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Introduction

1 INTRODUCTION

1.1 CARTILAGE BIOLOGY

Cartilage is a specialized avascular connectiwiéisomprising of only one single type of cell
called chondrocyte which is sparsely populated ircolagen and proteoglycan rich hydrated
extracellular matrix (ECM). Based on the biochemimamposition and structure of the ECM, the
mechanical properties and structural charactesistiche tissue, three major types of cartilagaste
cartilage, fibrous cartilage and hyaline cartilaga) be distinguished.

Elastic cartilageis found in the pinna of the ear, in the wallstloé auditory and eustachian
canals and tubes, as well as in the larynx andhénepiglottis. This type of cartilage with a more
elastic property maintains tubes-like structuresnamently open and provide intermediate mechanical
stability. Elastic cartilage mostly consists of éyb collagen matrix elements and elastic fiberdias
(elastin) which manifest in aligned fiber structurdhis structural composition provides a tissue
which is stiff yet elastic.

Fibrocartilage is most prominently found in areas which requireager tensile strength and
support such as between intervertebral discs amsitest of tendons or ligaments connected to bone
tissue. Typically, fibrocartilage is found at loicais which are under considerable mechanical stress
(i.,e. tendon and ligaments) but still provides mmigs which allow flexible body movement.
Accordingly, fibrocartilage mainly consists of typeollagen fibers which are aligned in thick fiber
bundles and chondrocytes arranged in parallel mtween these fibers. The fibrous type of cartilage
is usually associated with a dense connectivedjssamely the hyaline type cartilage which defines

the third type of cartilage (1).
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The hyaline type cartilagés the most abundant type of cartilage and is downthe nose, Larynx,
trachea, bronchi, in the ventral ends of the riasgd at the articular ends of the long bones.
Characterized by the arrangement of the chondreciytemulticellular stacks which prominently
produce a type |l collagen and a proteoglycan nigtrix, the hyaline type of cartilage provides the
flexible support in nose and ribs but can alsoanshechanical load during body motion as shown at
the surface of articular joints. This hyaline typlecartilage is lining as a thin layer of deformabl
load bearing tissue at the bony ends of diarthtgdiats and is more specifically called articular

cartilage (1).

1.1.1 Composition and structure of articular cartilage

The primary function of articular cartilage is thiesorption and distribution of forces, generated
during joint loading and to provide a lubricatingstie surface which prevents the abrading and
degradation of the joint and the subchondral banetire during joint motion. Indeed, the articular
type of hyaline cartilage has to bear and toleesgrmous physical stress and load during its entire
lifetime.

Despite the rather primitive composition of artautartilage, characterized by chondrocytes
entrapped in hydrated extracellular matrix molesuteich as collagen type I, IV and VI, and
proteoglycan aggregates, the tissue shows unidglelyhdefined structural organization to maintain
its mechanical and functional integration.

Articular cartilage has two different structuralacacteristics: (i) cartilage zonation (ii) the
organization of the extracellular matrix.

(i) The structure and composition of the entirecatar cartilage tissue varies according to the
distance from the tissue surface and reflectaitstfonal role. Four different zones arranged gerka
horizontally to the tissue surface can be distisiged and are characterized according to the

extracellular matrix composition and cellular moofagy (Figure 1).
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Figurel. Schematic drawing of the general

Superficial cell
protein (also
known as lubricin)

Articular
surface

structure of human articular cartilage showing SUPERFICIAL | e
ZONE | corin and biglycan

the zones, regions and relashionship with i =l Iegion (dacorin,
MIDDLE Type VI collagen)

subchondral bone. The insets show the relative NE

Territorial region

(more intact
aggrecan)

diameters and organization of collagen macroSbril

in different zones. (Reproduced from Poole CA DEERZONE

Aggrecan most
concentrated
and collagen

(2); Composition and structure of articular content at s

lowest here

Interterritorial
region (degraded
aggrecan)
cartilage).

Tide mark

/ Type X collagen

Calcified |~

R i R
Ui bty o

Subchondral
bone marrow

In the superficial zone the layer of tissue is cosgul of flattened ellipsoid-shaped chondrocytes
and a high concentration of thin collagen fiberaaged in parallel to the articular surface (3)this
layer the pericellular matrix structure mentionedolv can not be found. The thin layer of cells is
covered with an acellular sheet of collagen fibgamina splendes) which functions as a protective
barrier between the synovial fluid and the cargléigsue and controls the in- and egress of lasiger
molecules (4). Its rather low permeability regusatiee diffusion transport of nutrients and oxygen t
the underlying cartilage structures. Only withiristlzone chondrocytes synthesize and secret the
superficial zone protein lubricin (5, 6) responeibd reduce surface friction during joint motiornerl
specific arrangement of the collagen fibrils whiaki in parallel to the joint surface, provides ghhi
mechanical stability of the tissue layer and magowytributes to the tensile stiffness and stremdth
articular cartilage (7-10).

Below the superficial zone is timeidzonewhere cell density is lower. This has the moracgip
morphologic features of a hyaline cartilage withrenoounded cells and an extensive extracellular
matrix rich in the proteoglycan aggrecan. Theagwh fibers are synthesized at a lower quantity but
show larger diameter fibrils which are aligned qbély or randomly to the articular surface and
describe an intermediate structure between thefitipezone and the adjacent deep zone.

In thedeep zongthe chondrocytes have a round morphology anduaiemged in cell columns

perpendicular to the cartilage surface. The exlwee matrix contains a high content of
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glycosaminoglycans and large diameter collagendiléhich form arcades perpendicular to the joint
surface (11).

The partiallycalcified zonedefines the boundary of cartilage tissue to thHeclandral bone.
This rather thin layer of calcified cartilage withtermediate mechanical properties functions as a
buffer between the cartilage and bone tissue. T#s hiave a smaller volume and are partially
surrounded by calcified cartilage matrix. The chogite in this zone usually persist in a hypertioph
cell stage which correlates with the expressionatifagen type X. Finally this boundary provides an
optimal integration to the subchondral bone tissug prevents vascular invasion.

(i) In addition to this zonation, the matrix suaraling the chondrocytes of articular cartilage
varies in its organization and can be divided ire¢ghcompartments, such as the pericellular region
adjacent to the cell body, the territorial regionveloping the pericellular matrix, and the
interterritorial compartment which defines the sphetween these cellular regions (Figure 1)(1).

The pericellular regionwhich is rich in proteoglycan, decorin, aggrecesilagen type VI, and
cell membrane associated molecules like anchorth decorin (12-14) defines a narrow rim of a
filamentous matrix network which fulfills the funohs of the interlink between the chondrocyte cell
body and the territorial matrix structure.

The territorial region describes an envelop surrounding the cells ottedus cells with their
pericellular matrix. Thin collagen fibrils (mostgminently collagen type II) bind to the pericellula
matrix and form a basket like structure which pctdethe cell from damage during loading and
deformation of the cartilage tissue. Moreover thesmictures may also contribute to transmit
mechanical signals to the chondrocytes during joiatling (15, 16).

Theinterterritorial region confines the most volume of the articular cargléigsue and contains
intermolecular cross linked collagen fibrils (cgién type 1), non collagen proteins and aggregates
glycoproteins (14). This extracellular matrix corsjtimn provides the tissue with its functional

characteristic to absorb mechanical load.
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Mechanical environment in mature cartilage

Chondrocytes and cartilage tissue during joint omotaire exposed to body weight load which
creates a rigorous mechanical environment for w@aiccartilage tissue such as direct compression,
shear, and hydrostatic pressure. The function tidudar cartilage to undergo tissue deformation is
dependent on the specific arrangement of macromiggdn the extracellular matrix. Especially the
organization of collagen fibers into a three dimenal arranged collagen network can balance the
swelling pressure of the proteoglycan-water “gdl7,(18). Cartilage is considered as a viscoelastic
material composed of three principal phases: a qutiase composed of a dense, collagen fibrillar
network and charged proteoglycan aggregates, d floase of water and an ion phase with ionic
species for neutralizing the charged matrix compts€l9, 20). Under physiological condition these
three phases define an equilibrium where the exiensf the proteoglycan-water gel volume is
restricted by the firm collagen frame (21). The mdwater in the cartilage tissue and finally the
mechanical properties of the cartilage tissue @itagnced by the interaction of water with the &rg
negatively charged proteoglycan aggregates (22).nHgatively charged proteoglycans mostly driven
by chondroitin sulphate residues are balanced lbygh concentration of cations dissolved in the
cartilage tissue (23).

In summary, the mechanical function of articulartitege tissue bases on the matrix structure
surrounding each single cell, the arrangement@kttiracellular matrix fibres within the single abn

compartment and the proportional composition ofdifferent extracellular matrix components.

1.1.2 Cartilage ontogeny

Articular cartilage as a part of the limb skeletevelops in a well defined and controlled
multistep differentiation process of cells from thesenchymal origin (24-26).

