Nevertheless, our study suggests that
cell clustering and proliferation at the edges of the defects could be important for further
matrix deposition and repair of the lesion.
6.3.5 Subchondral bone
The status of the subchondral bone below a cartilage defect correlates with the success
rate of clinical regenerative techniques [338, 339] and it is becoming apparent that an
intact subchondral bone is necessary for the success of articular cartilage treatments
[340]. However, there is no established, detailed score to assess the quality of the
subchondral bone underneath chondral defects. Therefore, we developed a customized
score that helped us characterize important parameter for a healthy subchondral bone
and particularly the presence and size of cysts in the bone, the tissue type in the cyst and
whether the cells in the cyst were actively remodeling. Cyst formation was observed in 7
out if 24 defects without a clear link to any of the experimental condition tested (Figure
6.6). In the majority of the cases, the cysts appeared highly active with an abundance of
osteoclasts and osteoblasts, as well as GAG deposition and calcification. The presence of
remodeling tissue and calcification indicates that the cysts would resolve with time. Cyst
formation was found when the two defects in the same condyle were close to each other,
possibly due to the increased synovial fluid pressure created by the surgery. For the 6 and
12-month studies we recommend performing only one defects per condyle in order to
exclude possible bias in subchondral bone status due to the surgical procedure.
Due to the high variability in cyst occurrence and the limited sample size, it is not possible
to correlate the absence of cyst with cartilage repair. However, no cartilage formation was
observed in presence of a highly disrupted subchondral bone. Our findings support the
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critical role that the subchondral bone plays in mechanically and biologically supporting
cartilage repair as well as the need for standardized score to evaluate it.
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Figure 6.6 Defects, 3 month post implantation. A: Von Kossa staining. B: Safranin-O staining of the defects.
Scale bar: 1 mm.
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Figure 6.7 Defects, 3 month post implantation. Von Kossa (A) and Safranin O (B) staining the best and
worst defects in terms of repair quality throughout the defect. Scale bar: 1mm.
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6.3.6 Overall cartilage repair

Figure 6.8 Safranin-O close-ups. Integration in a defect with minimum repair (A) and with excellent repair
(B). The dotted line indicates the defect edge (native cartilage on the right). Defect bottom in a defect with
minimum repair (C) and with excellent repair (D). Scale bar: 100µm.

High variability was observed in the quality of the repair tissue. As evidenced by
histological staining, GAG deposition in the defects was abundant throughout the defect
area in the best cases, but only at the border regions to native cartilage in the worst cases
(Figure 6.5 and Figure 6.7). The most successful defect repair was observed for the
acellular, no TGF condition. The graft was seamlessly integrated to the adjacent cartilage
so no clear transition could be identified anymore. Furthermore, stable integration to the
subchondral bone and an intact tidemark were identified. Defect repair with the lowest
scores happened in cellular graft with no TGF supplementation. No repair tissue was
observed in the defects and the subchondral bone appeared highly disrupted and with no
tidemark.
The overall scores (Figure 6.9), calculated as the sum of the modified O’Driscoll, Little and
customized developed cyst scores, reflect the high variability that could be observed in
both the macroscopic appearance and the histology. The overall repair quality was not
statistically different between cellular and acellular conditions, nor between TGFsupplementation and no TGF-supplementation. Additionally, no statistical significance
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could be found in the overall score when proximal and distal defects were compared.
Contrarily, medial and lateral condyles healed differently, with lateral condyles healing
more poorly than medial. Anatomical sites of the lesions in the joint undergo tissue repair
differently and it was previously reported that trochlear lesions heal better than
comparable lesions in the medial femoral condyles in sheep [341]. Nevertheless, this is to
our knowledge the first report of a healing difference between lateral and medial condyles
in sheep, possibly because these differences can be overseen in case of longer time points.
Appropriate randomizations as well as appropriate sample size are important factors to
keep under consideration when planning cartilage repair surgeries in sheep.
Even in absence of GAG deposition, the material covering the defects was highly cellular,
both in the defects treated with cellular and with acellular HA-TG. Remarkably, cell
morphology was mesenchymal-like with no clear sign of fibrosis, apoptosis and vessel
infiltration. When repair tissue was present in the cartilage defect, the structural cell
organization resembled the one in native articular cartilage, with elongated cells in the
superficial layer and more round cells in the deeper zones. As these findings were
consistent for both cellular and acellular conditions, this raised the question of whether
exogenous cell supplementation is needed in the procedure.
Despite no major signs of rejection observed in the pilot study, the xenogeneic nature of
hCCs might have hindered cartilage regeneration in the defects treated with cell-laden
HA-TG hydrogels. Due to its avascular nature and lack of lymphatics, cartilage is
considered immunoprivileged and allograft transplantation can be performed even in
absence of immune suppressive therapy in humans [309, 310]. Xenogeneic
transplantation of human chondrons in goats has been performed without major signs of
rejections and led to an increased matrix production compared to autologous
mesenchymal stromal cell (MSC) transplantation [342]. Nevertheless, xenogeneic
transplantation of human chondrocytes have been reported to be rejected by mini pigs
[343] and rabbits [269] and the transplanted cells failed to undergo chondrogenesis in
vivo while allogenic transplantation have been successfully performed. Further study
regarding the origin of the cells found in the defects will be necessary to understand
whether the xenogeneic nature of hCCs impaired chondrogenesis and how. It cannot be
excluded that hCCs would be able to promote cartilage repair in an allogenic set-up.
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Figure 6.9 Histological scores. A: Modified O’Driscoll score used to evaluate the quality of the repair tissue.
B: Little score used to evaluate the quality of the cartilage adjacent to the defect. C: Customized developed
cyst score used to evaluate the quality of the subchondral bone. D: Cumulative score. E: Cumulative scores
comparing cellular and acellular conditions. F: Cumulative scores comparing TGF-supplemented and no
TGF-supplemented conditions. G: Cumulative scores comparing defects in distal and proximal locations. H:
Cumulative scores comparing defects in lateral and medial condyles.
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Conclusions and outlook

In summary, we reported a preclinical study in a clinically relevant, large animal model of
a tissue-engineered treatment to treat cartilage lesions. Further studies will be required
to understand how the HA-TG system support cartilage regeneration in the long term (612 months). Indeed, at the 3-month post-surgery time point, a high variability was
observed between defects and it is still an open question how articular cartilage and the
subchondral bone would heal in a longer timeframe. Additionally, as recommended by the
International Cartilage Repair Society (ICRS) [344], untreated defects will be required in
the future to control for spontaneous regeneration.
In conclusion, we could show that the injection of HA-TG hydrogels in clinically relevantsize, chondral defect in sheep is surgically feasible. The addition of a collagen sponge
provides mechanical and physical support for cartilage regeneration and does not hinder
the adhesive properties of HA-TG hydrogels. Indeed, vertical as well as lateral graft
integration was maintained for up to 3 months and we could show that HA-TG has the
potential to induce de novo cartilage formation that has a structure similar to the one of
native articular.
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The aim of this thesis was to contribute to the development of new tissue engineering
treatments for cartilage lesions. Tissue engineering is the combination of cells, scaffolds
and signals that aims to regenerate functional tissues. Cartilage engineered grafts are
required to have native cartilage structural and biochemical properties that could
subsequently provide the joint with low friction and sustain its high and repetitive loads.
The first challenge is therefore to identify cells that are phenotypically stable and able to
produce abundant cartilaginous ECM. In this thesis, we therefore characterized and
compared several promising cell types for their chondrogenic potential, and optimized
their use in combination with a biomaterial (chapters 2 and 5). Furthermore, engineered
tissues should integrate seamlessly with the surrounding cartilage and be able to cope
with the highly inflammatory environment that is associated with joint lesions and
degeneration. This second challenge can be addressed by the development of a
biomimetic material with optimal adhesive properties and good stability in challenging
environments (chapter 3). Finally, before reaching the clinics, tissue-engineered
approaches that are proven promising in vitro are required to undergo several rounds of
preclinical studies to demonstrate safety and efficacy. This step is of uttermost
importance since it will be the basis for the granting of a marketing authorization.
However, there is no consensus on which animal model to choose. In this thesis, we first
investigated the combination of the cells and biomaterials in a subcutaneous (ectopic)
implantation model. Then, we challenged the “standard” nude mouse model by testing our
scaffolds in mice with different immune systems (chapter 4). Considering the promising
results for our biomaterial, we also went further in the pre-clinical development and
initiated a study in a large animal model.
Cells: In the first experimental chapter of this thesis, human chondroprogenitor cells
(hCCs) from fetal origin were evaluated as a potential new cell source for cartilage
engineering. Their chondrogenic potential in clinically relevant collagen scaffolds was
compared in vitro to adult chondrocytes and mesenchymal stem cells, two of the most
commonly used cells in cartilage treatments. We could demonstrate that hCCs
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consistently synthetize high collagen 2 and low collagen 10, proving that these cells have
the ability to produce cartilage with properties that resemble those of native cartilage
tissue. Additionally, we could show that the tissue engineered by hCCs resists
vascularization and mineralization in a subcutaneous mouse model. The results
illustrated in this chapter, together with the low immunogenicity that is associated with
their young age and their stable phenotype in expansion make hCCs appropriate as an
allogenic off-the-shelf cell source.
The ethical concerns associated with the use of fetal cells prompted us to investigate an
alternative cell type, namely infant chondrocytes from polydactyly patients. Similarly to
hCCs, polydactyly chondrocytes have a stable phenotype in expansion and low
immunogenic potential. Their ability to undergo re-differentiation in 3D hydrogels and to
produce cartilaginous matrix in vivo in a mouse ectopic model, confirms that polydactyly
chondrocytes are a chondrogenically potent cell source for cartilage regeneration
techniques. Further studies will be necessary to investigate how hCCs and polydactyly
chondrocytes compare to each other, particularly in regards to their response to
biological and mechanical stimuli.
Our results support the clinical use of polydactyly chondrocytes as allogenic and off-theshelf cells source for cartilage repair applications. Furthermore, our study recognizes the
need for a safe and efficient way to deliver exogenous growth factors to the cells. The
identification of the optimal growth factor delivery and dosage will be paramount for the
clinical translation of polydactyly chondrocytes
Given the regulatory hurdles involved in the clinical translation of cell-based approaches,
current efforts are going towards the optimization of treatments that are based on
autologous cartilage chip transplantation. Particularly on the investigation of a
standardized way to mince cartilage particles to maximize cell outgrowth.
Biomaterials: In the quest for a way to deliver the abovementioned cells into the cartilage
lesions, we developed the HA-TG hydrogel system. HA-TG is synthetized by
functionalization of high molecular weight hyaluronic acid with glutamine- and lysinecontaining peptides that can be crosslinked together with a transglutaminase (factor XIII).
This hydrogel fulfills the key requirements for a cartilage engineering scaffold, as it
injectable, fast-gelling and strongly adhesive to cartilage. HA-TG supports cell survival,
proliferation and chondrogenic differentiation of encapsulated cells in vitro. Moreover,
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we could show that HA-TG is biocompatible and chondro-inductive when implanted
subcutaneously in mice with varying immune systems. Further efforts are exploring HATG upscaling and production standardization to make the hydrogel suitable for
commercial applications.
In chapter 5, we exploited the tunability of HA-TG and introduced the possibility of
augmenting HA-TG properties by introducing biomimetic heparin moieties and loading
the hydrogels with the chondrogenic growth factor TGF-β1. To add further biological
properties to HA-TG, we are currently working on the development of a biomimetic
scaffold made by combining HA-TG with soluble cartilage and with plant-derived collagen
[345, 346]. The final aim will be to substitute the exogenous delivery of growth factors
and enhance matrix deposition of encapsulated cells. Further tuning of the hydrogel
system should include strengthening of its initial mechanical properties to allow the
hydrogel to cope with the highly loaded joint environment and the improvement to its
anti-inflammatory properties to counteract the inflammation that follows cartilage
lesions.
Collectively, our study show that HA-TG has the ideal set of properties for treating
cartilage lesions: it is injectable, very fast gelling, adhesive to cartilage tissue, retain their
shape and has excellent biocompatibility. Furthermore, our findings indicate that HA-TG
has potential for clinical translation not only in combination with the cells investigated in
this thesis, but also as an acellular scaffold, for example as a substitute of the widespread
fibrin glue.
In vivo models: In vivo testing is a pivotal step in the translation of cartilage engineering
strategies but the use of xenogeneic cells often limits the choice of preclinical models to
immunocompromised mice and prevents the understanding of how tissue-engineered
grafts perform with active inflammatory and immunological responses. We used HA-TG
as a hydrogel model to investigate how immunocompromised (NSG), athymic (nude),
immunocompetent (C57BL/6) and humanized mice (NSG-SGM3) compare to each other.
We could show that it is possible to engineer a cartilage-like graft subcutaneously not only
in immunocompromised, but also in immunocompetent and humanized mouse model.
Additionally, we speculate that humanized mice could serve as a transition model in
cartilage tissue engineering to test the potential of engineered grafts in relation to their
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interaction with allogenic immune systems. However, more research is required to
develop humanized mice with reliable human innate as well as adaptive immune system.
Finally, promising combinations of cells, biomaterial and biological cues were tested in a
full-thickness chondral defect model in sheep. The results illustrated in the last
experimental chapter of this thesis show the need for hydrogel mechanical reinforcement
and stress the importance of the subchondral bone in the treatments of cartilage lesions.
Long-term studies in this large animal model will investigate the regenerative potentials
of both the cells and the scaffold in vivo. In particular, it will be important to elucidate the
role of exogenous as well as endogenous cells in the repair tissue formation.
The results of our study demonstrate that HA-TG can successfully mediate the integration
of the grafts to the native tissue and has the potential to induce de-novo cartilage
formation in a clinically relevant, large animal model.
To conclude, this thesis introduces alternative cell types and a biomaterial for cartilage
repair applications, challenging the current standards. While further research will be
paramount for its clinical translation, this thesis contributes to the development of a new
tissue engineering treatment for cartilage repair.