The establishment of the cartilage structure foloprecise and distinct patterns cdll
differentiation and cell rearrangement driven by environmental factors such as cell-egitl cell
matrix interaction, growth factor and morphogen rattli signaling (27, 28) as well as defined

biomechanical conditions (29).
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The steps of development are divided in 3 phasegi@ 2). In the first phase mesenchymal
precursor cells migrate from the lateral mesodesmatds the presumptive skeletogenic site and
determine the cartilage anlagen (30). In the sequmake, the epithelial-mesenchymal interactions
results in the mesenchymal condensation. The praetbbgenic condensation is a prerequisite for the
future establishment of the limb skeleton (31) &ndssociated with an increased cell to cell cdntac
which facilitate the intercellular communicationdatie transfer of small molecules between the cells
(32). It has been shown that such a high cell demsirequired to allow chondrogenic development
(33) and that the level of cell condensation catesd with the stage of chondrogenic development (34
35). Additionally, cell-matrix interactions appedréo play an important role in mesenchymal
condensation (36). For example the integrin mediéiading of chondrocytes to collagen, has been
shown to be essential for chondrocyte survival (38). Finally, in the third phase, the overt
differentiation of immature pre-chondrocytes intlyf committed chondrocytes is manifested by an
increased cell proliferation and by the up-regolatof cartilage specific matrix components like
collagen type 11, IX and Xl and aggrecan. In the final commitmehthe chondrogenic phenotype
the cells reduce their proliferative activity andintain the functional integrity of the mature dage
tissue (24-26).

The initial function of the cartilage during embnjo development is to give stability to the
embryo and serve as a template for myogenesisaiad for neurogenesis. Most of the embryonic
cartilage is replaced by bone during a processadltie endochondral ossification (39, 40). Durhmgy t
endochondral ossification, the chondrocytes pragres the hypertrophic phenotype, which is
characterized by a massive enlargement of thetbellpnset of the expression of type X collager),(41
an increased expression and activity of the alkaphosphatase and the carbonic anhydrase and a
reduction in the synthesis of the type Il collagamsl proteoglycan. Protease inhibitors prevent
vascular invasion are also reduced. Vascularizatfothe tissue takes place, and most or all of the
hypertrophic chondrocytes undergo apoptosis foltblg their replacement by osteoblasts which in
turn will deposit bone matrix in the free lacunaethe cell level, the entire endochondral osstima
process can be seen as a sequential progressiba tifree chondrocytic phenotypes: the committed

mesenchymal cell, the differentiated chondrocytthe hypertrophic chondrocytes (42).
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Within these developmental processes growth premgdéctors act on the cell and contribute to

establish a mature cartilage tissue.
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Figure 2. The three phases of the development of a skedédalent are (from left to right): (i) migration of

preskeletal cells (green) to the site of futureletkgenesis, which is always associated with athejiim
(purple) and epithelial basement membrane (brogih)nteractions of those cells with epithelialllgeroducts
resulting in initiation of a condensation (yellow(jii) overt differentiation of chondroblasts ortesblasts
(blue). Reproduced from Hall and Miyake (30)

Soluble growth factors in the cartilage development

Within the multi step cell differentiation proceasyumber of growth factors and morphogenes
are involved and essential during chondrocyte nasinm and cartilage tissue formation. The most
prominent growth factors belong to the transformgmgwth factor (TGH3) superfamily which are
responsible for chondrocyte proliferation (T®BE), terminal differentiation (TGPB3; bone
morphogenic protein; BMP) (43) or to promote cellcinteraction in the early stage of
chondrogenesis (BMP) (44). The insulin like grodabtor 1 (IGF-1) which belongs to the IGF family
of peptide hormones (including insulin) regulatemnyncellular functions during cartilage maturation
such as induction of chondrocyte differentiatioB)(dnd proliferation (46). In mature cartilage 1GF-
promotes and maintains the anabolic synthesisaiepglycan and type Il collagen (47) and inhibits
the nitric oxide-induced de-differentiation of attiar chondrocytes (48). Furthermore members of the
fibroblast growth factor (FGF) family of morphogen@nfluence processes correlated with cell
division and chondrocyte proliferation and haverbsleown to promote chondrocyte proliferation in a

human growth plate ex vivo culture system (49).
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Finally, only the combinatorial action of these wtib and morphogenic factors specifically
expressed in selective tissue areas in differemeldpmental phases and at defined concentrations

establishes the precise structure of the artia#eilage tissue.

Maintenance and aging of articular cartilage

Once the articular cartilage tissue structure taldished, chondrocytes reduce their metabolic
activity and persist in an anabolic and catabdijailéorium of the matrix components. Although the
two major extracellular matrix proteins, collaggpé Il and aggrecan, have a relatively long turnove
time span (50), they have to be maintained in arus@d state of production and degradation. The key
factors to maintain the equilibrium of tissue mela@m are found in the physicochemical
environment of cartilage tissue such as: (i) meidahroad during joint motion; (ii) growth factor
responsiveness of chondrocytes; (iii) the balamebkcular composition of the matrix (proportions of
the matrix components). These factors contributbegreservation of the functional propertieshaf t
mature articular cartilage surface.

After the third decade in human the propertieshef weight bearing articular cartilage tissue
significantly change with progressive age (51, 92je process of cartilage aging has been shown to
cause changes in the mechanical properties oukaticartilage (53), in the molecular composition,
structure and organization of the extracellular rmaf54-56) and in the synthetic and metabolic
activity of chondrocytes (57, 58). In advanced agdividual the number of cells, the size of the
cartilage tissue and the content of bound wateiinitaim (59). The anabolic activity of chondrocytes
required for the balance of cartilage tissue matexneostasis declines and thus the imbalance of
matrix turn-over causes the loss of tissue matiiscgure. Furthermore, in line with the decreased
ability of chondrocytes to respond to a varietyerfrinsic stimuli (e.g. growth factors) the sensiyi
to catabolic regulative cytokines is enhanced e &dpreover the imbalance of the tissue homeostasis
can be moreover manifested by the increased expnesd catabolic mediators such as matrix
metalloproteinases (60). Finally, these changehm inolecular structure of extracellular matrix
components leads a softening of the cartilage disshich increase the risk of synovial joint

degeneration, often provoking the clinical syndravhesteoarthritis (61).
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However, not only the reduced tissue function otedl individuals but also the generally low
metabolic activity of cartilage tissue in combimatimight explain the limitation in the self-repair

function of cartilage with increasing age (62, 63).

1.1.3 Articular Cartilage defects and self repair

Articular cartilage lesions, caused by trauma, axdtendritis dissecans or as a result of
instability or abnormal loading are a common caefséisability, often associated with pain, reductio
of joint mobility and loss of function and can oitately lead to osteoarthritis. Articular cartildugs a
very limited intrinsic healing capacity, relatedttee absence of vascularization and the presence of
few and very specialize cells with low mitotic adly. According to the size of cartilage tissue
damage in the cartilage surface, several graddssafe injury can be distinguished which lead to
different healing response (64-66).

In the case of partial thickness defects, the idakself-repair of injured cartilage tissue goes
through conserved mechanisms of cell and tissusosiscfollowed by the proliferation of surviving
chondrocytes adjacent to the site of the lesiorthddigh these cells aggregate in clusters and
demonstrate a temporary increased type Il collayathesis, in long term the formed tissue shows a
lost of hyaline like cartilage characteristics. $hthese chondral lesions remain almost unchanged a
can proceed towards osteoarthritic diseases (67).

In the case of full thickness defects, the lesiengtrates to the subchondral bone part gaining
access to the cells that reside in the bone maspaese including the mesenchymal stem cells located
therein. The repair response elicited by this tygfe defect results in the formation of a
fibrocartilaginous tissue in the defect void. Anyhdhe decreased deposition of extracellular matrix
components and the formed tissue with fibro-cagélatructures lack the strength, the mechanical
properties and duration of the original articulartitage tissue as it has been demonstrated irefong
time follow-up studies (68, 69).

In conclusion, the two mechanisms of the spontamesmif healing show limitations in the

quality and mechanical duration as compared todtize cartilage tissue and can increase the fisk o
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tissue and joint degeneration (61). Therefore, guaces to regenerate the functional propertiebef t

cartilage surface are crucial to avoid the progoessf secondary joint diseases.

1.1.4 Treatmentsfor articular cartilage defects

The different strategies to treat cartilage defeety from more conservative approaches, like
physiotherapeutic measures or application of pheenicals (i.e. corticosteroids, hyaluoronic acid

and growth factors) towards more invasive (i.egsmal) procedures.

Arthroscopic repair procedures

Arthoscopiclavage and debridementare often used to alleviate joint pain. Lavageoines
irrigation of the joint during arthroscopy, whileldtidement is the removal of the damaged tissua fro
the joint. Both of these procedures are routinegduto alleviate joint pain however do not induce
repair of articular cartilage (70, 71).

Arthroscopic surgical procedures suchdgling, abrasionor microfracture used to induce
repair of articular cartilage take advantage ofitiiensic repair response observed upon penetratio
of the subchondral bone in full thickness defedthese techniques rely upon the formation of adbloo
clot and mesenchymal progenitor cell invasion. Heevethe clinical outcome is varied, which is due,
in part, to the unpredictable nature of the repisdue formed, in addition to the age and actildtyels

of the patient (72-74).