178

Bibliography

Bibliography

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Hall, B.K., Chapter 3 - Cartilage, in Bones and Cartilage, B.K. Hall, Editor. 2005,
Academic Press: San Diego. p. 33-47.
Malinin, T. and E.A. Ouellette, Articular cartilage nutrition is mediated by
subchondral bone: a long-term autograft study in baboons. Osteoarthritis and
Cartilage, 2000. 8(6): p. 483-491.
Fox, A.J.S., A. Bedi, and S.A. Rodeo, The Basic Science of Articular Cartilage:
Structure, Composition, and Function. Sports Health-a Multidisciplinary Approach,
2009. 1(6): p. 461-468.
Rothrauff, B.B. and R.S. Tuan, Cellular therapy in bone-tendon interface
regeneration. Organogenesis, 2014. 10(1): p. 13-28.
Makris, E.A., P. Hadidi, and K.A. Athanasiou, The knee meniscus: structure-function,
pathophysiology, current repair techniques, and prospects for regeneration.
Biomaterials, 2011. 32(30): p. 7411-31.
Johnson, H.J., et al., Characterization of epiphycan, a small proteoglycan with a
leucine-rich repeat core protein. J Biol Chem, 1997. 272(30): p. 18709-17.
Faller, A.S., M., The Human Body, An Introduction to Structure and Function. 2004:
Thieme. 79-81.
Koo, S. and T.P. Andriacchi, A comparison of the influence of global functional loads
vs. local contact anatomy on articular cartilage thickness at the knee. Journal of
Biomechanics, 2007. 40(13): p. 2961-2966.
Ateshian, G.A. and C.T. Hung, Patellofemoral joint biomechanics and tissue
engineering. Clinical Orthopaedics and Related Research, 2005(436): p. 81-90.
Mow, V.C., A. Ratcliffe, and A.R. Poole, Cartilage and Diarthrodial Joints as
Paradigms for Hierarchical Materials and Structures. Biomaterials, 1992. 13(2): p.
67-97.
Eyre, D., Collagen of articular cartilage. Arthritis Research & Therapy, 2002. 4(1).
Makela, J.T., M.R. Huttu, and R.K. Korhonen, Structure-function relationships in
osteoarthritic human hip joint articular cartilage. Osteoarthritis Cartilage, 2012.
20(11): p. 1268-77.
Responte, D.J., R.M. Natoli, and K.A. Athanasiou, Collagens of articular cartilage:
structure, function, and importance in tissue engineering. Crit Rev Biomed Eng,
2007. 35(5): p. 363-411.
Jasin, H.E., Structure and function of the articular cartilage surface. Scand J
Rheumatol Suppl, 1995. 101: p. 51-5.
Roughley, P.J. and E.R. Lee, Cartilage proteoglycans: structure and potential
functions. Microsc Res Tech, 1994. 28(5): p. 385-97.
Han, E., et al., Contribution of Proteoglycan Osmotic Swelling Pressure to the
Compressive Properties of Articular Cartilage. Biophysical Journal, 2011. 101(4): p.
916-924.
Watanabe, H., Y. Yamada, and K. Kimata, Roles of aggrecan, a large chondroitin
sulfate proteoglycan, in cartilage structure and function. J Biochem, 1998. 124(4):
p. 687-93.
179

Bibliography
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

180

Ruoslahti, E. and Y. Yamaguchi, Proteoglycans as Modulators of Growth-Factor
Activities. Cell, 1991. 64(5): p. 867-869.
Mankin, H.J. and L. Lippiello, The turnover of adult rabbit articular cartilage. J Bone
Joint Surg Am, 1969. 51(8): p. 1591-600.
Guerne, P.A., et al., Growth-Factor Responsiveness of Human Articular Chondrocytes
in Aging and Development. Arthritis and Rheumatism, 1995. 38(7): p. 960-968.
Barbero, A., et al., Age related changes in human articular chondrocyte yield,
proliferation and post-expansion chondrogenic capacity. Osteoarthritis and
Cartilage, 2004. 12(6): p. 476-484.
Fermor, B., et al., Oxygen, nitric oxide and articular cartilage. Eur Cell Mater, 2007.
13: p. 56-65; discussion 65.
Lapadula, G. and F. Iannone, Metabolic activity of chondrocytes in human
osteoarthritis as a result of cell-extracellular matrix interactions. Seminars in
Arthritis and Rheumatism, 2005. 34(6): p. 9-12.
Hayes, A.J., et al., The development of articular cartilage: evidence for an
appositional growth mechanism. Anat Embryol (Berl), 2001. 203(6): p. 469-79.
Hunziker, E.B., E. Kapfinger, and J. Geiss, The structural architecture of adult
mammalian articular cartilage evolves by a synchronized process of tissue resorption
and neoformation during postnatal development. Osteoarthritis Cartilage, 2007.
15(4): p. 403-13.
Dowthwaite, G.P., et al., The surface of articular cartilage contains a progenitor cell
population. J Cell Sci, 2004. 117(Pt 6): p. 889-97.
Hattori, S., C. Oxford, and A.H. Reddi, Identification of superficial zone articular
chondrocyte stem/progenitor cells. Biochem Biophys Res Commun, 2007. 358(1):
p. 99-103.
Jayasuriya, C.T. and Q. Chen, Potential benefits and limitations of utilizing
chondroprogenitors in cell-based cartilage therapy. Connect Tissue Res, 2015.
56(4): p. 265-71.
Heinegard, D. and T. Saxne, The role of the cartilage matrix in osteoarthritis. Nature
Reviews Rheumatology, 2011. 7(1): p. 50-56.
Fujioka, R., T. Aoyama, and T. Takakuwa, The layered structure of the articular
surface. Osteoarthritis Cartilage, 2013. 21(8): p. 1092-8.
Clark, J.M., The Organization of Collagen Fibrils in the Superficial Zones of ArticularCartilage. Journal of Anatomy, 1990. 171: p. 117-130.
Jahn, S., J. Seror, and J. Klein, Lubrication of Articular Cartilage. Annu Rev Biomed
Eng, 2016. 18: p. 235-58.
Kyle, R.F.N., V.; Brian, J.C.; Bernard R.B., Articular Cartilage: Structure, Biology, and
Function, in Cartilage Repair Strategies, J.W. Riley, Editor. 2007, Humana Press.
Kyriacos, A.A., E.M.; Darling J.C., Hyaline Articular Cartilage, in Articular Cartilage
Tissue Engineering. 2010, Morgan & Claypool. p. 1-12.
Poole, C.A., M.H. Flint, and B.W. Beaumont, Chondrons in cartilage: Ultrastructural
analysis of the pericellular microenvironment in adult human articular cartilages.
Journal of Orthopaedic Research, 1987. 5(4): p. 509-522.
Guilak, F. and V.C. Mow, The mechanical environment of the chondrocyte: A biphasic
finite element model of cell-matrix interactions in articular cartilage. Journal of
Biomechanics, 2000. 33(12): p. 1663-1673.
Gomes, R., et al., Perlecan: an important component of the cartilage pericellular
matrix. J Musculoskelet Neuronal Interact, 2002. 2(6): p. 511-6.

Bibliography
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.

Huey, D.J., J.C. Hu, and K.A. Athanasiou, Unlike bone, cartilage regeneration remains
elusive. Science, 2012. 338(6109): p. 917-21.
Komistek, R.D., et al., Knee mechanics: A review of past and present techniques to
determine in vivo loads. Journal of Biomechanics, 2005. 38(2): p. 215-228.
Aroen, A., et al., Articular cartilage lesions in 993 consecutive knee arthroscopies. Am
J Sports Med, 2004. 32(1): p. 211-5.
Morgan, B.E. and M.A. Oberlander, An examination of injuries in major league soccer
- The inaugural season. American Journal of Sports Medicine, 2001. 29(4): p. 426430.
Mithoefer, K. and R.J. Steadman, Microfracture in Football (Soccer) Players: A Case
Series of Professional Athletes and Systematic Review. Cartilage, 2012. 3(1 Suppl):
p. 18S-24S.
Flanigan, D.C., et al., Prevalence of chondral defects in athletes' knees: a systematic
review. Med Sci Sports Exerc, 2010. 42(10): p. 1795-801.
Meyer, U.W., H.P., Bone and Cartilage, in Bone and Cartilage Engineering. 2006,
Springer.
Dell'accio, F. and T.L. Vincent, Joint surface defects: clinical course and cellular
response in spontaneous and experimental lesions. Eur Cell Mater, 2010. 20: p. 2107.
Lee, J.H., et al., Mechanical injury of cartilage explants causes specific time-dependent
changes in chondrocyte gene expression. Arthritis and Rheumatism, 2005. 52(8): p.
2386-2395.
Sherwood, J.C., et al., Cellular and molecular mechanisms of cartilage damage and
repair. Drug Discovery Today, 2014. 19(8): p. 1172-1177.
Buckwalter, J.A. and T.D. Brown, Joint injury, repair, and remodeling: roles in posttraumatic osteoarthritis. Clin Orthop Relat Res, 2004(423): p. 7-16.
Buckwalter, J.A., Integration of science into orthopaedic practice: implications for
solving the problem of articular cartilage repair. J Bone Joint Surg Am, 2003. 85-A
Suppl 2: p. 1-7.
Tuan, R.S., A.F. Chen, and B.A. Klatt, Cartilage Regeneration. Journal of the American
Academy of Orthopaedic Surgeons, 2013. 21(5): p. 303-311.
Lieberthal, J., N. Sambamurthy, and C.R. Scanzello, Inflammation in joint injury and
post-traumatic osteoarthritis. Osteoarthritis and Cartilage, 2015. 23(11): p. 18251834.
Zhang, W., et al., OARSI recommendations for the management of hip and knee
osteoarthritis, Part II: OARSI evidence-based, expert consensus guidelines.
Osteoarthritis Cartilage, 2008. 16(2): p. 137-62.
McAlindon, T.E., et al., OARSI guidelines for the non-surgical management of knee
osteoarthritis. Osteoarthritis and Cartilage, 2014. 22(3): p. 363-388.
Bhandari, M., et al., Intra-articular hyaluronic acid in the treatment of knee
osteoarthritis: a Canadian evidence-based perspective. Ther Adv Musculoskelet Dis,
2017. 9(9): p. 231-246.
Evans, C.H., V.B. Kraus, and L.A. Setton, Progress in intra-articular therapy. Nat Rev
Rheumatol, 2014. 10(1): p. 11-22.
Hochberg, M.C., et al., American College of Rheumatology 2012 recommendations for
the use of nonpharmacologic and pharmacologic therapies in osteoarthritis of the
hand, hip, and knee. Arthritis Care & Research, 2012. 64(4): p. 465-474.

181

Bibliography
57.
58.
59.
60.
61.
62.

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.

182

Urquhart, D.M., et al., Incidence and Risk Factors for Deep Surgical Site Infection
After Primary Total Hip Arthroplasty: A Systematic Review. Journal of Arthroplasty,
2010. 25(8): p. 1216-1222.
Kim, K.T., et al., Causes of failure after total knee arthroplasty in osteoarthritis
patients 55 years of age or younger. Knee Surg Relat Res, 2014. 26(1): p. 13-9.
Shin, C.S. and J.H. Lee, Arthroscopic treatment for osteoarthritic knee. Knee Surg
Relat Res, 2012. 24(4): p. 187-92.
Moran, C.J., et al., Restoration of articular cartilage. J Bone Joint Surg Am, 2014.
96(4): p. 336-44.
Bekkers, J.E., M. Inklaar, and D.B. Saris, Treatment selection in articular cartilage
lesions of the knee: a systematic review. Am J Sports Med, 2009. 37 Suppl 1: p. 148S55S.
Sessa, A., et al., Advanced Techniques of Cartilage Repair in Football Players, in
Return to Play in Football: An Evidence-based Approach, V. Musahl, et al., Editors.
2018, Springer Berlin Heidelberg: Berlin, Heidelberg %@ 978-3-662-55713-6. p.
625-635.
Zellner, J. and P. Angele, Cell-Based Cartilage Regeneration, in Cartilage: Volume 3:
Repair Strategies and Regeneration, S. Grässel and A. Aszódi, Editors. 2017,
Springer International Publishing: Cham %@ 978-3-319-53316-2. p. 95-107.
Johnson, L.L., Arthroscopic abrasion arthroplasty historical and pathologic
perspective: present status. Arthroscopy, 1986. 2(1): p. 54-69.
Gao, L., et al., Subchondral drilling for articular cartilage repair: a systematic review
of translational research. Dis Model Mech, 2018. 11(6).
Mithoefer, K., et al., Clinical efficacy of the microfracture technique for articular
cartilage repair in the knee: an evidence-based systematic analysis. Am J Sports Med,
2009. 37(10): p. 2053-63.
Goyal, D., et al., Evidence-based status of microfracture technique: a systematic
review of level I and II studies. Arthroscopy, 2013. 29(9): p. 1579-88.
Ozturk, A., M.R. Ozdemir, and Y. Ozkan, Osteochondral autografting (mosaicplasty)
in grade IV cartilage defects in the knee joint: 2- to 7-year results. Int Orthop, 2006.
30(3): p. 200-4.
Hangody, L., et al., Autologous osteochondral grafting--technique and long-term
results. Injury, 2008. 39 Suppl 1: p. S32-9.
Shaha, J.S., et al., Return to an athletic lifestyle after osteochondral allograft
transplantation of the knee. Am J Sports Med, 2013. 41(9): p. 2083-9.
Briggs, D.T., et al., The Use of Osteochondral Allograft Transplantation for Primary
Treatment of Cartilage Lesions in the Knee. Cartilage, 2015. 6(4): p. 203-207.
Brittberg, M., et al., Treatment of deep cartilage defects in the knee with autologous
chondrocyte transplantation. N Engl J Med, 1994. 331(14): p. 889-95.
Bentley, G., et al., Minimum ten-year results of a prospective randomised study of
autologous chondrocyte implantation versus mosaicplasty for symptomatic articular
cartilage lesions of the knee. J Bone Joint Surg Br, 2012. 94(4): p. 504-9.
Knutsen, G., et al., A Randomized Multicenter Trial Comparing Autologous
Chondrocyte Implantation with Microfracture: Long-Term Follow-up at 14 to 15
Years. J Bone Joint Surg Am, 2016. 98(16): p. 1332-9.
Filardo, G., et al., Arthroscopic second-generation autologous chondrocyte
implantation: a prospective 7-year follow-up study. Am J Sports Med, 2011. 39(10):
p. 2153-60.

Bibliography
76.
77.

78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.

Makris, E.A., et al., Repair and tissue engineering techniques for articular cartilage.
Nat Rev Rheumatol, 2015. 11(1): p. 21-34.
Kon, E., et al., Articular cartilage treatment in high-level male soccer players: a
prospective comparative study of arthroscopic second-generation autologous
chondrocyte implantation versus microfracture. Am J Sports Med, 2011. 39(12): p.
2549-57.
Iwasa, J., et al., Clinical application of scaffolds for cartilage tissue engineering. Knee
Surg Sports Traumatol Arthrosc, 2009. 17(6): p. 561-77.
Huang, B.J., J.C. Hu, and K.A. Athanasiou, Cell-based tissue engineering strategies
used in the clinical repair of articular cartilage. Biomaterials, 2016. 98: p. 1-22.
Becher, C., et al., Safety of three different product doses in autologous chondrocyte
implantation: results of a prospective, randomised, controlled trial. J Orthop Surg
Res, 2017. 12(1): p. 71.
Langer, R. and J.P. Vacanti, Tissue Engineering. Science, 1993. 260(5110): p. 920926.
Liu, Y., G.D. Zhou, and Y.L. Cao, Recent Progress in Cartilage Tissue Engineering-Our
Experience and Future Directions. Engineering, 2017. 3(1): p. 28-35.
Darling, E.M. and K.A. Athanasiou, Rapid phenotypic changes in passaged articular
chondrocyte subpopulations. J Orthop Res, 2005. 23(2): p. 425-32.
Lohan, A., et al., Osteochondral articular defect repair using auricle-derived
autologous chondrocytes in a rabbit model. Ann Anat, 2014. 196(5): p. 317-26.
El Sayed, K., et al., PGA-associated heterotopic chondrocyte cocultures: implications
of nasoseptal and auricular chondrocytes in articular cartilage repair. J Tissue Eng
Regen Med, 2013. 7(1): p. 61-72.
Mumme, M., et al., Nasal chondrocyte-based engineered autologous cartilage tissue
for repair of articular cartilage defects: an observational first-in-human trial. Lancet,
2016. 388(10055): p. 1985-1994.
Adkisson, H.D.t., et al., The potential of human allogeneic juvenile chondrocytes for
restoration of articular cartilage. Am J Sports Med, 2010. 38(7): p. 1324-33.
Darwiche, S., et al., Epiphyseal Chondroprogenitors Provide a Stable Cell Source for
Cartilage Cell Therapy. Cell Medicine, 2012. 4(1): p. 23-32.
Studer, D., et al., Human chondroprogenitors in alginate-collagen hybrid scaffolds
produce stable cartilage in vivo. J Tissue Eng Regen Med, 2017. 11(11): p. 30143026.
Wakitani, S., et al., Repair of articular cartilage defects in the patello-femoral joint
with autologous bone marrow mesenchymal cell transplantation: three case reports
involving nine defects in five knees. J Tissue Eng Regen Med, 2007. 1(1): p. 74-9.
Adachi, N., et al., Muscle derived, cell based ex vivo gene therapy for treatment of full
thickness articular cartilage defects. J Rheumatol, 2002. 29(9): p. 1920-30.
Guven, S., et al., Validation of an automated procedure to isolate human adipose
tissue-derived cells by using the Sepax(R) technology. Tissue Eng Part C Methods,
2012. 18(8): p. 575-82.
Chu, C.R., et al., Articular-Cartilage Repair Using Allogeneic Perichondrocyte-Seeded
Biodegradable Porous Polylactic Acid (Pla) - a Tissue-Engineering Study. Journal of
Biomedical Materials Research, 1995. 29(9): p. 1147-1154.
De Bari, C., et al., Multipotent mesenchymal stem cells from adult human synovial
membrane. Arthritis Rheum, 2001. 44(8): p. 1928-42.
Noel, D., et al., Multipotent mesenchymal stromal cells and immune tolerance.
Leukemia & Lymphoma, 2007. 48(7): p. 1283-1289.
183

Bibliography
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.

184

Faiella, W. and R. Atoui, Immunotolerant Properties of Mesenchymal Stem Cells:
Updated Review. Stem Cells International, 2016.
James, A.W., et al., Pericytes for the treatment of orthopedic conditions.
Pharmacology & Therapeutics, 2017. 171: p. 93-103.
Zhang, J.X., et al., Adipose Tissue-Derived Pericytes for Cartilage Tissue Engineering.
Current Stem Cell Research & Therapy, 2017. 12(6): p. 513-521.
Armulik, A., G. Genove, and C. Betsholtz, Pericytes: Developmental, Physiological,
and Pathological Perspectives, Problems, and Promises. Developmental Cell, 2011.
21(2): p. 193-215.
Huang, G., et al., Molecular basis of embryonic stem cell self-renewal: from signaling
pathways to pluripotency network. Cell Mol Life Sci, 2015. 72(9): p. 1741-57.
Toh, W.S., E.H. Lee, and T. Cao, Potential of human embryonic stem cells in cartilage
tissue engineering and regenerative medicine. Stem Cell Rev, 2011. 7(3): p. 544-59.
Takahashi, K. and S. Yamanaka, Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell, 2006. 126(4): p.
663-76.
Diekman, B.O., et al., Cartilage tissue engineering using differentiated and purified
induced pluripotent stem cells. Proceedings of the National Academy of Sciences of
the United States of America, 2012. 109(47): p. 19172-19177.
Saito, T., et al., Hyaline cartilage formation and tumorigenesis of implanted tissues
derived from human induced pluripotent stem cells. Biomed Res, 2015. 36(3): p.
179-86.
Davis, J.R., Overview of Biomaterials and Their Use in Medical Devices, in Handbook
of Materials for Medical Devices, A.S.M. International, Editor. 2003.
O'Brien, F.J., Biomaterials & scaffolds for tissue engineering. Materials Today, 2011.
14(3): p. 88-95.
Chuang, E.Y., et al., Hydrogels for the Application of Articular Cartilage Tissue
Engineering: A Review of Hydrogels. Advances in Materials Science and
Engineering, 2018.
Cushing, M.C. and K.S. Anseth, Hydrogel cell cultures. Science, 2007. 316(5828): p.
1133-1134.
Bhardwaj, N., D. Devi, and B.B. Mandal, Tissue-Engineered Cartilage: The Crossroads
of Biomaterials, Cells and Stimulating Factors. Macromolecular Bioscience, 2015.
15(2): p. 153-182.
Gaut, C. and K. Sugaya, Critical review on the physical and mechanical factors
involved in tissue engineering of cartilage. Regen Med, 2015. 10(5): p. 665-79.
Bernhard, J.C. and G. Vunjak-Novakovic, Should we use cells, biomaterials, or tissue
engineering for cartilage regeneration? Stem Cell Research & Therapy, 2016. 7.
Evanko, S.P., et al., Hyaluronan-dependent pericellular matrix. Advanced Drug
Delivery Reviews, 2007. 59(13): p. 1351-1365.
Kim, I.L., R.L. Mauck, and J.A. Burdick, Hydrogel design for cartilage tissue
engineering: A case study with hyaluronic acid. Biomaterials, 2011. 32(34): p. 87718782.
Liu, M., et al., Injectable hydrogels for cartilage and bone tissue engineering. Bone
Res, 2017. 5: p. 17014.
Fortier, L.A., et al., The Role of Growth Factors in Cartilage Repair. Clinical
Orthopaedics and Related Research, 2011. 469(10): p. 2706-2715.

Bibliography
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.