Osteochondral Transfer

Osteochondral transplantation of autogenic andjafteic tissue has been widely used to treat
predominantly large osteochondral defects. Allogengaterial derived from cadaveric donors and it
is indicated for large post traumatic defects aitg Beaver et al. (75) reported satisfactory {ergn
results with these grafts, but the logistic of iemging a fresh allograft and the risk of transmgti
infection reduce the indication for this procedurely to severe cases. Instead, autologous
osteochondral graft implantation, involves the realcof cylindrical plugs of osteochondral tissue

from non load bearing regions of the articular itage and their implantation into the prepared full

10



Introduction

depth defect with press-fit fixation. This proceglis indicated in osteochondral defects of 3 tan ¢
in young patient. It provides the re-establishirigadfunctional cartilage surface which can-absorb
body weight load but has limitation in terms of pdiszsue integration within the adjacent native
cartilage tissue. Furthermore, the surgical intetio® damages intact host tissue and might enhance
the donor site morbidity (76, 77).

Even though such invasive procedures hold prommk showed acceptable results in some
cases the outcome of these procedures shows dgnémitations in terms of quality and

reproducibility (78).

Cell based cartilage repair technigues

Given the intrinsic limitations of these techniguesiovative surgical approaches have been
developed focused at obtaining the regeneratidiyaline cartilage and its functional integratiorttwi
the surrounding tissues, as a means to restoretheal knee function and provide durable outcome.

Autologous chondrocytes implantation (ACI), firatroduced by Brittberg in 1987 (79), as well
as further improved and reviewed (65, 80, 81) le@mnlproven to be clinically effective to restore th
tissue structure of large full-thickness focal aédeof the femoral condyle (82). This technique
involves two surgical procedures: an arthroscopiovésting of a small cartilage biopsy from a non
weight-bearing area of the knee and the subsedtsrgplantation of in vitro expanded autologous
chondrocytes, to defect site beneath a periostapl dbtained from the tibia in the same surgical
procedure. A large amount of evidence is curreatigilable in the literature concerning the clinical
results obtained with ACI indicating that the treant is associated with improved health outcomes,
such as pain reduction and improved joint functiibjneDespite the promising clinical results obtaih
so far, the use of ACI is associated with a numtfefimitations essentially correlated with the
complexity and morbidity of the procedure. While th vitro expansion step is necessary to obtain
sufficient cell number it induces well-known vargats in biochemical and synthetic properties
leading to cell de-differentiation and loss of cmygenic phenotype and therefore the outcome in
tissue quality is often limited (78, 79). In additji the ACI technique is associated with a frequent

occurrence of post operative periost hypertrophy.

11
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With the intention to overcome these limitations,a second generation techniques, such as
matrix-induced autologous chondrocytes implantafi®@ACI), or the grafting of tissue engineered
cartilaginous construct (TE), the cells are culiuire the same manner, but are then seeded directly
onto a biomimetic scaffold which acts as a carfaerthe cells. These approaches offers potential
advantages, consisting in improved cell retentithe, even distribution of cells and easily graft
handling and earlier post-operative rehabilitafimnthe patient (83, 84).

In addition a tissue engineering approach witinther in vitro maturation, before
implantation, could induce cartilaginous extradellumatrix deposition achieving in principle a
cartilaginous graft with biomechanical and biocheahiproperties closer to those of the native
cartilage (85). The requirements and limitationsso€h in vitro tissue engineering approaches are

discussed in the following chapter.

12
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1.2 CARTILAGE TISSUE ENGINEERING

The term “tissue engineering” was first defined bhgnger and Vacanti (85) as “an
interdisciplinaryfield of science that applies the principles ofieerering and life sciences toward
the development of biological substitutes thatastmaintain, or improvissuefunction or a whole
organ”. In line with the improved investigationtetactivities in the field of tissue engineering
broaded and the term “tissue engineering” requieed extended definition which moreover
emphasizes the "understanding of the principlegissue growth, which then applied, leads to
production of functional tissue replacements farichl use" (86).

Cartilage tissue engineering techniques have emeagan innovative field of research with the
potential to recreate three dimensional cartilagmstructures. Although cells have been cultured or
grown outside the body for many years, the possitof growing complex, three-dimensional tissues
(literally replicating the design and function afrhan tissue) is a more recent development. Typical
this is being attempted through the process ofdsting the patient’s own chondrocytes, expanding
them, and after seeding them onto a biomateridfada culturing them possibly under controlled
conditions in bioreactors allowing them to syntkescartilaginous matrix (Figure 2). Successful
engineering of cartilage grafts which follows al-cglaffold based approach requires optimiaed
vitro culture condition. The success is dependent oeetley elements: i) the selection of a cell
source, able to produce a new tissue with hyalke dartilage characteristics; ii) the choice oé th
biomaterial which allow cell seeding and promote thondrogenic differentiation process; iii) the
application of bio-inductive molecules supplemeritethe culture growth media (i.e. growth factors,
cytokines, hormones, vitamins, glucose and oxygenphysical stimuli which enable the cells to

differentiate and to re-organize a cartilage liketmx structure.

13
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The three key elements per se but also approadmbiming these parameters are currently
under investigation and open a broad field of neteahere only an interdisciplinary approach might
be able to overcome the current limitationsrofitro chondrocyte differentiation and cartilage tissue
re-formation (78). In the following sections thessguirements will be discussed regarding their

potential and limitations to successfully enginfectional cartilage tissue grafts.

b 4 b)

——

d)

Figure 2. Representation of a typical articular cartilaggidn approach employing tissue engineered cagtilag
a) Following a traumatic event, trauma could reBulignificant lesions to the cartilage surfacealbiopsy is
harvested arthroscopically and cells are obtair@kbviing a digestion procedure, c) cells are platedi
expanded in monolayer culture, d) once the requimachber of cells is reached, cells are seeded onto
biomaterials (scaffold), e) cell-scaffold constsiate hence cultured vitro for an appropriate amount of time
to promote cell redifferentiation and extracellutaatrix deposition and finally f) the mature couosts is ready

to be implanted to treat the wounded cartilage.

1.2.1 Cell sourcesto engineer cartilagetissue

Among the different parameters which influence thiicome ofin vitro tissue engineering
procedures, the selection and definition of a carerd cell type or cell source is the first issoeleal
with. The indispensable demands on cells for eaygiltissue engineering are: (i) not to provokeileost
immune reaction (ii) not to induce tumorigenic depeent and (iii) to integrate within the site of

insertion in a controlled way.

14
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The requirements on these cells to moreover imptlogguality ofin vitro engineered cartilage
tissue are: (i) to provide sufficient number ofledfom the biopsy site which enables the culture o
cells at a high cellular density to improve theuation of cartilage development in vitro; (ii) to
harvest a population of cells which is able to prprecover a chondrogenic phenotype and (jii) to
harvest the cells from body sites with low donote sinorbidity caused by additional surgical
interventions.

The use of xenogenic (animals derived) or allogefleuman derived) cells and tissues could
provide a source of cells with an almost unlimigehilability and with a high accessibility to diféant
populations of cells to most simply engineer tissmomstructsin vitro. Anyhow, the use of an
allogeneic or xenogenic cell source is usually elated with possible adverse immunogenic effects
(87).

The most evident choice for a non-immunogenic sellirce is the use of autologous cells
harvested from the patient's own tissue. These getlvide an optimal source which does not induce
an immunogenic respond. For the implementationamilage tissue engineering the most promising
attempts have been made by the isolation of bomeomalerived mesenchymal stem cells (progenitor

from mesenchymal origin) or by the use of chondiegyrom cartilage tissue itself.

Mesenchymal Stem cells

Stem cells have the “capacity for self-renewal atimited self-renewal under controlled
conditions” and “they retain the potential to diffatiate into a variety of more specialized cetley”
(88). Therefore these are cells with multipoterftegentiation capacity (89). There are a number of
stem-cell sources, such as embryonic stem cellsraluted pluripotent stem cells. However, it is the
adult mesenchymal stem cell (MSC) that is of masgtrest for articular cartilage repair (90). They
represent an autologous supply of cells which caredsily harvested from a number of different
tissues, including bone marrow, adipose tissue clauperiosteum and synovium (91). Many studies
have compared these sources in terms of their cbhgaedic ability, with several focusing on
comparison between adipose tissue and bone magbwyhich bone marrow-derived cells have

shown superior results (92). Bone marrow derivdls @@e the most readily available as they can be

15
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easily harvested in a relatively non-invasive mannehey can be extensively expandeditro and
kept in their undifferentiated properties when niimed in appropriate culture condition (93, 94).
Subsequent culture of MSC in the presence of dpegifowth factors was shown to induce
chondrogenic differentiation in three-dimensionatnmmass culture (95-97), or on polymeric cell
carrier scaffolds (98), even so, MSC differentiatewards the chondrogenic lineage were shown to
express markers specific of hypertrophic chondexy®9, 100) thus indicating a potential instapilit
of the acquired chondrocytic phenotype. Despiterges of recent studies reporting the use of MSC
for osteochondral defect repair in different animeddels (101-103), the long-term efficacy of bone
marrow derived MSC and their contribution to thgemeeration of hyaline cartilage which does not
remodel into bone in the long term, still has tadeenonstrated.
Alternatively, allogeneic mesenchymal stem cellgresent an option for cartilage repair. They have
been shown to be immunoprivileged, therefore jidssible to deliver them in vivo without rejection
(104, 105). They have also been shown to produtzioes, which may help to modulate the repair
process in vivo. Thus far, preclinical trials hdaen encouraging, but it remains to be seen whethe
this type of cellular therapy may become commorplacclinical practice.