Jenniskens, Y.M., et al., Biochemical and functional modulation of the cartilage
collagen network by IGF1, TGFbeta2 and FGF2. Osteoarthritis Cartilage, 2006.
14(11): p. 1136-46.
Geiger, B.C., A.J. Grodzinsky, and P.T. Hammond, Designing Drug Delivery Systems
for Articular Joints. Chemical Engineering Progress, 2018. 114(5): p. 46-51.
Vinatier, C. and J. Guicheux, Cartilage tissue engineering: From biomaterials and
stem cells to osteoarthritis treatments. Annals of Physical and Rehabilitation
Medicine, 2016. 59(3): p. 139-144.
Lee, J.K., et al., Clinical translation of stem cells: insight for cartilage therapies.
Critical Reviews in Biotechnology, 2014. 34(1): p. 89-100.
Bertram, T.A., et al., Hurdles in Tissue Engineering/Regenerative Medicine Product
Commercialization: A Pilot Survey of Governmental Funding Agencies and the
Financial Industry. Tissue Engineering Part A, 2012. 18(21-22): p. 2187-2194.
Sakai, D., et al., Regenerative technologies to bed side: Evolving the regulatory
framework. Journal of Orthopaedic Translation, 2017. 9: p. 1-7.
Serban, M.A., Translational biomaterials - the journey from the bench to the market
- think 'product'. Current Opinion in Biotechnology, 2016. 40: p. 31-34.
Van Norman, G.A., Drugs and Devices: Comparison of European and U.S. Approval
Processes. JACC: Basic to Translational Science, 2016. 1(5): p. 399-412.
Kooijman, M., et al., The risk-based approach to ATMP development - Generally
accepted by regulators but infrequently used by companies. Regulatory Toxicology
and Pharmacology, 2013. 67(2): p. 221-225.
Maciulaitis, R., et al., Clinical Development of Advanced Therapy Medicinal Products
in Europe: Evidence That Regulators Must Be Proactive. Molecular Therapy, 2012.
20(3): p. 479-482.
Piedrahita, J.A. and J.K. Williams, Animal Models in Tissue Engineering. Part I. Tissue
Eng Part C Methods, 2017. 23(11): p. 641-642.
Cook, J.L., et al., Animal models of cartilage repair. Bone Joint Res, 2014. 3(4): p. 8994.
Goebel, L., L. Gao, and H. Madry, Animal Models in Cartilage Repair, in Cartilage:
Volume 3: Repair Strategies and Regeneration, S. Grässel and A. Aszódi, Editors.
2017, Springer International Publishing: Cham. p. 189-206.
Moran, C.J., et al., The benefits and limitations of animal models for translational
research in cartilage repair. J Exp Orthop, 2016. 3(1): p. 1.
Hamann, N., G.P. Bruggemann, and A. Niehoff, Topographical variations in articular
cartilage and subchondral bone of the normal rat knee are age-related. Ann Anat,
2014. 196(5): p. 278-85.
Schultz, M., et al., Pathology of the calcified zone of articular cartilage in posttraumatic osteoarthritis in rat knees. PLoS One, 2015. 10(3): p. e0120949.
Wei, L., et al., Mechanical load and primary guinea pig osteoarthrosis. Acta
Orthopaedica Scandinavica, 1998. 69(4): p. 351-357.
Oettmeier, R., et al., Quantitative Study of Articular-Cartilage and Subchondral Bone
Remodeling in the Knee-Joint of Dogs after Strenuous Running Training. Journal of
Bone and Mineral Research, 1992. 7: p. S419-S424.
Frisbie, D.D., M.W. Cross, and C.W. McIlwraith, A comparative study of articular
cartilage thickness in the stifle of animal species used in human pre-clinical studies
compared to articular cartilage thickness in the human knee. Vet Comp Orthop
Traumatol, 2006. 19(3): p. 142-6.
185

Bibliography
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
186

Chu, C.R., M. Szczodry, and S. Bruno, Animal models for cartilage regeneration and
repair. Tissue Eng Part B Rev, 2010. 16(1): p. 105-15.
Reinholz, G.G., et al., Animal models for cartilage reconstruction. Biomaterials, 2004.
25(9): p. 1511-21.
Houdebine, L.M., Transgenic animal models in biomedical research. Methods Mol
Biol, 2007. 360: p. 163-202.
Libbin, R.M. and M.E. Rivera, Regeneration of Growth Plate Cartilage Induced in the
Neonatal Rat Hindlimb by Reamputation. Journal of Orthopaedic Research, 1989.
7(5): p. 674-682.
Flahiff, C.M., et al., Cartilage mechanics in the guinea pig model of osteoarthritis
studied with an osmotic loading method. Osteoarthritis Cartilage, 2004. 12(5): p.
383-8.
Hunziker, E.B., Biologic repair of articular cartilage - Defect models in experimental
animals and matrix requirements. Clinical Orthopaedics and Related Research,
1999(367): p. S135-S146.
Gushue, D.L., J. Houck, and A.L. Lerner, Rabbit knee joint biomechanics: motion
analysis and modeling of forces during hopping. J Orthop Res, 2005. 23(4): p. 73542.
Proffen, B.L., et al., A comparative anatomical study of the human knee and six
animal species. Knee, 2012. 19(4): p. 493-499.
Jackson, D.W., et al., Spontaneous repair of full-thickness defects of articular
cartilage in a goat model - A preliminary study. Journal of Bone and Joint SurgeryAmerican Volume, 2001. 83a(1): p. 53-64.
Osterhoff, G., et al., Comparative anatomical measurements of osseous structures in
the ovine and human knee. Knee, 2011. 18(2): p. 98-103.
Yang, Y.G. and M. Sykes, Xenotransplantation: current status and a perspective on
the future. Nat Rev Immunol, 2007. 7(7): p. 519-31.
Administration, U.F.a.D., Guidance for Industry: Preparation of IDEs and INDs for
Products Intended to Repair or Replace Knee Cartilage. 2011.
Khademhosseini, A. and R. Langer, A decade of progress in tissue engineering. Nat
Protoc, 2016. 11(10): p. 1775-81.
Brand, R.A., Joint contact stress: a reasonable surrogate for biological processes?
Iowa Orthop J, 2005. 25: p. 82-94.
Grande, D.A., Important milestones on the way to clinical translation. Nature
Reviews Rheumatology, 2017. 13(2): p. 67-68.
Di Bella, C., et al., In situ handheld three-dimensional bioprinting for cartilage
regeneration. J Tissue Eng Regen Med, 2018. 12(3): p. 611-621.
Datta, P., et al., Bioprinting of osteochondral tissues: A perspective on current gaps
and future trends. International Journal of Bioprinting, 2017. 3(2): p. 109-120.
Moutos, F.T., et al., Anatomically shaped tissue-engineered cartilage with tunable
and inducible anticytokine delivery for biological joint resurfacing. Proc Natl Acad
Sci U S A, 2016. 113(31): p. E4513-22.
Evans, C.H., S.C. Ghivizzani, and P.D. Robbins, Gene Delivery to Joints by IntraArticular Injection. Hum Gene Ther, 2018. 29(1): p. 2-14.
Kon, E., et al., Clinical Outcomes of Knee Osteoarthritis Treated With an Autologous
Protein Solution Injection: A 1-Year Pilot Double-Blinded Randomized Controlled
Trial. Am J Sports Med, 2018. 46(1): p. 171-180.
Pelttari, K., et al., Nasal chondrocytes as a neural crest-derived cell source for
regenerative medicine. Current Opinion in Biotechnology, 2017. 47: p. 1-6.

Bibliography
156.
157.
158.
159.

160.
161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.

172.

Noh, M.J., et al., Pre-clinical studies of retrovirally transduced human chondrocytes
expressing transforming growth factor-beta-1 (TG-C). Cytotherapy, 2010. 12(3): p.
384-93.
Ha, C.W., et al., Initial phase I safety of retrovirally transduced human chondrocytes
expressing transforming growth factor-beta-1 in degenerative arthritis patients.
Cytotherapy, 2012. 14(2): p. 247-256.
Lee, M.C., et al., A placebo-controlled randomised trial to assess the effect of TGF-beta
1-expressing chondrocytes in patients with arthritis of the knee (vol 97, pg 924,
2015). Bone & Joint Journal, 2015. 97b(12): p. 1732-1732.
Cherian, J.J., et al., Preliminary results of a phase II randomized study to determine
the efficacy and safety of genetically engineered allogeneic human chondrocytes
expressing TGF-beta 1 in patients with grade 3 chronic degenerative joint disease of
the knee. Osteoarthritis and Cartilage, 2015. 23(12): p. 2109-2118.
Khan, I.M., et al., Cartilage integration: evaluation of the reasons for failure of
integration during cartilage repair. A review. Eur Cell Mater, 2008. 16: p. 26-39.
Hunziker, E.B., Articular cartilage repair: basic science and clinical progress. A
review of the current status and prospects. Osteoarthritis Cartilage, 2002. 10(6): p.
432-63.
Englert, C., et al., Inhibition of integrative cartilage repair by proteoglycan 4 in
synovial fluid. Arthritis Rheum, 2005. 52(4): p. 1091-9.
Boushell, M.K., et al., Current strategies for integrative cartilage repair. Connect
Tissue Res, 2017. 58(5): p. 393-406.
Ryan, J.M.F., D.C. , Emerging technologies: What is the future of cartilage restoration?
Hard Tissue, 2013. 2(2).
Gille, J., et al., Outcome of Autologous Matrix Induced Chondrogenesis (AMIC) in
cartilage knee surgery: data of the AMIC Registry. Arch Orthop Trauma Surg, 2013.
133(1): p. 87-93.
Kruse, D.L., et al., Arthroscopic De Novo NT((R)) juvenile allograft cartilage
implantation in the talus: a case presentation. J Foot Ankle Surg, 2012. 51(2): p.
218-21.
Salzmann, G.M., A.K. Calek, and S. Preiss, Second-Generation Autologous Minced
Cartilage Repair Technique. Arthrosc Tech, 2017. 6(1): p. e127-e131.
Cole, B.J., et al., Outcomes after a single-stage procedure for cell-based cartilage
repair: a prospective clinical safety trial with 2-year follow-up. Am J Sports Med,
2011. 39(6): p. 1170-9.
Cucchiarini, M., et al., A vision on the future of articular cartilage repair. Eur Cell
Mater, 2014. 27: p. 12-6.
Katopodi, T., et al., The influence of donor and hypoxic conditions on the assembly of
cartilage matrix by osteoarthritic human articular chondrocytes on Hyalograft
matrices. Biomaterials, 2009. 30(4): p. 535-540.
Horas, U., et al., Autologous chondrocyte implantation and osteochondral cylinder
transplantation in cartilage repair of the knee joint - A prospective, comparative
trial. The Journal of bone and joint surgery. American volume, 2003. 85A(2): p.
185-192.
Lu, Y., et al., Minced cartilage without cell culture serves as an effective
intraoperative cell source for cartilage repair. J Orthop Res, 2006. 24(6): p. 12611270.

187

Bibliography
173.
174.
175.
176.
177.
178.
179.
180.
181.
182.
183.
184.
185.
186.
187.
188.
189.
190.

188

Pleumeekers, M.M., et al., The in vitro and in vivo capacity of culture-expanded
human cells from several sources encapsulated in alginate to form cartilage.
European cells & materials, 2014. 27: p. 264-280.
Pelttari, K., et al., Adult human neural crest-derived cells for articular cartilage
repair. Science Translational Medicine, 2014. 6(251): p. 251ra119.
Steinwachs, M.R., et al., Matrix-Associated Chondroplasty: A Novel Platelet-Rich
Plasma and Concentrated Nucleated Bone Marrow Cell–Enhanced Cartilage
Restoration Technique. Arthroscopy Techniques, 2014. 3(2): p. e279-e282.
Prockop, D.J., Repair of Tissues by Adult Stem/Progenitor Cells (MSCs):
Controversies, Myths, and Changing Paradigms. 2009. 17(6): p. 939-946.
Stolzing, A., et al., Age-related changes in human bone marrow-derived mesenchymal
stem cells: Consequences for cell therapies. Mechanisms of Ageing and Development,
2008. 129(3): p. 163-173.
Almqvist, K.F., et al., Treatment of Cartilage Defects in the Knee Using Alginate Beads
Containing Human Mature Allogenic Chondrocytes. The American journal of sports
medicine, 2009. 37(10): p. 1920-1929.
Dhollander, A.A.M., et al., Midterm Results of the Treatment of Cartilage Defects in
the Knee Using Alginate Beads Containing Human Mature Allogenic Chondrocytes.
The American journal of sports medicine, 2012. 40(1): p. 75-82.
Quintin, A., et al., Plasticity of Fetal Cartilaginous Cells. Cell Transplantation, 2010.
19(10): p. 1349-1357.
Acosta, F.L., et al., Porcine intervertebral disc repair using allogeneic juvenile
articular chondrocytes or mesenchymal stem cells. Tissue engineering. Part A, 2011.
17(23-24): p. 3045-3055.
Jiang, Y. and R.S. Tuan, Origin and function of cartilage stem/progenitor cells in
osteoarthritis. Nature Reviews Rheumatology, 2015. 11(4): p. 206-212.
Seol, D., et al., Chondrogenic progenitor cells respond to cartilage injury. Arthritis
and rheumatism, 2012. 64(11): p. 3626-3637.
Williams, R., et al., Identification and clonal characterisation of a progenitor cell subpopulation in normal human articular cartilage. PloS one, 2010. 5(10): p. e13246.
Frisbie, D.D., et al., Evaluation of articular cartilage progenitor cells for the repair of
articular defects in an equine model. The Journal of bone and joint surgery.
American volume, 2015. 97(6): p. 484-493.
Marcus, P., et al., Articular Chondroprogenitor Cells Maintain Chondrogenic
Potential but Fail to Form a Functional Matrix When Implanted Into Muscles of SCID
Mice. Cartilage, 2014. 5(4): p. 231-240.
Adkisson, H.D., et al., Immune evasion by neocartilage-derived chondrocytes:
Implications for biologic repair of joint articular cartilage. Stem cell research, 2010.
4(1): p. 57-68.
Afizah, H., et al., A Comparison Between the Chondrogenic Potential of Human Bone
Marrow Stem Cells (BMSCs) and Adipose-Derived Stem Cells (ADSCs) Taken from the
Same Donors. Tissue Engineering, 2007. 13(4): p. 659-666.
Mhanna, R., et al., Chondrocyte culture in three dimensional alginate sulfate
hydrogels promotes proliferation while maintaining expression of chondrogenic
markers. Tissue engineering. Part A, 2014. 20(9-10): p. 1454-1464.
Mellor, L.F., et al., Optimal 3D Culture of Primary Articular Chondrocytes for Use in
the Rotating Wall Vessel Bioreactor. Aviation, Space, and Environmental Medicine,
2014. 85(8): p. 798-804.

Bibliography
191.
192.

193.
194.
195.
196.
197.
198.
199.
200.
201.
202.
203.
204.

205.
206.
207.

Studer, D., et al., Ribosomal protein l13a as a reference gene for human bone
marrow-derived mesenchymal stromal cells during expansion, adipo-, chondro-, and
osteogenesis. Tissue engineering. Part C, Methods, 2012. 18(10): p. 761-771.
Matsiko, A., et al., Addition of hyaluronic acid improves cellular infiltration and
promotes early-stage chondrogenesis in a collagen-based scaffold for cartilage tissue
engineering. Journal of the mechanical behavior of biomedical materials, 2012. 11:
p. 41-52.
Roche, S., et al., Native and DPPA cross-linked collagen sponges seeded with fetal
bovine epiphyseal chondrocytes used for cartilage tissue engineering. Biomaterials,
2001. 22: p. 9-18.
Erickson, I.E., et al., High mesenchymal stem cell seeding densities in hyaluronic acid
hydrogels produce engineered cartilage with native tissue properties. Acta
biomaterialia, 2012. 8(8): p. 3027-3034.
Moretti, M., et al., Effects of in Vitro Preculture on in Vivo Development of Human
Engineered Cartilage in an Ectopic Model. Tissue Engineering, 2005. 11(9/10): p.
1421-1429.
Foldager, C.B., et al., Cell Seeding Densities in Autologous Chondrocyte Implantation
Techniques for Cartilage Repair. Cartilage, 2012. 3(2): p. 108-117.
Steinwachs, M., New technique for cell-seeded collagen-matrix-supported
autologous chondrocyte transplantation. Arthroscopy, 2009. 25(2): p. 208-211.
Schubert, T., et al., Long-term effects of chondrospheres on cartilage lesions in an
autologous chondrocyte implantation model as investigated in the SCID mouse
model. International journal of molecular medicine, 2009. 23(4): p. 455-460.
Tompkins, M., H.D. Adkisson, and K.F. Bonner, DeNovo NT Allograft. Operative
Techniques in Sports Medicine, 2013. 21(2): p. 82-89.
Fischer, J., et al., Human articular chondrocytes secrete parathyroid hormonerelated protein and inhibit hypertrophy of mesenchymal stem cells in coculture
during chondrogenesis. Arthritis and rheumatism, 2010. 62(9): p. 2696-2706.
Millan, C., et al., Engineered Microtissues Formed by Schiff Base Crosslinking Restore
the Chondrogenic Potential of Aged Mesenchymal Stem Cells. Advanced healthcare
materials, 2015. 4(9): p. 1348-1358.
Fernandes, A.M., et al., Similar Properties of Chondrocytes from Osteoarthritis Joints
and Mesenchymal Stem Cells from Healthy Donors for Tissue Engineering of Articular
Cartilage. PloS one, 2013. 8(5): p. e62994.
Lorda-Diez, C.I., et al., Transforming growth factors beta coordinate cartilage and
tendon differentiation in the developing limb mesenchyme. Journal of Biological
Chemistry, 2009. 284(43): p. 29988-29996.
MacLean, H.E. and H.M. Kronenberg, Localization of Indian hedgehog and
PTH/PTHrP receptor expression in relation to chondrocyte proliferation during
mouse bone development. Development, Growth and Differentiation, 2005. 47: p.
59-63.
Mak, K.K., et al., Indian hedgehog signals independently of PTHrP to promote
chondrocyte hypertrophy. Development, 2008. 135(11): p. 1947-1956.
Kim, E.-J., et al., Ihh and Runx2/Runx3 Signaling Interact to Coordinate Early
Chondrogenesis: A Mouse Model. PloS one, 2013. 8(2): p. e55296.
Zimmermann, P., et al., Correlation of COL10A1 induction during chondrogenesis of
mesenchymal stem cells with demethylation of two CpG sites in the COL10A1
promoter. Arthritis and rheumatism, 2008. 58(9): p. 2743-2753.
189

Bibliography
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.
219.
220.
221.
222.
223.
224.
225.
226.

190

Wu, L., et al., Human Developmental Chondrogenesis as a Basis for Engineering
Chondrocytes from Pluripotent Stem Cells. Stem Cell Reports, 2013. 1(6): p. 575589.
Vinardell, T., et al., A Comparison of the Functionality and In VivoPhenotypic Stability
of Cartilaginous Tissues Engineered from Different Stem Cell Sources. Tissue
engineering. Part A, 2012. 18(11-12): p. 1161-1170.
Sheehy, E.J., et al., Altering the Architecture of Tissue Engineered Hypertrophic
Cartilaginous Grafts Facilitates Vascularisation and Accelerates Mineralisation. PloS
one, 2014. 9(3).
Gothard, D., et al., Regionally-derived cell populations and skeletal stem cells from
human foetal femora exhibit specific osteochondral and multi-lineage differentiation
capacity in vitro and ex vivo. Stem cell research & therapy, 2015. 6(1): p. 251.
Freymann, U., W. Petersen, and C. Kaps, Cartilage regeneration revisited: entering
of new one-step procedures for chondral cartilage repair. Diagnosis and Treatment,
2013. 1(1): p. 1-6.
Zakrzewski, J.L., M.R.M. van den Brink, and J.A. Hubbell, Overcoming immunological
barriers in regenerative medicine. Nature biotechnology, 2014. 32(8): p. 786-794.
Sherman, S.L., et al., Fresh osteochondral allograft transplantation for the knee:
current concepts. The Journal of the American Academy of Orthopaedic Surgeons,
2014. 22(2): p. 121-133.
Cursiefen, C., Immune privilege and angiogenic privilege of the cornea. Chemical
immunology and allergy, 2007. 92: p. 50-57.
Sheikh, H., et al., In vivo intervertebral disc regeneration using stem cell-derived
chondroprogenitors. Journal of neurosurgery. Spine, 2009. 10(3): p. 265-272.
Klinger, P., et al., Chondromodulin 1 stabilizes the chondrocyte phenotype and
inhibits endochondral ossification of porcine cartilage repair tissue. Arthritis and
rheumatism, 2011. 63(9): p. 2721-2731.
Fujihara, Y., T. Takato, and K. Hoshi, Macrophage-inducing FasL on chondrocytes
forms immune privilege in cartilage tissue engineering, enhancing in vivo
regeneration. Stem cells, 2014. 32(5): p. 1208-1219.
Becerra, J., et al., Articular cartilage: structure and regeneration. Tissue Eng Part B
Rev, 2010. 16(6): p. 617-27.
Ahmed, T.A. and M.T. Hincke, Strategies for articular cartilage lesion repair and
functional restoration. Tissue Eng Part B Rev, 2010. 16(3): p. 305-29.
Basad, E., et al., Matrix-induced autologous chondrocyte implantation versus
microfracture in the treatment of cartilage defects of the knee: a 2-year randomised
study. Knee Surg Sports Traumatol Arthrosc, 2010. 18(4): p. 519-27.
Saris, D., et al., Matrix-Applied Characterized Autologous Cultured Chondrocytes
Versus Microfracture: Two-Year Follow-up of a Prospective Randomized Trial. Am J
Sports Med, 2014. 42(6): p. 1384-94.
Kon, E., et al., ACI and MACI. J Knee Surg, 2012. 25(1): p. 17-22.
Albrecht, F.H., [Closure of joint cartilage defects using cartilage fragments and fibrin
glue]. Fortschr Med, 1983. 101(37): p. 1650-2.
Farr, J., et al., Particulated articular cartilage: CAIS and DeNovo NT. J Knee Surg,
2012. 25(1): p. 23-9.
Christensen, B.B., et al., Autologous Dual-Tissue Transplantation for Osteochondral
Repair: Early Clinical and Radiological Results. Cartilage, 2015. 6(3): p. 166-73.

Bibliography
227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.
239.
240.
241.
242.
243.
244.
245.

Christensen, B.B., et al., Implantation of Autologous Cartilage Chips Improves
Cartilage Repair Tissue Quality in Osteochondral Defects: A Study in Gottingen
Minipigs. Am J Sports Med, 2016.
Berdichevski, A., et al., Protein composition alters in vivo resorption of PEG-based
hydrogels as monitored by contrast-enhanced MRI. Biomaterials, 2015. 42: p. 1-10.
Stanish, W.D., et al., Novel scaffold-based BST-CarGel treatment results in superior
cartilage repair compared with microfracture in a randomized controlled trial. J
Bone Joint Surg Am, 2013. 95(18): p. 1640-50.
Shive, M.S., et al., BST-CarGel(R) Treatment Maintains Cartilage Repair Superiority
over Microfracture at 5 Years in a Multicenter Randomized Controlled Trial.
Cartilage, 2015. 6(2): p. 62-72.
Scholz, B., et al., Suppression of adverse angiogenesis in an albumin-based hydrogel
for articular cartilage and intervertebral disc regeneration. Eur Cell Mater, 2010.
20: p. 24-36; discussion 36-7.
Madeira, C., et al., Advanced cell therapies for articular cartilage regeneration.
Trends Biotechnol, 2015. 33(1): p. 35-42.
Mardones, R., C.M. Jofre, and J.J. Minguell, Cell Therapy and Tissue Engineering
Approaches for Cartilage Repair and/or Regeneration. Int J Stem Cells, 2015. 8(1):
p. 48-53.
Broguiere, N., L. Isenmann, and M. Zenobi-Wong, Novel enzymatically cross-linked
hyaluronan hydrogels support the formation of 3D neuronal networks. Biomaterials,
2016. 99: p. 47-55.
Allison, D.D. and K.J. Grande-Allen, Review. Hyaluronan: a powerful tissue
engineering tool. Tissue Eng, 2006. 12(8): p. 2131-40.
Masuko, K., et al., Anti-inflammatory effects of hyaluronan in arthritis therapy: Not
just for viscosity. Int J Gen Med, 2009. 2: p. 77-81.
Reynolds, T.C., et al., Safety, pharmacokinetics, and immunogenicity of single-dose
rFXIII administration to healthy volunteers. J Thromb Haemost, 2005. 3(5): p. 9228.
Lutolf, M.P. and J.A. Hubbell, Synthesis and physicochemical characterization of endlinked poly(ethylene glycol)-co-peptide hydrogels formed by Michael-type addition.
Biomacromolecules, 2003. 4(3): p. 713-22.
Kim, M.K., et al., Autologous chondrocyte implantation in the knee using fibrin. Knee
Surg Sports Traumatol Arthrosc, 2010. 18(4): p. 528-34.
Patel, S., E.C. Rodriguez-Merchan, and F.S. Haddad, The use of fibrin glue in surgery
of the knee. J Bone Joint Surg Br, 2010. 92(10): p. 1325-31.
Kuo, C.K. and P.X. Ma, Ionically crosslinked alginate hydrogels as scaffolds for tissue
engineering: part 1. Structure, gelation rate and mechanical properties.
Biomaterials, 2001. 22(6): p. 511-21.
Drury, J.L. and D.J. Mooney, Hydrogels for tissue engineering: scaffold design
variables and applications. Biomaterials, 2003. 24(24): p. 4337-51.
Cao, B., et al., Effects of spreading areas and aspect ratios of single cells on
dedifferentiation of chondrocytes. Biomaterials, 2014. 35(25): p. 6871-81.
Park, S., C.T. Hung, and G.A. Ateshian, Mechanical response of bovine articular
cartilage under dynamic unconfined compression loading at physiological stress
levels. Osteoarthritis Cartilage, 2004. 12(1): p. 65-73.
Lee, F., J.E. Chung, and M. Kurisawa, An injectable enzymatically crosslinked
hyaluronic acid-tyramine hydrogel system with independent tuning of mechanical
strength and gelation rate. Soft Matter, 2008. 4(4): p. 880-887.
191

Bibliography
246.
247.
248.
249.
250.
251.
252.
253.
254.
255.
256.
257.
258.
259.
260.
261.