Also embryonic stem cells represent a promisirlgsmirce but many ethical issues need to

be resolved prior to their clinical application.

Chondrocytes

Brittberg et al (79) published the “original methad using chondrocytes in suspension under
a periosteal patch for autologous implantation. sThehondrocytes are the cells of choice for all
current ACI procedures.

The use of chondrocytes is attractive because tbeke have been shown to be able to
synthesize matrix containing Type |l collagen argijracan (65). However, chondrocytes are in
limited supply and they must be multiplied in cuftdo have an adequate number to support a repair.

As described in chapter 1.4, following a cartildgepsy, primary articular chondrocytes can
be successfully maintained and expanded in monotayure (106, 107). The application of different

growth factors during the monolayer culture phasabées chondrocytes to proliferate, while they
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progressively lose their typical differentiated powype and appear fibroblastic (108). Howeverag h
been shown that while the exposure of chondrocidgea variety of growth factors (i.e. TGH,;
bFGF-2) enhance the de-differentiation of chondiesycan additionally improve the capacity to re-
gain a differentiated phenotype during subsequelttire in a permissive chondrogenic environment
(109). Beside the treatment of the cells with stdudhondrogenic inducer the maintenance of the cell
in a 3-dimensional environment at a high cellul@nsity during the phase of chondrogenic re-
differentiation can additionally promote the diffatiation process (110).

Nevertheless, considering the implementation of ndnocytes harvested from adult
individuals in cartilage engineering approaches,résulting tissue quality shows limitations imter
of donor variability which might be influenced hyet clinical background, the disease history or the
age of the individual. In particular, the age o thdividual, significantly reduces the capacitytioé
ex vivo cultured chondrocytes to respond to grosttmulation and thus the quality of the cartilage
tissue produced from cells of elderly donors cdaddnferior (111, 112).

The critical issues associated with the use of lagbus articular chondrocytes are: the
acquirement of the biopsy from the individual cagsmorbidity at the donor site and the following
small number of available cells. In particular, tharvesting of a cartilage biopsy in the joint
represents an additional injury to the cartilagdame, and might be detrimental to the surrounding
healthy articular cartilage (113). To circumvenistproblem an alternative approach would be based
on the use of chondrocytes obtained from non-daiaartilage tissues. For instance, biopsies saha
or ear cartilage can be harvested by a less inwgsivcedure than excising tissue from distinctsarea
of the joint. The potency of morbidity is also redd by the fact that the donor site (ear and nigse)
not subjected to high levels of physical forcesinathe joint. Various studies have been shown that
chondrocytes derived from human nasal septum ocaditage proliferate and generate cartilaginous
tissue after monolayer expansion with similar opesior capacity to those derived from articular
cartilage (114-116). However, to demonstrate wihrettiee tissue generated by non-articular
chondrocytes is adequate for articular cartilagsue repair, extensive data from in vivo orthotopic

experimental studies and framvitro loaded models will be needed.
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Both chondrocytes and mesenchymal stem cells avabled with fibroblastic de-
differentiation and terminal differentiation to ggertrophic phenotype in vivo. It is therefore like
that these cells types will require some degreenoflulation to be used successfully. This may be
provided by the use of specific biomaterials (sudf) or by the addition of media supplements

(growth factors).

1.2.2 Scaffoldsfor tissue generation

The purpose of using biomaterial scaffolds forugsengineered constructs is to mimic the 3-
dimensional environment of the extracellular matprovide structural support to the regenerate and
surrounding tissues, and provide an increased curdaea to volume ratio for cellular migration,
adhesion and differentiation (117).

A large number of scaffold designs and concept®ewested experimentally, in animal models
and received the approval in clinical applicati¢h3).

An ideal scaffold material or architecture mustvyude the following characteristics: (i) bio-
degradable with a controlled degradation and absorpate which allows tissue in-growth; (ii)
biocompatible and not provoke a hostile immune oasp; (iii) a three-dimensional structure with
defined porosity and interconnectivity to allowldelasion, tissue growth and transport of nutsent
and metabolic waste; (iv) mechanical stability forvitro handling and subsequent implantation
within surgical procedures; (v) and provide a dlé@asurface chemistry or the ability to absorb
proteins to improve chondrocyte attachment, pn@ifen, or differentiation and thus to promote and
support tissue specific development (118, 119).

The two most commonly used solid scaffold architexs reported in the literature are porous
sponges and non-woven fiber meshes (120). Thereesaral biomaterial options used for articular
cartilage tissue engineering, which can be naturaynthetic (121).

Scaffolds based on natural biopolymeric compoundsitnand resemble the natural cartilage
environment. Further they can be subdivided inttgin-based matrices such as collagen and fibrin
and carbohydrate-based matrices such as algingégpse, chitosan and hyaluronan (122). The

presentation of bioactive surface structures caluda signals to the entrapped chondrocytes and
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potentially stimulate the chondrogenic differen@iat process which leads to the cartilage tissue
neogenesis (123).

Various synthetic polymer scaffold materials hagerbvalidated in cartilage tissue engineering
such as polylactic- or polyglycolic acids (124-1269lycaprolactones, polycarbonates or co-polymer
containing ethylene-terephthalate (127, 128). Imtizst to the advantage to provide initial mechanic
stability, non-immunogenicity and bio-resorbabilityese scaffold polymers have been shown to
potentially provoke adverse cytotoxic effects doehte release of acidic products (129). Moreover

synthetic polymers per se would not have biologizaperties to induce cartilage tissue regeneration

1.2.3 Media supplements and cultur e environment

Soluble mediators are mostly involved during thergvof cartilage growth, metabolism and
development, such as in the mesodermal differémtiadf the cartilaginous skeleton in the embryo,
the process of endochondral bone formation andtiset of articular cartilage “repair” (25). As a
common basis of various approaches consideredeltbased engineering of cartilage tissue, it is
known that during then vitro culture of chondrogenic cells, specific growth téass, cytokines,
hormones or enzymatic co-factors (e.g. vitaming) eahance cell proliferation, migration or cell
differentiation, and in consequence allow to obtsirificient cells with the potency to re-induce
cartilaginous tissue structures.

In general, growth factors and cytokines are aastksted molecules and when bound to cell
membrane receptors can induce intracellular siggajppathways which lead to cell adhesion,
proliferation or promote cell differentiation, byet up or down regulation of target genes.

As compared to the morphogenic action in vivo, sgvgrowth factors and mitogens are applied
in in vitro tissue engineering approaches.

Basic Fibroblast growth factor (bFGF) within the F@mily is the most widely investigated in
articular cartilage repair. It is stored bound teparin sulphate proteoglycan in the extracellular
matrix. It's an important mitogen that stimulateBl/R and DNA synthesis in chondrocytes (130).

Many in vitro studies have shown that FGF plays a key role mndfocytes proliferation (130),
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promotes the de-differentiation process of primahondrocyte in monolayer culture (131) and
prevents chondrocytes from terminal differentiat{®82).

Transforming growth factogs- (TGF) is a member of the TGF superfamily, which also
includes bone morphogenetic proteins (BMPs). Baereted in an inactive form, bound to a latency-
associated peptide from which it dissociates befb@mming active and binding to its target receptor
(133). Growth media supplementation with T@duces chondrogenic differentiation as shown in a
pre-chondrogenic cell line (134) or in MSC micromagllet culture (99), and has been reported to
promote cell proliferation and to up-regulate aggre and type Il collagen when applied
synergistically with insulin or insulin like growtfactor-1 (IGF-I) in chondrocyte alginate culture
(135).

Platelet-derived growth factor (PDGF) is a knowrermlo-attractant, stimulating macrophages
and fibroblasts during healing. It is stored intglets; hence it was recognized as a key growttoifac
in the microfracture technique attracting cellghie defect site. Not only it is a chemo-attractamt,
vitro studies have also showed it to have an impacthondrocytes and mesenchymal stem cell
differentiation, enhancing matrix production andeyanting the progression toward endochondral
maturation (136-138).

IGF-I is the main anabolic growth factor of art@ulcartilage. It has been shown to increase
proteoglycan and collagen type Il synthesis as alprovide chondrocyte phenotypic stability. It is
stored in the extracellular matrix, bound to prgigoans via IGF-1 binding proteins. It's likely tha
the interaction between it and the binding protedgulate its activity, as an increase in catabolic
activity causes proteolysis of these proteins a@bgmodulating its release (139).

Indeed, there are evidences that the combinatissewéral specific growth factors during the
phases of chondrocyte expansion and subsequent@D-mass culture can have additive effects on
the cell proliferation or chondrocyte re-differeaiton process (140).

Moreover, historically, monolayer expansion of ctiatytes is supplemented with Fetal Calf
Serum (FCS) to support attachment and prolifergtldi, 142).

However, the use of animal serum for the generatibmgrafts for clinical use should be

seriously considered since such supplements daeryeimote possibility of prion or viral transmissio
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and of immune reaction against animal proteinsstuwition of animal serum with autologous serum
would address these issues and bring human carilagineering nearer to a safe clinical application
Previous studies comparing chondrocytes growth wwitiman serum and FCS generally reported
superior proliferation rate of chondrocytes in hansgrum (143-147) and also a reduced variability
due to the donor age of the patient (147) .