262.
263.
264.

192

Chung, C. and J.A. Burdick, Influence of Three-Dimensional Hyaluronic Acid
Microenvironments on Mesenchymal Stem Cell Chondrogenesis. Tissue Engineering
Part A, 2009. 15(2): p. 243-254.
Burdick, J.A. and G.D. Prestwich, Hyaluronic Acid Hydrogels for Biomedical
Applications. Advanced Materials, 2011. 23(12): p. H41-H56.
Teixeira, L.S.M., et al., Enzyme-catalyzed crosslinkable hydrogels: Emerging
strategies for tissue engineering. Biomaterials, 2012. 33(5): p. 1281-1290.
Chen, F., et al., An Injectable Enzymatically Crosslinked Carboxymethylated
Pullulan/Chondroitin Sulfate Hydrogel for Cartilage Tissue Engineering. Scientific
Reports, 2016. 6.
Makris, E.A., et al., Repair and tissue engineering techniques for articular cartilage.
Nature Reviews Rheumatology, 2015. 11(1): p. 21-34.
Farr, J. and J.Q. Yao, Chondral Defect Repair with Particulated Juvenile Cartilage
Allograft. Cartilage, 2011. 2(4): p. 346-53.
Buckwalter, J.A., et al., Clinical outcomes of patellar chondral lesions treated with
juvenile particulated cartilage allografts. Iowa Orthop J, 2014. 34: p. 44-9.
Bugbee, W.D., et al., Osteochondral allograft transplantation in cartilage repair:
Graft storage paradigm, translational models, and clinical applications. J Orthop
Res, 2016. 34(1): p. 31-8.
Whitelaw, C.B., et al., Engineering large animal models of human disease. J Pathol,
2016. 238(2): p. 247-56.
Ericsson, A.C., M.J. Crim, and C.L. Franklin, A brief history of animal modeling. Mo
Med, 2013. 110(3): p. 201-5.
Segre, J.A., et al., Positional cloning of the nude locus: genetic, physical, and
transcription maps of the region and mutations in the mouse and rat. Genomics,
1995. 28(3): p. 549-59.
Shultz, L.D., et al., Human lymphoid and myeloid cell development in NOD/LtSz-scid
IL2R gamma null mice engrafted with mobilized human hemopoietic stem cells. J
Immunol, 2005. 174(10): p. 6477-89.
Shultz, L.D., F. Ishikawa, and D.L. Greiner, Humanized mice in translational
biomedical research. Nat Rev Immunol, 2007. 7(2): p. 118-30.
Kitchen, S.G., et al., In Vivo Suppression of HIV by Antigen Specific T Cells Derived
from Engineered Hematopoietic Stem Cells. Plos Pathogens, 2012. 8(4).
McDermott, S.P., et al., Comparison of human cord blood engraftment between
immunocompromised mouse strains. Blood, 2010. 116(2): p. 193-200.
Billerbeck, E., et al., Development of human CD4+FoxP3+ regulatory T cells in human
stem cell factor-, granulocyte-macrophage colony-stimulating factor-, and
interleukin-3-expressing NOD-SCID IL2Rgamma(null) humanized mice. Blood, 2011.
117(11): p. 3076-86.
Broguiere, N., et al., Factor XIII Cross-Linked Hyaluronan Hydrogels for Cartilage
Tissue Engineering. Acs Biomaterials Science & Engineering, 2016. 2(12): p. 21762184.
Bell, S.P., et al., Reduced Subendocardial Perfusion Correlates with Impaired Energy
Supply-Demand Relations in Patients with Non-Ischemic Dilated Cardiomyopathy.
Circulation, 2010. 122(21).
Snider, T.N. and Y. Mishina, Cranial neural crest cell contribution to craniofacial
formation, pathology, and future directions in tissue engineering. Birth Defects Res
C Embryo Today, 2014. 102(3): p. 324-32.

Bibliography
265.
266.
267.
268.
269.
270.
271.
272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.
284.

Holness, C.L. and D.L. Simmons, Molecular cloning of CD68, a human macrophage
marker related to lysosomal glycoproteins. Blood, 1993. 81(6): p. 1607-13.
Lau, S.K., P.G. Chu, and L.M. Weiss, CD163: a specific marker of macrophages in
paraffin-embedded tissue samples. Am J Clin Pathol, 2004. 122(5): p. 794-801.
Barros, M.H., et al., Macrophage polarisation: an immunohistochemical approach for
identifying M1 and M2 macrophages. PLoS One, 2013. 8(11): p. e80908.
Pomerantseva, I., et al., Ear-Shaped Stable Auricular Cartilage Engineered from
Extensively Expanded Chondrocytes in an Immunocompetent Experimental Animal
Model. Tissue Eng Part A, 2016. 22(3-4): p. 197-207.
Arzi, B., et al., Cartilage immunoprivilege depends on donor source and lesion
location. Acta Biomater, 2015. 23: p. 72-81.
Revell, C.M. and K.A. Athanasiou, Success rates and immunologic responses of
autogenic, allogenic, and xenogenic treatments to repair articular cartilage defects.
Tissue Eng Part B Rev, 2009. 15(1): p. 1-15.
Bolano, L. and J.A. Kopta, The Immunology of Bone and Cartilage Transplantation.
Orthopedics, 1991. 14(9): p. 987-996.
Athens, A.A., E.A. Makris, and J.C. Hu, Induced collagen cross-links enhance cartilage
integration. PLoS One, 2013. 8(4): p. e60719.
De Bari, C., F. Dell'Accio, and F.P. Luyten, Failure of in vitro-differentiated
mesenchymal stem cells from the synovial membrane to form ectopic stable cartilage
in vivo. Arthritis Rheum, 2004. 50(1): p. 142-50.
Baggiolini, A., et al., Premigratory and migratory neural crest cells are multipotent
in vivo. Cell Stem Cell, 2015. 16(3): p. 314-22.
Le Douarin, N.M., et al., Neural crest cell plasticity and its limits. Development, 2004.
131(19): p. 4637-50.
Charles Huang, C.Y., et al., Chondrogenesis of human bone marrow-derived
mesenchymal stem cells in agarose culture. The Anatomical record, 2004. 278A(1):
p. 428-436.
Wynn, T.A. and K.M. Vannella, Macrophages in Tissue Repair, Regeneration, and
Fibrosis. Immunity, 2016. 44(3): p. 450-462.
Julier, Z., et al., Promoting tissue regeneration by modulating the immune system.
Acta Biomaterialia, 2017. 53: p. 13-28.
Meretoja, V.V., et al., The effect of hypoxia on the chondrogenic differentiation of cocultured articular chondrocytes and mesenchymal stem cells in scaffolds.
Biomaterials, 2013. 34(17): p. 4266-73.
Britt, J.C. and S.S. Park, Autogenous tissue-engineered cartilage - Evaluation as an
implant material. Archives of Otolaryngology-Head & Neck Surgery, 1998. 124(6):
p. 671-677.
Shieh, S.J., S. Terada, and J.P. Vacanti, Tissue engineering auricular reconstruction:
in vitro and in vivo studies. Biomaterials, 2004. 25(9): p. 1545-1557.
Cao, Y.L., et al., Comparative study of the use of poly(glycolic acid), calcium alginate
and pluronics in the engineering of autologous porcine cartilage. Journal of
Biomaterials Science-Polymer Edition, 1998. 9(5): p. 475-487.
Zhang, Y., et al., Comparing immunocompetent and immunodeficient mice as animal
models for bone tissue engineering. Oral Diseases, 2015. 21(5): p. 583-592.
Zheng, L., et al., In Vivo Cartilage Engineering with Collagen Hydrogel and
Allogenous Chondrocytes After Diffusion Chamber Implantation in
Immunocompetent Host. Tissue Engineering Part A, 2009. 15(8): p. 2145-2153.
193

Bibliography
285.
286.
287.
288.
289.
290.
291.
292.
293.
294.
295.
296.
297.
298.
299.
300.
301.
302.
303.
194

Kanazawa, S., et al., Tissue responses against tissue-engineered cartilage consisting
of chondrocytes encapsulated within non-absorbable hydrogel. Journal of Tissue
Engineering and Regenerative Medicine, 2013. 7(1): p. 1-9.
Necas, J., et al., Hyaluronic acid (hyaluronan): a review. Veterinarni Medicina, 2008.
53(8): p. 397-411.
Liu, W. and Y.L. Cao, Application of scaffold materials in tissue reconstruction in
immunocompetent mammals: Our experience and future requirements.
Biomaterials, 2007. 28(34): p. 5078-5086.
Seok, J., et al., Genomic responses in mouse models poorly mimic human
inflammatory diseases. Proceedings of the National Academy of Sciences of the
United States of America, 2013. 110(9): p. 3507-3512.
Buscher, K., et al., Natural variation of macrophage activation as disease-relevant
phenotype predictive of inflammation and cancer survival. Nat Commun, 2017. 8: p.
16041.
Chisholm, G.D., The tissue cage model in the distribution of antibacterial agents.
Scand J Infect Dis Suppl, 1978(14): p. 118-24.
Reginster, J.Y., The prevalence and burden of arthritis. Rheumatology (Oxford),
2002. 41 Supp 1: p. 3-6.
Murray, C.J.L. and A.D. Lopez, Evidence-based health policy - Lessons from the global
burden of disease study. Science, 1996. 274(5288): p. 740-743.
Guermazi, A., et al., Prevalence of abnormalities in knees detected by MRI in adults
without knee osteoarthritis: population based observational study (Framingham
Osteoarthritis Study). British Medical Journal, 2012. 345.
Peterson, L., et al., Autologous Chondrocyte Implantation A Long-term Follow-up.
American Journal of Sports Medicine, 2010. 38(6): p. 1117-1124.
Bhosale, A.M., et al., Midterm to Long-Term Longitudinal Outcome of Autologous
Chondrocyte Implantation in the Knee Joint A Multilevel Analysis. American Journal
of Sports Medicine, 2009. 37: p. 131s-138s.
Hulme, C.H., et al., Two independent proteomic approaches provide a comprehensive
analysis of the synovial fluid proteome response to Autologous Chondrocyte
Implantation. Arthritis Research & Therapy, 2018. 20.
Adkisson, H.D., et al., In vitro generation of scaffold independent neocartilage.
Clinical Orthopaedics and Related Research, 2001(391): p. S280-S294.
Kreuz, P.C., et al., Scaffold-assisted cartilage tissue engineering using infant
chondrocytes from human hip cartilage. Osteoarthritis Cartilage, 2013. 21(12): p.
1997-2005.
Mundlos, S. and D. Horn, Preaxial Polydactyly, in Limb Malformations: An Atlas of
Genetic Disorders of Limb Development. 2014, Springer Berlin Heidelberg: Berlin,
Heidelberg. p. 30-30.
Mundlos, S. and D. Horn, Surgical Management Principles for Congenital Upper Limb
Malformations, in Limb Malformations: An Atlas of Genetic Disorders of Limb
Development. 2014, Springer Berlin Heidelberg: Berlin, Heidelberg. p. 22-28.
Maehara, M., et al., Characterization of polydactyly-derived chondrocyte sheets
versus adult chondrocyte sheets for articular cartilage repair. Inflamm Regen, 2017.
37: p. 22.
Tani, Y., et al., The effects of using vitrified chondrocyte sheets on pain alleviation and
articular cartilage repair. J Tissue Eng Regen Med, 2017. 11(12): p. 3437-3444.
Kruse, P.F. and M.K. Patterson, Tissue culture: methods and applications. 1973, New
York,: Academic Press. xxvii, 868 p.