To re-establish a proper matrix structure during r-differentiation process in 3-dimensional
chondrocyte culture, enzymatic co-factors can #mtitly be supplemented. For instance, ascorbic
acid known as a co-factor for proline and lysinaroxylase is required for the assembly and
stabilization of collagen fibrils (148).

Therefore, in this work we evaluated how the additio the culture medium of specific growth
factors (TGB-1/FGF-2/PDGF) during monolayer expansion can matdulhe proliferation of human
articular chondrocytes seeded at different celkigrmnd in presence of reduced percentage of Human
Serum. Moreover we assessed the ability of expanded #aticahondrocytes under different
conditions (different cell seeding density; pereget of Human Serum; monolayer vs 3D expansion),
to re-gain a chondrogenic cell phenotype duringpghase of re-differentiation (exposed to TaF
insulin/ ascorbic acid) in 3 dimensional cell cudtsystem (i.e. micro mass pellet and collagen type

scaffolds).

1.2.4 In vitro culture of chondrocytes. expansion strategies

Chondrocyte-based cartilage repair techniquesudnat) the mentioned ACI, require that
autologous articular chondrocytes isolated fronrmalkbiopsy are efficiently expanded prior to being
grafted in the defect. However, this approach msitéd by the difficulty of obtaining sufficient
autologous chondrocytes. Finding conditions thaimitefast amplification of chondrocytes while
maintaining their capacity to generate cartilaggissue is an objective of different research gsou
The main obstacle for an efficient propagation lwbredrocytes derived from the fact that the aell
vitro expansion is intrinsically associated with celtulle-differentiation and reduced ability to re-

differentiate.
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De-differentiation occurs when chondrocytes arducetl under conditions allowing them to
attach and spread on a two-dimensional surfacehiB environment the spherical phenotype is
gradually lost and the cells acquire an elongatwdllast-like morphology.

These morphologic alterations are accompanied dfppnd biochemical changes, as indicated
by the reduction or total loss of synthesis of aggn and type Il, IX and Xl collagen (cartilage-
specific proteins) and the increase in synthesigeo$ican and type I, lll and V collagen (proteins
associated with an undifferentiated mesenchyméapbeinotype).

To overcome the limitation of a low initial numbef cells and dedifferentiation, various
studies have been performed in which chondrocytesraltiplied in monolayer cultures to increase
the number of cells and then transferred into avirenment supporting a spherical morphology;
however their original phenotype is not fully regaged (108, 149-151).

In an effort to overcome this problem differentagtigies have been proposed to expand
chondrocytes under conditions maintaining theigioal phenotype. These include the culture of
chondrocytes within 3D gels, sponges or meshegpstated in alginate beads or at the surface of
microcarrier beads (152-154). The culture techrdgadow chondrocytes to remain round in shape
and to continue the expression of cartilage-spegines, but are limited in the extent of prolifiera
achieved (155).

One alternative approach to obtain a large numliechondrocytes capable to generate
cartilaginous tissues, in contrast to the aboveritesd strategy, consists in keeping cells in aemor
‘plastic’ state, thus enhancing their ability to-differentiate. In particular, the growth factor
combination transforming growth factor beta-1, dibiast growth factor-2 and platelet-derived growth
factor-BB (TFP) was shown to increase cell protifeam rate, accelerate the process of cell de-
differentiation, and to enhance the re-differentiacapacity of the expanded cells (109).

Another approach to enhance the post-expansioeréiffiation capacity of chondrocytes is
based on the coating of cell culture dishes witbcHjr substrates. In these regards, Barbero et al.
(156) found that chondrocytes expanded in typeollagen exhibited higher capacity to generate

cartilaginous tissues as compared to cells expaimdeldstic culture dishes.
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1.2.5 Redifferentiation and implantation

During the monolayer expansion, the chondrocytatiffdéeentiate and gradually lose their
phenotype. However the feasibility to engineerileaye tissue starting from expanded chondrocytes is
based on the fact that, at least to some extemtdifferentiation process may be reversed whers cell
are transferred into three dimensional environm€hBg) under appropriate culture conditions (140,
147). The ability of redifferentiate is particulaiimportant when the cell-constructs are goingé¢o b
transplanted back into the patient.

After implantation, engineered tissue unlike natiigsue must continue to grow and remodel in a
chemical environment that is likely to contain pateatabolic mediators stemming from inflammatory
responses resulting from the disease or the sliigteavention it-self.

During an inflammatory response, cartilage remaodelprocess is initiated and cytokines such as
Interleukin (IL)-1 and Tumor Necrosis Factor (TNE)are produced in response by resident cells and
infiltrating inflammatory cells (chondrocytes, maytes, neutrophils). In particular, IL-& @ndp) is

a pro-inflammatory cytokine that plays importanteron normal physiology of cartilage tissue,
including stimulation of the turnover of extracelir matrix. IL-1 isoforms have been shown to have
harmful effects on chondrocytes: they (i) inhiltie tsynthesis of the major physiological inhibitofs
pro-degradative enzymes (158), (ii) stimulate gheduction of prostaglandins, free radicals and NO
(159), (iii) inhibit the synthesis of matrix compamts such as type Il collagen and proteoglycan@-(16
163), (iv) inhibit the chondrocyte differentiatiophenotype by suppressing the expression of Sox-9
(160, 164), (v) inhibit the chondrocytes proliféoatand induce cell death (164).

These post-operative inflammatory responses haxtecydar relevance in the context of cell based-
cartilage repair, considering that therapeutic pe#parations (single cell suspension, cell-seeded
matrixes or cartilaginous tissues) once graftedtha joint defect will become exposed to a
biochemical environment rich in catabolic mediatargl could have long-lasting detrimental effects
(165).

It's therefore important to define the appropristage of maturation for cell-based constructs aed t
consequential state of cell redifferentiation atichhthe chondrocytes result less susceptible th suc
mediators guaranteeing superior clinical outcome.
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1.2.6 Automated tissue engineering system for clinical application

A bioreactor is an apparatus in which biologicall dochemical processes develop under finely
designed environmental and operating condition$ siscpH, temperature, pressure, nutrient supply,
waste removal and biomechanical stimuli (166).

Recently, bioreactor culture systems have beeliealio the tissue engineering field, providing
reliable models to study tissue biology under aulgd experimental conditions. Moreover, the use of
bioreactors introducing high level of control, regucibility and automation can be applied to the
manufacturing process of tissue engineered prodoictdinical applications.

Currently, in the case of thmanufacturing process for cultured tissues aimingutologous
transplantation, such as autologous chondrocytgdairtation (ACI), a minimum of biopsies is
harvested from patients. The isolated cells aftepment to special GMP production facilities are
subjected to ex vivo expansion in a series of mayel cultures. After the cells are expanded
sufficiently, cells or three-dimensional grafts aséurned to the hospital for implantation. Obvigus
the resulting process of manufacturing is burdedmedimitations such as the lack of standardization
with the risk of biological contamination due teethumerous manual handling steps. Additionally,
high cost due to the implementation of special rdaaiities in compliance with Good Manufacturing
Practice (GMP) requirements are associated withufaaturing. Therefore, the application of cell-
based tissue engineering approaches in the rowingal practice critically depends on the
development of innovative bioreactor systems.

An ideal bioreactor would be a single closed antbraated system in which starting from a
patient’s biopsy, are performed all the differembgessing phases: cell isolation, expansion, sgedin
on scaffold and differentiation.

A controlled closed bioreactor system would therefacilitate the streamlining and automation
of the numerous labor-intensive steps involvedhmin vitro engineering of 3D cartilage tissue in a
manner that is reproducible, safe, clinically efifeec as well as economically acceptable and cost-
effective (167).

One example is the Autologous Clinical Tissue Eegiing System (ACTES), under

development by Millenium Biologixwww.millenium-biologix.com, is a closed bioreactor system
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aimed at fully automating the processes cartilagpdy digestion, chondrocytes expansion and cell
resuspension. However associated to a bioreactberaylike ACTES, there are several constraints
such as a fixed expansion surface, the possilufity single passage and the requirement to yield a
minimum amount of cells (12 Millions) and the nesigsto reduce the percentage of autologous
serum.

We aimed our study to define suitable operatingdd®ns for systems like ACTES. In
particular we aimed our study at determining whethelinical relevant number{2 millions) of
human articular chondrocytes can be generated paskage starting from variable initial seeding
densities and using low percentages of human sexssuming a defined culture surface, currently in

use in the ACTES system.
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1.3 AIMSOF THE THESIS

Cartilage lesions resulting from trauma or degelheraliseases are one of the major factors leating
joint disease and disability. Articular cartilageirtg an avascular tissue has limited capacity étfr s
repair.

To overcome these limitations, tissue engineem@aniques have emerged as an innovative field of
research with the potential to recreate three daoel cartilaginous tissues.

Such approach generally rely on the expansionliofited population of chondrocytes derived from a
small cartilage biopsy, intrinsically associatedhwgellular de-differentiation (108), and on théligb

of the expanded cells to efficiently and reprodlycrie-differentiate and generate cartilaginousugss
The objective of my research was to study diffestinically relevant aspects of the biology of huma
articular chondrocytes, related to different phasedhe process of engineering of a functional

cartilage tissue (Figure 4). In particular, my thegas aimed at determining:

- whether the supplementation of growth factors ameing chondrocyte proliferation and re-
differentiation capacity allows a reproducible afficient clinical-scale expansion of human artésul
chondrocytes (HAC) starting from variable initisdesling densities and using low percentages of

human serumQudy 1; Francioliet al, Tissue Eng (2007));

- whether the quality of cartilaginous tissues gatezl by HAC on three-dimensional biomimetic
scaffolds can be enhanced by direct expansion erse¢hffold, as compared to standard growth on

plastic, or by increasing cell seeding dens8yuly 2; Francioliet al, Tissue Enggubmitted));

- how the extent of maturation of HAC-based cagiitaus tissues modulates the profile of chemokine
production and the inflammatory/catabolic respatasé-1p (Study 3; Francioliet al, Clin Orthop

Relat Regin preparation for submission
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Figure 4. Diagram of a typical tissue engineering approach for cartilage repair. The dotted
squares indicate the phases of the process to which the different studies presented in this
thesis are related.
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2 PAPERS

2.1 PAPER I: Growth Factors for Clinical-Scale Expansion of
Human Articular Chondrocytes. relevance for Automated

Bioreactor System
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ABSTRACT

The expansion of chondrocytes in automated bioreactors for clinical use requires that a relevant number
of cells be generated, starting from variable initial seeding densities in one passage and wsing autolo-
gous serum. We investigated whether the growth factor combination transforming growth factor beta
Vibroblasi growth factor 2/platelet-derived growth factor BB (TFP), recently shown to enhance the pro-
liferation capacity of human articular chondrocy tes (ILACs), allows the efficiency of chondrocyte use Lo be
increased at different seeding densities and percentages of human serum (HS ). HACs were seeded at 1,000,
5,000, and 10,000 cells/em? in medium containing 10 % fetal bovine serum or 10,000 cells/'em?® with 1%, 5%,
or 1% HS. The chondrogenic capacity of post-expanded HACs was then assessed in pellet cultures, Ex-
pansion with TEP allowed a sufficient number of HACs Lo be obtained in one passage even at the lowest
seeding density and HS percentage and variability in cartilage-forming capacity of HACs expanded under
the different conditions Lo be reduced. Instead, larger variations and insufficient yields were found in the
absence of TFP. By allowing large numbers of cells to be oblained, starting from a wide range of initial
seeding densities and HS percentages, the use of TFP may represent a viable solution for the efficient
expansion of HACs and addresses constraints of automated clinical bioreactor systems.

INTRODUCTION

A RTICULAR CARTILAGE has a limited capacity for self-
repair, and if left untreated, cartilage defects can lead to
the carly onset of ostcoarthritic degenerative changes. Prom-
ising approaches to induce cartilage repair are based on the
implantation of autologous chondrocytes directly after ex-
p.t:a.nsic:mj or after loading and culture on specific seaffolds. >
The manufacture of cell-based products for cartilage repair
typically requires shipment of a small cartilage biopsy to
Good Manufacturing Practice (GMP) facilities, where chon-
drocytes are isolated, expanded in culture flasks, and shipped
back to the healtheare center. These procedures are, however,
associated with complicated logistics and. because of the pre-

dominance of manual handling steps, to limited standardi-
zation and ultimately high costs,

The use of bioreactors within the hospital or healthcare
center for automated culture of autologous cells would elim-
inate logistical issues of transferring specimens between
locations, reduce the need for large and expensive GMP fa-
cilities, and minimize operator handling, with the final possi-
ble result of simplifying, educing the cost. and increasing
the standardization of chondrocyte-based cartilage repair
techniques. One example of this, Autologous Clinical Tissue
Engineering System (ACTES ), under development by Mil-
lenium Biologix (www.millenium-hiologix.com), is a closed
bioreactor system aimed at fully automating the processes of
cartilage biopsy digestion, chondrocyte expansion, rinsing,

nsbute for Surgical Research and Hospital Managemeént, University Hosmtal Basel, Basel, Switzerland.

“Millenium Biclogis AG. Zirich-Schlieren, Switzerland.
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and concentration in a defined medium volume.® However,
in a bioreactor system like ACTES, cells have to be ex-
panded in only one passage, and because of the fixed area of
the culture surface and the variable size of cartilage biopsies.
the mital cell seeding densities may be highly variable be-
tween production batches. Moreover. the system should use
human autologous serum at low percentages, to avoid use of
animal-derived factors and to reduce the dependence of the
culture on - a non-standardized factor such as aotologous
serum. With these constraints, the bioreactor system should
yield at feast 12 million chondrocytes, because typical au-
tologous chondrocyte implantation is indicated to treat car-
titage defects up to 12 cm” in size by injection of at least |
million cells per cm’” defect.”

With the ultimate goal of defiming suitable operating con-
ditionsfor systems like ACTES, in the present study weaimed
at determining whether a climically relevant number (=12
million) of human articular chondrocytes (HACs) can be
gencrated in | passage startimg from variable initial seeding
densities and using low percentages of human sermum, as-
sueming a culture surface area of 250¢cm”, cumrenty in use in
the ACTES system. Specific growth factors, namely trans-
forming growth factor beta | (TGFA-1), fibroblast growth
factor 2 (FGF-2), and platelet-derived growth factor type BB
(PDGF-BB) (TFP), previously shown to increase the pro-
liferation efficiency of HACs,*® were tested to reduce the
variability in the yield of HACs under the different condi-
tions. Because the quality of HAC expansion is related mot
only to the number but also to the cartilag-forming capacity
of the expanded cells, HACs grown under the different ex-
perimental conditions were assessed im a micromass pellet
culture model typically used to investigate the chondrogenic
capacity of various cells t}«pes.m'l '

MATERIALS AND METHODS

Human serum

Pools of human serum (HS) were purchased by Blut-
spendezentrum SRK Bern AG, and serum from 3 healthy
donors was isolated from Blutzentrum, University Hospi-
tal Basel. Basel. Switzerland. The serm were aliquoted and
stored at —207C until ready for use. Heat inactivation of the
sera was not performed.

Cartilage sample collection and cell isolation

Full-thickness human articular cartilage biopsies were
obtaned postmortem (within 24 h after death) from the lat-
eral condyle of knee joints of 5 individuals (mean age 42.7,
range 27-61) with no history of joint disease, after informed
consent by relatives and in accordance with the local ethics
committee of University Hospital Basel. Switzerland. The bi-
opsies used. althongh they were not derived from a raumatic
joint, would be relevant for our target clinical application
(e.g., treatment of cartilage injuries), considering the es-

tablished similarity between chondrocytes swrrounding a
cartilage defect or from normal cartilage.'” Cartilage tissues
were minced and then digested with 0,15% type 1l collage-
nase { 10 mL solution'g tissue, 300 U/mg. Worthington Bio-
chemical Corporation, Lakewood, NJ) for 22h. and the
isolated chondrocytes were then seeded and expanded as
described below.,

Cell expansion

Cell seeding ar different densities. Freshly isolated HACSs
were seeded at 1,000, 5000 or 10,000 cellsfem® with
Dulbecco’s modified Eagle medium { DMEM) containing 4.5
mg/mL D-ghicose, 0.1 mM nonessential ammo acids, 1 mM
sodium pyruvate, 100 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid buffer, 100 U/mL penicillin, 100 pg/
mL streptomycin, and 0.29 mg/mL L-glutamate (hasic me-
dium jsupplemented with 10% fetal bovine serum( FB S pwith-
out (CTR) or with the addition of growth factors (1 ng/mL
TGFp1. Sng/mL FGF-2, and 10 ng/mL PDGF-BB) (TFP)"*
and expanded in momolayer for 1 passage in a humidified
37°C/5% carbon dioxide (CO,) incubator. Mediom was
changed twice a week.

The densities 1,000 cellsicm” and 5,000 cellyem” were
used considering the size of a cartilage biopsy usually pro-
vided from patients undergoing autologous chondrocyie
mmplantation (100-500 mg'l,." a normal yield after tissue di-
gestion (2.6 10° cells/z) ' and the available cell expansion
surface in ACTES systiem (250 cm”).® whereas 10,000 cells/
cm® was considered to be a standard cell-seeding density, '3

When HACs reached confluence, they were rinsed with
phosphate buffered saline. detached by treatment with 0.3%
type I collagenase, followed by 0.05% trypsinf.53mM
cthylenediamine tetraacetic acid (EDTA), counted, and nsed
to generate pellets as described below,

Use of different percensages of human serum. Freshly
isolated HACS were seeded at 10,000 cells/cm® with basic
medium supplemented with 1%. 5%. or 10% HS without or
with supplementaton of the growth factor combination TFP
and expanded in monolayer for 1 passage in a humidified
37°C/5% CO; incubator, Cells from | addidonal individual
(male, 51 years old) were also coltured with 1%, 5%, or 1095
serum obtained from 3 different domors,

Three-dimensional peller cultures

Toassess the quality of the expanded chondrocytes, HACs
were induced to re-differentiate in pellet cultures as previ-
ousky described * Briefly, HACs were suspended in basic
medium supplemented with 10pgfml insulin, 5.5 mg/mL
ransferrin, Sng/mL selenium, (.5mg/mL bovine serum al-
bumin, and 4.7 mg/mL lincleic acid (Sigma Chemical, St
Louis, MO); (.1 mM ascorbic acid 2-phosphate; 1.25 mg/mL
human serum albumin: 107 M dexamethasone; and 10ng/
mL TGF-Pl (chondrogenic medium). Aliquots of 53107
cellsl). 5mlL. were centrifuged at 250 g for Smin in 1.5-mL
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polypropylene conical tubes (Sarstedt Niimbrecht, Germany )
to form pellets, which were placed onto an orbital shaker
(Bioblock Scientific, Frenkendor, Switzerland) at 30rpom.
Pellets were cultured for 2 weeks, with medium changes
twice per week, and sohsequently processed for histologi-
cal, immunohistochemical, and biochemical analysis as de-
scribed below. Each analysis was performed independently
on at least 2 entire pellets for each primary culmre and ex-
pansion condition.