Bibliography
304.
305.
306.
307.
308.
309.
310.
311.
312.
313.
314.

315.
316.

317.
318.
319.

320.

Kozhemyakina, E., et al., Identification of a Prg4-Expressing Articular Cartilage
Progenitor Cell Population in Mice. Arthritis & Rheumatology, 2015. 67(5): p. 12611273.
Mortazavi, F., et al., High Quality of Infant Chondrocytes in Comparison with Adult
Chondrocytes for Cartilage Tissue Engineering. World Journal of Plastic Surgery,
2017. 6(2): p. 183-189.
Taylor, S.E.B., et al., Identification of Human Juvenile Chondrocyte-Specific Factors
that Stimulate Stem Cell Growth. Tissue Engineering Part A, 2016. 22(7-8): p. 645653.
Nakayama, N., et al., A novel chordin-like BMP inhibitor, CHL2, expressed
preferentially in chondrocytes of developing cartilage and osteoarthritic joint
cartilage. Development, 2004. 131(1): p. 229-240.
Zhao, Z.Y., et al., The Gene for a Human Microfibril-Associated Glycoprotein Is
Commonly Deleted in Smith-Magenis Syndrome Patients. Human Molecular
Genetics, 1995. 4(4): p. 589-597.
Chesterman, P.J. and A.U. Smith, Homotransplantation of articular cartilage and
isolated chondrocytes. An experimental study in rabbits. J Bone Joint Surg Br, 1968.
50(1): p. 184-97.
Elves, M.W. and J. Zervas, An investigation into the immunogenicity of various
components of osteoarticular grafts. Br J Exp Pathol, 1974. 55(4): p. 344-51.
Lim, C.L., et al., Immunogenicity and immunomodulatory effects of the human
chondrocytes, hChonJ. Bmc Musculoskeletal Disorders, 2017. 18.
Johnstone, B., et al., In vitro chondrogenesis of bone marrow-derived mesenchymal
progenitor cells. Experimental Cell Research, 1998. 238(1): p. 265-272.
Schulze-Tanzil, G., et al., Redifferentiation of dedifferentiated human chondrocytes
in high-density cultures. Cell and Tissue Research, 2002. 308(3): p. 371-379.
Mccaffrey, T.A., D.J. Falcone, and B.H. Du, Transforming Growth Factor-Beta-1 Is a
Heparin-Binding Protein - Identification of Putative Heparin-Binding Regions and
Isolation of Heparins with Varying Affinity for Tgf-Beta-1. Journal of Cellular
Physiology, 1992. 152(2): p. 430-440.
Studer, D., et al., Human chondroprogenitors in alginate-collagen hybrid scaffolds
produce stable cartilage in vivo. Journal of Tissue Engineering and Regenerative
Medicine, 2017. 11(11): p. 3014-3026.
Wakitani, S., et al., Repair of articular cartilage defects in the patello-femoral joint
with autologous bone marrow mesenchymal cell transplantation: three case reports
involving nine defects in five knees. Journal of Tissue Engineering and Regenerative
Medicine, 2007. 1(1): p. 74-79.
Gelber, A.C., et al., Joint injury in young adults and risk for subsequent knee and hip
osteoarthritis. Ann Intern Med, 2000. 133(5): p. 321-8.
Vega, A., et al., Treatment of Knee Osteoarthritis With Allogeneic Bone Marrow
Mesenchymal Stem Cells: A Randomized Controlled Trial. Transplantation, 2015.
99(8): p. 1681-1690.
Taniguchi, N., et al., Aging-related loss of the chromatin protein HMGB2 in articular
cartilage is linked to reduced cellularity and osteoarthritis. Proceedings of the
National Academy of Sciences of the United States of America, 2009. 106(4): p.
1181-1186.
Nasu, M., S. Takayama, and A. Umezawa, Efficiency of Human Epiphyseal
Chondrocytes with Differential Replication Numbers for Cellular Therapy Products.
Biomed Research International, 2016.
195

Bibliography
321.
322.
323.
324.
325.
326.
327.
328.
329.
330.
331.
332.

333.
334.
335.
336.
337.

196

Rai, V., et al., Recent strategies in cartilage repair: A systemic review of the scaffold
development and tissue engineering. Journal of Biomedical Materials Research Part
A, 2017. 105(8): p. 2343-2354.
Smeriglio, P., et al., Comparative Potential of Juvenile and Adult Human Articular
Chondrocytes for Cartilage Tissue Formation in Three-Dimensional Biomimetic
Hydrogels. Tissue Engineering Part A, 2015. 21(1-2): p. 147-155.
Lee, D.K., et al., Continuous transforming growth factor beta 1 secretion by cellmediated gene therapy maintains chondrocyte redifferentiation. Tissue
Engineering, 2005. 11(1-2): p. 310-318.
Yi, Y., S.H. Hahm, and K.H. Lee, Retroviral gene therapy: Safety issues and possible
solutions. Current Gene Therapy, 2005. 5(1): p. 25-35.
Yi, Y., M.J. Noh, and K.H. Lee, Current Advances in Retroviral Gene Therapy. Current
Gene Therapy, 2011. 11(3): p. 218-228.
Sophia Fox, A.J., A. Bedi, and S.A. Rodeo, The basic science of articular cartilage:
structure, composition, and function. Sports Health, 2009. 1(6): p. 461-8.
Allen, M.J., et al., Ethical Use of Animal Models in Musculoskeletal Research. Journal
of Orthopaedic Research, 2017. 35(4): p. 740-751.
Allen, M.J., et al., The surgical anatomy of the stifle joint in sheep. Veterinary Surgery,
1998. 27(6): p. 596-605.
Namba, R.S., et al., Spontaneous repair of superficial defects in articular cartilage in
a fetal lamb model. J Bone Joint Surg Am, 1998. 80(1): p. 4-10.
Shapiro, F., S. Koide, and M.J. Glimcher, Cell Origin and Differentiation in the Repair
of Full-Thickness Defects of Articular-Cartilage. Journal of Bone and Joint SurgeryAmerican Volume, 1993. 75a(4): p. 532-553.
Lydon, H., A. Getgood, and F.M.D. Henson, Healing of Osteochondral Defects via
Endochondral Ossification in an Ovine Model. Cartilage, 2017: p.
1947603517713818.
Odriscoll, S.W., F.W. Keeley, and R.B. Salter, Durability of Regenerated ArticularCartilage Produced by Free Autogenous Periosteal Grafts in Major Full-Thickness
Defects in Joint Surfaces under the Influence of Continuous Passive Motion - a Followup Report at One Year. Journal of Bone and Joint Surgery-American Volume, 1988.
70a(4): p. 595-606.
Little, C., et al., Histomorphological and immunohistochemical evaluation of joint
changes in a model of osteoarthritis induced by lateral meniscectomy in sheep.
Journal of Rheumatology, 1997. 24(11): p. 2199-2209.
Mumme, M., et al., Regenerative Potential of Tissue-Engineered Nasal Chondrocytes
in Goat Articular Cartilage Defects. Tissue Eng Part A, 2016. 22(21-22): p. 12861295.
Dorotka, R., et al., Marrow stimulation and chondrocyte transplantation using a
collagen matrix for cartilage repair. Osteoarthritis Cartilage, 2005. 13(8): p. 65564.
Wilke, M.M., D.V. Nydam, and A.J. Nixon, Enhanced early chondrogenesis in articular
defects following arthroscopic mesenchymal stem cell implantation in an equine
model. J Orthop Res, 2007. 25(7): p. 913-25.
Watt, F.E., et al., Src and fibroblast growth factor 2 independently regulate signaling
and gene expression induced by experimental injury to intact articular cartilage.
Arthritis Rheum, 2013. 65(2): p. 397-407.

Bibliography
338.
339.

340.
341.
342.
343.
344.
345.
346.

Dhollander, A.A.M., et al., MRI evaluation of a new scaffold-based allogenic
chondrocyte implantation for cartilage repair. European Journal of Radiology,
2010. 75(1): p. 72-81.
Marlovits, S., et al., Magnetic resonance observation of cartilage repair tissue
(MOCART) for the evaluation of autologous chondrocyte transplantation:
Determination of interobserver variability and correlation to clinical outcome after
2 years. European Journal of Radiology, 2006. 57(1): p. 16-23.
Gomoll, A.H., et al., The subchondral bone in articular cartilage repair: current
problems in the surgical management. Knee Surgery Sports Traumatology
Arthroscopy, 2010. 18(4): p. 434-447.
Orth, P., et al., Improved Repair of Chondral and Osteochondral Defects in the Ovine
Trochlea Compared with the Medial Condyle. Journal of Orthopaedic Research,
2013. 31(11): p. 1772-1779.
Bekkers, J.E.J., et al., Single-Stage Cell-Based Cartilage Regeneration Using a
Combination of Chondrons and Mesenchymal Stromal Cells Comparison With
Microfracture. American Journal of Sports Medicine, 2013. 41(9): p. 2158-2166.
Niemietz, T., et al., Xenogeneic transplantation of articular chondrocytes into fullthickness articular cartilage defects in minipigs: fate of cells and the role of
macrophages. Cell Tissue Res, 2014. 358(3): p. 749-61.
Hoemann, C., et al., International Cartilage Repair Society (ICRS) Recommended
Guidelines for Histological Endpoints for Cartilage Repair Studies in Animal Models
and Clinical Trials. Cartilage, 2011. 2(2): p. 153-72.
Shoseyov, O., Y. Posen, and F. Grynspan, Human recombinant type I collagen
produced in plants. Tissue Eng Part A, 2013. 19(13-14): p. 1527-33.
Stein, H., et al., Production of Bioactive, Post-Translationally Modified,
Heterotrimeric, Human Recombinant Type-I Collagen in Transgenic Tobacco.
Biomacromolecules, 2009. 10(9): p. 2640-2645.

197

Curriculum vitae

Curriculum vitae

Contact
Information

Date and Place of birth: 17/09/1990, Padova (Italy)
Nationality: Italian
Address: Lerchenhalde 20, 8046 Zürich
Mobile: +41 (0) 79 831 29 15
E-mail: emma.cavalli@alumni.ethz.ch

Education

2014-present: PhD at the Tissue Engineering and Biofabrication Laboratory,
ETH Zürich. Completion: August 2018
2012-2014: MSc in Biomedical Engineering at ETH Zürich, specialization in
Molecular Bioengineering. Degree grade: 5.62/6
•
•

Master Thesis: “Chondrogenesis of Mesenchymal Stem Cells in QuickStick
Microtissues”, Prof. Marcy Zenobi-Wong.
Semester Project:“ Blood Activation through Surface Topographies”, Prof. Viola
Vogel

2009-2012: BSc in Biomedical Engineering at Politecnico di Milano. Degree
grade: 108/110
•

Bachelor Thesis: “Mechanical comparison between native and decellularized
porcine arterial tissue”, Prof. Sara Mantero

2004-2009 Liceo Scientifico, Padova (Degree grade: 92/100), exchange term in
Auckland, New Zealand

Academic
Experience

Research supervision and mentoring
• Semester projects: Angela Mülenbroich
• Master Thesis: Angela Mühlenbroich, Matthias Hertl, Dolman Sindi
Mostafa
• Bachelor projects and internships: Ayse Ay, Jessica Polak
Teaching assistant experience
• Spring semester 2016: Advisor for “Practicing Translational Science” at ETH
Zürich
• Spring semester 2015: Teaching Assistant for “Practical Methods in Tissue
Engineering” at ETH Zürich
• Spring semester 2014: Teaching Assistant for “Principles in Tissue
Engineering” at ETH Zürich
College of excellence “Camplus Città Studi”, Milano, 2009-2012

199

Curriculum vitae

Grants and
Awards

CTI feasibility grant 2017. Primary investigator Prof. Marcy Zenobi-Wong. The
CTI feasibility grant funds highly innovative projects which are considered too
risky for market implementation
AIT Innovation Grant, 2016. This grant is awarded by Venture Lab to the most
innovative project and aim to support the further development of the project
Best Oral Contribution Award, 2016, YSBM.ch Graduate Research Symposium
Best Poster Presentation Award, 2016, SSB+RM Conference
SSB Travel Grant Award, 2016, ICRS Conference
Dote Regione Lombardia scholarship 2011
Dote Regione Lombardia scholarship 2010

Skills and
Interests

Entrepreneurship and Leadership:
•

AIT (Academy to Industry Training) camp Brazil, winner 2016

•

CTI (Commission for Technology and Innovation) Entrepreneurship
Module 2 course– Business Concept

•

TERMIS Business Plan Competition 2017, top 5 finalist

•

I am an active member of YSBM. YSBM is the association of the young
scientists in the biomedical field in Switzerland. Our aim is to foster
collaborations and networking between the young scientists in the
biomedical field in Switzerland.