Analvtical methods

Profiferation rare. Proliferation rate was calculated as the
ratio of log:{N/Ng) to T, where Ny and N are the numbers
of cells respectively at the beginning and end of the expan-
sion phase, log:(N/MNy) is the number of cell doublings, and
T is the ime required for the expansion.

Histological and Tmmunohistochemical analysis. Pellets
were fixed in 4% formalin for 24h at 4°C, embedded in
paraffin, cross-sectioned (5 pm thick), and stained with Saf-
ranin O for sulfated glycosaminoglycans (GAGs). Sections
were also processed for immunohistochemistry to visualize
collagen type II (II-II6B3, Hybridoma Bank, University of
lowa, lowa City, IA), as previously described.'®

Biochemical analysis. Pellets were digested with protease
K {05 mL of | mg/mL protease K in 50 mM Trs with 1mM
EDTA. | mM indoacetamide. and 10 pg/ml pepstatin-A) for
15h at 56°C. as previously described.” GAG amounts were
measured spectrophotometrically using dimethylmethylens
blue,'® with chondroitin sulfate as a standard, and normal-
ized to the deoxyribonucleic acid ( DNA ) amounts, measured
spectrofluorometrically using the CYQuant cell prolifera-
tion assay Kit ( Molecular Probes, Eugene, OR) and withcalf
thymus DNA as astandard. GAG contents are reported as pg
GAG/pg DNA.

Statistical analysis. All values are presented as means =
standard deviation of measurements from4 to 5 independent
experiments {with cells from the 4-5 different individuals).
The coefficient of varation (standard deviation as a per-

centage of the mean), was used to assess the variability of
acertain parameter under different culture condidons. Dif-
ferences between experimental groups were assessed using
Mann-Whimey tests and considered statistically significamt
at p< 005,

RESULTS

Cell seeding at different densities

Cell proliferarion. This set of experiments was performed
using medium containing 10% FBS.

In CTR medium, HACs seeded at 10,000 and 5,000 cells/
cm” proliferated at comparahle rates, Cells reached conflu-
ence within 15 to 19 days of culture and underwent a similar
number of doublings (2.2 and 2.9, respectively) (Table 1).
However, HACs seeded at 1,000 cells/fem® required more
than 3 weeks to reach confluence, and during this tme they
underwent 2.2 imes as many doublings as cells seeded at the
highest density { Table 1). In general. a decrease in cell den-
sity paralleled enhanced HAC expansion; the total cell dou-
blings were 4.8, 2.9, and 2.2 for cells seeded at the densities
of 1,000, 5,000 and 10,000 cellsicm™>. respectively (Table 1),

In medium containing growth factors (TFP medium), at
any seeding density, chondrocytes proliferated at a remark-
ahly and significantly higher rate (up to 3.5-fold). reached
confluence in a shorer time (up to 2.0-fold) and underwent
maore doublings (up to 1.9-fold) than HACSs culured in CTR
medium (Table 1). As observed for cell:s cultured in CTR
medium, doublings of HACs expanded with TFP increased
by decreasing seeding density (7.6, 5.4, and 3.9 for the
seeding densities of 1,000, 5.000 and 10,000 cellsfcm®, re-
spectively). Expansion with TFP resulted in reduced vari-
ability in the proliferation rates of HACs seeded at the
different seeding densities, with the coefficient of vanation
decreasing from 27.5 to 14.6.

We then used the doublings measured under the different
conditons to esimate the number of HACs that would be
obtained if chondrocytes were seeded in the culture surface
of the ACTES system (equal to 250cm’). The required mum-
ber for clinical-scale expansion (12 million cells) would not

Tasie 1. Expassion of Hivas ArTicrrar CrovorocyTes (HAC) v RELATioN To SEEDNG DeENSITY
1000 cells/cm’ 5000 cellsom” 10000 cellsiom®
Expansion  Proliferation Expansion  Proliferation Expansion  Proliferation
Doublings  time (davs) rite Dionblings  time (davs ) Fitte Doublings  time (days) rute
CTR 4RB4+04% 243430% 0204+004* 29408 187 +2.1 017T+005 22406 150426 015+£004
TFP 7.64+08% 1204165 0644+005*" 54407 106+ LB* 051+006 39+06" 764205 0524007
TFP/CTR 1.6 0.5 32 1.9 06 3.0 1.5 05 35

HAC were seeded in monolayer & different densities inmodivm containing | 0% fetal bovine serom and coltured without growth faciors {CTR) or with
tmnsforming growth factor beta |, Abmoblast growids factor 2, md platelst-derived gmwth factor type BB (TFP for | passage. For the calculsion of the
parameter see the Materials and Methods section. Results are means = stndard deviations of values from 4 to 5 independent donor cells populations.

*p o< 05 from 10,000 cellsfom®; p < 003 from CTR.
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be reached for any of the seeding densities in CTR medinm,
whereas expansion with TFP would yield more than 40
millions of cells foreach seeding density condition (Fig. LA).

Chondrogenic capaciry. Because not only the number of
cells obtained after expansion, but also their guality, s a
climically relevant issue, we evaluated the chondrogenic ca-
pacity of cells expanded in the different conditions in a pellet
culture model. HACs seeded at 10,000 and 5,000 cellsfem™
produced tissues that stained similarly with Safranin O,
whereas cells seeded at 1.000 cells/fcm” generated pellets
with a lower staining imtensity (Fig. 2A). Biochemical anal-
ysis of the pellets confirm this trend, although because of the
large donor-to-donor vanability, no statistically significant
difference in the GAG contents of the generated tssues
could be measured between the experimental conditioms.
Expansion with TFP reduced the variability in the GAG con-
tents of pellets produced by cells seeded at different densities
histologically and biochemically. with the coefficient of var-
iation for the GAG/DNA contents decreasing from 37.5% to
24.5% (Fig. 2B).

Cell expansion using different percentages of HS

Cell proliferarion, This set of experiments was performed
using an inital seeding density of 10,000 cellsfcm”,

A

O 1000 callsiom #
[ 5000 caliziem s

% 80 5/5 55 10000 celalom?
'EE 60
23 w0
2y
E Hi’
-8 0+

B w O 9% o HS
3 80 O5% of HS
5= 80 44 waom ot ns
25 2
L
L

FIG. 1. Predicted number of human arbeulsr chondrocyies
(HACs} that would be obtuined affer expansion in o culture sur-
fuce comparable o that of Autologous Clinical Tissue Engineer-
ing System (250 cm”) under diferent conditions of initial seeding
densities (A} or percentage of human serum (HS) (B). Resulis are
mens £ standard deviations of values from 4 10 5 independent
donor cells. Fractions over each bar represent the mtio of cultures
that reached o monimum of 12 million to total cultres anal veed.

In CTR medium. HACs cultured with 10% and 5% HS
proliferated at comparable rates. Cells reached confluence
within 9.5 to 1015 days of culture and underwent a similar
number of doublings (2.5 and 2. 1, respectively) (Table 2).
However, cells expanded with 1% HS required more time to
reach confluence (1.4-fold) and underwent fewer doublings
(2.1-fold) than chondrocytes cultured with 10% HS (Tahle
). Chondrocytes displayed a higher proliferation rate overall
{1.9-fold) when culmred with 10% HS than with 10% FBS
(see Table 1 and 2).

In TFP medium, HACs cultured at any HS percentage
proliferated at a higher rate than those cultured in CTR me-
dium. although because of large donor-to-donor variability.
statistcal significance was established only for the lowest
serum concentration. At 1% HS, TFP-expanded chondro-
cytes reached confluence in a shorter ime (1.6-fold yand un-
derwent more doublings ( 2.3-fold) than CTR-expanded cells
{Table 2). Expansion with TFP resulted in less variability in
the proliferation rates of HACs culmred with the different

E O 1000 coltsiom &
O 5000 cabsicm®
cvopa sy W 10000 selleiem?