Clinical and Preclinical certifications:
•

GCP (Good Clinical Practice) Training Certification

•

FELASA, Federation of Laboratory Animal Science Associations:
•

“Introductory Course in Laboratory Animal Science”, LTK Module 1

•

“Introductory Course in Laboratory Animal Science: Non Rodent
species”, LTK Module 20E with focus on sheep

•

“How to prepare a score sheet for my experiment?”, LTK Module 11E

Hobbies: diving (advanced PADI Open Water), skiing, hiking, travelling (latest
trips: Lofoten Islands, Norway 2018 and Mongolia 2017)

Language
Skills

Italian: native
English: fluent oral and written
Spanish: intermediate level
German: intermediate level

200

Curriculum vitae

Scientific
Publications

Levinson C.*, Cavalli E.*, Mostafa S.D., Neidenbach P., Zenobi-Wong M.,
Salzmann G., The effect of hand and device mincing on the in vitro behavior of
human knee joint cartilage, in preparation (*equal contribution)
Cavalli E., Levinson C., Hertl M., Broguiere N., Brück O., Mustjoki S., Gerstenberg
A., Weber D., Salzmann G., Steinwachs G., Barreto G., Zenobi-Wong M., (2018),
Non-transduced polydactyly chondrocytes produce stable cartilage in vitro and
in vivo, (submitted)
Cavalli E., Fisch P., Formica F., Gareus R., Linder T., Applegate L.A., Zenobi-Wong
M., (2018), A comparative study of cartilage engineered constructs in
immunocompromised, humanized and immunocompetent mice, (under
revision)
Formica F., Cavalli E., Broguiere N., Zenobi-Wong M., (2018), Cell-instructive
alginate hydrogels targeting RhoA, ACS Bioconjugated Chemistry
Broguiere N., Isenmann L., Hirt C., Ringel T., Placzek S., Cavalli E., Rignalda F.,
Züllig R., Lehmann R., Rogler G., Heim M.H., Schüler J., Zenobi-Wong M., Schwank
G., (2018), Growth of epithelial organoids in a defined hydrogel, Advance
Functional Materials
Morgese G., Verbraeken B., Ramakrishna S.N., Gombert Y., Cavalli E.,
Rosenboom J.G., Zenobi-Wong M., Spencer N.D., Hoogenboom R., Benetti E.
(2018) Chemical Design of Non-Ionic Polymer Brushes as Biointerfaces: Poly(2oxazine)s Outperform both Poly(2-oxazoline)s and PEG, Angewandte Chemie
Morgese G., Cavalli E., Rosenboom J.G., Zenobi-Wong M., Benetti E. (2017)
Copolymers with side chains lubricate and protect damaged cartilage.
Angewandte Chemie
Morgese G., Cavalli E., Müller M., Zenobi-Wong, M., Benetti, E. (2017) Tissuereactive polyoxazoline-based graft-copolymers efficiently resurface degraded
Articular Cartilage and Restore its Lubrication Properties. ACS Nano
Studer D.*, Cavalli E*., Formica F.A., Mumme M., Salzmann G., Steinwachs M.R.,
Laurent-Applegate L.A., Maniura-Weber K., Zenobi-Wong M. (2016), Human
epiphyseal chondroprogenitor cells produce phenotypically stable cartilage: a
new cell source for one-step treatment of cartilage lesions. Journal of Tissue
Engineering and Regenerative Medicine (*equal contribution)
Broguiere N.*, Cavalli E.*, Laurent-Applegate L.A., Zenobi-Wong M. (2016), A
novel factor XIII-crosslinked injectable and adhesive hydrogel for cartilage
repair. ACS Biomaterial Science & Engineering (*equal contribution)
Millan, C., Cavalli, E., Groth, T., Maniura-Weber, K. and Zenobi-Wong, M. (2015),
Engineered microtissues formed by schiff base crosslinking restore the
chondrogenic potential of aged mesenchymal stem cells, Advanced Healthcare
Materials

201

Curriculum vitae
Cavalli E., Fisch P., Formica F., Zenobi-Wong M., Are humanized mice a good
Oral and
animal model for cartilage tissue engineering? Oral presentation, SSB+RM, 2018,
Poster
Fribourg, Switzerland
Presentations
Cavalli E., Functionalized 3D environments for the chondrogenic differentiation
of clinically-relevant cell types, Oral presentation, CABMM symposium, 2018,
Zürich, Switzerland
Cavalli E., Broguiere N., Laurent-Applegate L.A., Darwiche S., von Rechenberg
B., Zenobi-Wong M., An explant model to study the adhesion and chondrogenic
potential of injectable scaffolds for cartilage repair. Oral presentation, SSB+RM,
2018, San Gallen, Switzerland
Cavalli E., Hertl M., Levinson C., Brück O., Weber D., Barreto G., Zenobi-Wong M.,
Infant chondrocytes from polydactyly patients as a new cell source for cartilage
engineering. Poster presentation, TERMIS, 2017, Davos, Switzerland
Cavalli E., Broguiere N., Laurent-Applegate L.A., Darwiche S., von Rechenberg
B., Zenobi-Wong M., An explant model to study the adhesion and chondrogenic
potential of injectable scaffolds for cartilage repair. Oral presentation, TERMIS,
2017, Davos, Switzerland
Cavalli E., Broguiere N., Laurent-Applegate L.A., Zenobi-Wong M., An in-situ
crosslinkable, adhesive scaffold for cartilage repair: an in vivo characterization.
Poster presentation, GRS/GRC, 2017, New Hampshire, USA
Cavalli E., Broguiere N., Laurent-Applegate L.A., Zenobi-Wong M., An in-situ
crosslinkable, adhesive scaffold for cartilage repair: an in vitro and in vivo
characterization. Poster presentation, Biointerfaces, 2016, Zürich, Switzerland
Cavalli E., Broguiere N., Laurent-Applegate L.A., Zenobi-Wong M., A novel factor
XIII-crosslinked injectable and adhesive hydrogel for cartilage repair. Oral
presentation, ICRS, 2016, Sorrento, Italy
Cavalli E., Broguiere N., Laurent-Applegate L.A., Zenobi-Wong M., A novel factor
XIII-crosslinked injectable and adhesive hydrogel for cartilage repair. Oral
presentation, YSBM.ch, 2016, Zürich, Switzerland
Cavalli E., Broguiere N., Laurent-Applegate L.A., Zenobi-Wong M., A novel
injectable and adhesive hydrogel for cartilage repair. Poster presentation,
SSB+RM, 2016, Zürich, Switzerland
Cavalli E., Loebel C, Eglin D, Zenobi-Wong M., Towards an Extracellular Matrix
Based, In-situ Crosslinkable Scaffold for Cartilage Repair. Poster presentation,
ORS, 2015, Las Vegas, USA
Cavalli E., Matti K., Second hand, how reusable is your body? Workshop, Swiss
Medical Student Convention, 2015, Fribourg, Switzerland
Cavalli E., Loebel C, Eglin D, Zenobi-Wong M., In-situ crosslinkable, extracellular
matrix based scaffold for cartilage repair. Oral presentation, SSB+RM, 2015,
Lausanne, Switzerland

202

Curriculum vitae

Patents

Hyaluronan Hydrogels and Methods of Use, Broguiere N., Cavalli E., ZenobiWong M., EP16168457.6, 2016
Verfahren zum Verbinden von Gerüststrukturen für Tissue EngineeringAnwendungen, Implantate und Transplantate in der Chirurgie mittels Layer-byLayer Methode, Groth T., Goduru D., Altankov G., Zenobi-Wong M., Millan C.A.,
Cavalli E., Kesti M., DE 102014017950.8, 2014

203

Acknowledgements

Acknowledgements

The end of this PhD is for me the end of a beautiful and intense chapter of my life. During
these last few years, I not only learnt about the technical aspects of tissue engineering, but
I also learnt a lot about myself and about the person I would like to be. I truly want to
express my gratitude to all the people who supported me during this amazing journey and
taught me something on the way.
To Marcy, for giving me the opportunity to work for many years in your lab. For being a
great mentor, for offering me the chance to work on several interesting projects and for
leaving me the freedom to learn from my mistakes. Thank you for the numerous and
valuable feedback that you provided in record time! Thank you for promoting a friendly
atmosphere by supporting countless activities inside and outside of the lab.
To Gian Salzmann, for providing us with a number of clinical problems to solve. Thank
you for being in my PhD committee, for reading and evaluating my thesis and for the many
fruitful discussions during our meetings.
To Jess Snedeker, for kindly accepting to be part of the committee and taking the time to
review this thesis. Thank you for being a constant source of questions during the
Colloquium and for showing me that it is possible to combine science and humor.
To Daniel Weber, Anja Gerstenberg, Matthias Steinwachs and Lee Ann Applegate. For the
fruitful collaborations and valuable samples that you provided over the years.
Many thanks to Salim Darwiche, Brigitte von Rechenberg and the Vetsuisse team for your
precious help in designing and performing animal experiments.
To all the lab members of past and present times, for your technical and moral support.
Without you, my journey would not have been as fun and unforgettable as it was.
To Chris, for being my supervisor and mentor. Thank you for your optimistic thinking, for
your encouragement and for being the successful entrepreneur I can always look up to.

205

Acknowledgements
To Deborah, for sharing with me your personal and professional experiences. Thank you
for sharing your ECP/hCC project with me and for teaching me so much! You will always
have a place on my couch!
To Gemma, for always making the time to discuss scientific projects. Thank you for
cheering up the lab mood with your smile and your music.
To Mischa, for being a true friend when I needed one. Thank you for the great time we
spent together in Switzerland and in Italy.
To Ece, for being my bestie ;). C’è ancora qualcosa di grande tra di noi and I hope it will
never change. For all the time we spent together and for our upcoming trips. Thank you
for being a great friend.
To Nico, for your amazing HA-TG! Thank you for including me in your projects, I learned
a lot through our collaborations.
To Florian, for being the best office mate one could hope for. Thank you for all your
technical help with chemistry and Illustrator. Thank you cheering me up with our
passeggiatine, teatime and chair races.
To Clara, for all our projects, from the business plan competition to the sheep study, from
the conferences to the mouse experiments. Thank you for proofreading a big part of this
thesis, for cheering for me when I was struggling, for superkondi and for your hearty
laugh.
To Benjamin, for our walks, for your feedback and for your proofreading. Thank you for
papaya, SingStar, cocktails, pizza nights, grocery shopping at Zehntenhausplatz, crazy
gadgets and long talks!
To Philipp, for the happy time we shared together and for showing me the beauty of
compromising ;). I really enjoyed working with you on the humanized mouse project and
going on adventures with you outside the lab.
To Gonçalo, for your valuable insights. Thank you for cheering up the mood of the lab and
for establishing precious collaborations.
To the rest if the CERL/TEB team! Mihyun, Lucca, David and Enrico, thank you for your
great company during lab retreats, coffee breaks and lunches.
To Giulia, for giving me the opportunity to work with you on some of your many projects!
I learnt a lot during the time we spent together.

206

Acknowledgements
To my students Angela, Matthias, Ayşe, Dalma and Jessica. Thank you for making this
thesis possible. I truly appreciate the effort, dedication and passion you put into the
different projects!
To Queralt, for the Young Scientists. Thank you for your enthusiasm and the commitment
you put in all your projects and in organizing the YS events.
To Edward. Per aver creduto in me e per avermi incoraggiato ad intraprendere questa
sfida.
To my parents, mamma e papà and to my sisters, Dede e Mati, per avermi sostenuto ed
aiutato. Per avermi ascoltato quando ero scoraggiata, per avermi consigliato quando ero
indecisa, per aver condiviso con me il “peso” dei traslochi e per non avermi mai fatta
sentire sola nonostante la distanza. Per aver raddoppiato la gioia delle mie soddisfazioni
e per aver dimezzato la tristezza delle delusioni. Perché siete il mio punto fermo e perché
so di poter sempre contare su di voi. Vi voglio un bene infinito.

207