12

e} {

a

8

4

2

04— 5

GAGIDNA (Lgiug)

TR TFP

FIG. 2. Glyossaminoglyean (GAG) accumulation in pellets pen-
erated by human articular chondrocyies (HACS) after expansion
under different initial seeding density conditions. (A} Safranin O
staiming of representative peliets penerated by HACs seeded at
1,000 (Tand IV}, 5,000 (11 and V, or 10,000 (I and VT cellsiem®
und expanded in CTR (L 11, and 1T} or TFP (IV, V, and VI) me-
dium, Bar = 100 pm. (B) GAG content normali zed to the amount of
deoxyribonucleic acid (DNA) (GAGDN A) in the pellets penerated
by HACs expanded under the different conditons. Resulls are
means 4 siundard deviations of valugs from 4 10 5 independent
donor cell populations, CoefMficients of varigtion (CVs) over each
bar are the stendard deviations (as % of the mean) of the GAG
contents measured ot the different cell-sesting densines, Color
imagzes ava lable online at www. ligherpub. com/ien.
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Taste 2. Expraxsion oF Hovan ArTicriar CeoxprocyTes (HACs) & REraTiox 7o Himax SErvy (HS) PERCENTAGE

1% HS 3% HS 10% HS
Expansiem  Proliferation Expansion  Proliferation Expansion  Proliferation
Doublings  time {days) rute Doublings  time (davs) rife Doublings  time (days) rete
CTR 12405% 135-+26% 012401+ 214+00 5+3 023402 154+06 95421 029 -+01
TFP 27412 BS5+413 0344027 35411 BS413 042402 39409 R24+15 D494016
TFPICTR 23 0.6 28 1.7 0.8 1.8 1.6 09 1.7

HACs were seeded in monalaver at 10,000 cellsiom?® and cultured with different HS concentrations in medium withowt growth factors (CTR) ar with
transfomming growth facior beta 1, ibmblast growi factor 2, and platelet-derived growth factar type BB {TFP) far | passage. For the caleulation of the
pammeter, see the Materials and Methods soction, Fesulis are means = standand deviafons of values from 4 independent donor cell populbitions,

*p < 0,05 from 1% HE; “p <005 from CTR.

concentrations of HS, with the coefficient of variation de-
creasing from 453 to 222,

In CTR medium, cells cultured with 19% HS would not
yield the required number of cells (12 million) if cultured
under the same conditioms in the culture surface of the
ACTES system {250cm”), whereas in TFP medium, more
then 20 million chondrocytes would be generated for each
HS percentage (Fig. 1B).

Chondrogenic capacity. HACs expanded in CTR medinm
with 10% and 5% HS produced tissues similarly stained with
Safranin ), whereas cells expanded with 1% HS generated
pellets with a lower staining intensity (Fig. 3A). Biochem-
ical analysis of the pellets confirmed this trend. but because
of the large donor-to-donor varability, no statistically sig-
nificant difference in the GAG contents of the generated
tissues could be established between the experimental con-
ditions, Expansion with TFP reduced variability in the GAG
contents of pellets produced by cells cultured with different
HS percentages, with coefficient of varation decreasing
from 11.6% to 44% (Fig. 3B). Tissues that contained large
amounts of GAG generally comtained higher amounts of
collagen type II protein, as assessed using immunohisto-
chemical staiming (Fig. 3C).

To determine whether HS from different donors could pro-
mote cell proliferation and re-differentiation capacity differ-
ently, chondrocytes from | additional cartilage biopsy were
expanded in TFP medium with serum obtained from 3 dif-
ferent donors and then cultured in pellets. For each HS per-
centage condition used (1%, 5%, and 1 0% ), cells proliferated
at similar rates {coefficient of vanation < 6.0). However, a
preater percentage of HS wsed during the expansion resulted
in enhanced variability in the GAG contents of pellets
penerated by cells expanded with serum from different do-
nors, with the coefficients of variation of 4.7, 19.5, and 46, 1
for 1%, 5%, and 10% HS, respectively (Fig. 4).

DISCUSSION

With the final goal of validating culture conditions for
climical-scale expansion of HACs, we investigated the pro-

liferation capacity of HACs cultured starting from a wide
range of initial seeding densities (1,000, 5,000, and 10,000
cellsfem®) and HS percentages (1%, 5%. and 10%) in me-
dium not sopplemented and supplemented with growth
factors. We found that expansion with CTR medinm was not
reproducible and did not yield a clinically relevant number
of chondrocytes (=12 millions) at each seeding density
condition and at the lowest percentage of HS. Using TFP
medium, instead, proliferation capacity was strongly en-
hanced such that 22 to 55 million chondrocytes could be
senerated in the different experimental conditions tested.
Moreover, medium supplementation with TFP reduced var-
iahility in proliferation and cartilage-forming capacity of
cells expanded under the different experimental conditions.

In clinical practice, the dimensionof a cartilage biopsy and
therefore the mimber of chondrocytes available for ex vive
expansion will vary from donor to donor. Therefore, having
the constraint of a fixed surface area, have initially evaluated
the effect of seeding density on HAC proliferation capacity.
To the best of our knowledge, thisis the first study evaluat-
ing the growth capacity of articular chondrocytes of human
origin at different initial seeding densities. Similar investi-
gations have been performed using chondrocytes from non-
articular sites """ or of animal origin.®' Qur results indicate
thatH ACs seeded at decreasing densities proliferated in CTR
medium with greater rates, such that a maximom number of
population doublings (4.8) was measured for HACs seeded
at 1,000 cells/fcm”, Mandl er al. observed a similar relation-
ship between initial seeding density and proliferation capac-
ity with human awricwlar chondrocytes®™® The authors
reported that, using a density of 3.500 or 7,500 cellsiom®, a
H)-fold increase im cell number was reached between pas-
sage 2 and 3 for most donors. We have demonstrated that
human ariicular chondrocytes seeded at 1,000 cellsfem®
undergo almost 8 doublings (corresponding to more than a
250-fold increase in cell number) in less than 2 weeks in just
| passage while maintaining their differentiation capacity,
but only in the presemce of TFP. Thus, the use of TFP during
HAC expansion allows a clinically relevant number of cells
to be obtained also if initially seeded at low densities (and
therefore starting from a cartilage biopsy of small size), re-
duces the tme required for cell expansion, and reduces the
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B V11 8% OV 4%, O1% chH3

4 O5% of HE
B 0% ol HE

FIG. 3, Glveosominoglyean (GAG) and collogen type 11 sccu-
mulation in pellets gensrated by human amicular chondroevies
(HACS) after expimsion with different percentiges of human s mm
(HS ). (A} Safranin Osuining of representative pelies gensrated by
HACs expunded with 1% (Lund IV}, 5% (I1 and V), or 1066 (TI1 and
V1) HS in medium without growth factors (CTR) (L I1, and 1) or
with transforming growth factor beta 1, fibroblast growth factor 2,
und platelet-denved growth factor type BB (TFP) (IV, V, and VI).
Bar = 100 pm. (B) GAG content nocmalized to the amount of deo-
xyribomue ke acid (DNA)GAGDNA b in the pelles genenited by
HACs expanded under the different conditions, Results are means -
stundard devistions of values from 4 independent donor cell popu-
lations. Coefficitents of voriation (CVs) over each bar are the
standard deviation (as % of the mean) of the GAG contents mea-
sured af the differsnt HS percentages. (C) Collagen tvpe I immu-
nohistochemistry staiming of representative pellets generated by
HACs expanded with 1% HS in CTR (I) or TFP medium (IT). Bar=
1) prn, Crlor image s available onling st waow Dieben puby.com flen,

variability in proliferation rates of cells initially seeded at
differcnt densities. TFP-expanded chondrocytes generated
pellets with high GAG contents even if they underwent a
much larger number of doublings than cells expanded
without growth factors, With the prospective of a clinical
application, contact of human cells with FBS must be min-
imized, because proteims from ruminant materials have been
implicated in prion ransmission, ™ md European legis-
lation does not recommend their use. In the second part of
our study, we therefore evaluated the effect of using HS on

0.0 G\ 3.5% (3 danar A
g : O 5.4% [ donor B
5 060 | v gos W sonar ©
= 0.40
.§ 0.20
= 0.00

1% 5% 10%
Pﬁmm of human serum
T 3 OV S oyagy
g CvaTH L)
L]
g 4
: i
]
1% 5% 10%

Pearcantape: of hiiman senm

FIG. 4. Serum-related differences in the proliferation and glv-
cospminggl vean (GAG jaccurmulstion of human articular chondro-
eyvies (HACS). HACS from one cantilage hiopsy were expanded in
medivm containing tansforming growth factor beta 1, fibroblist
growth factor 2, and platelet-den ved growth factor type BB (TFP)
and serum obtained from 3 different donoss (A, B, and O} at in-
creasing percentages. (A ) Proliferation rates of HACS. (B) GAG
contents of pellels menernted by HACs, Coefficients of variation
(CVs) over esch bar are the standard deviations (as % of the mean)
of the proliferation rates or GAG contents of cells expanded with
serum from the different donors,

HAC proliferation capacity. Our observation that 10% of a
pool of HS supported higher proliferation of chondrocytes
than 10% FBSis in agreement with previous results obtained
using antologons HS*® and may be due to the higher
concentration of epidermal-derived growth factor and PDGF
measured in human serum.™ Using an initial cell seeding
density of 10,000 r_‘elhﬁ:ml, we then showed that HAC ex-
pansion with TFP, but not with CTR medium, yielded more
than 20 million cells for any HS percentage. Because the
profiferation rate of HACs was higher wsing lower cell-
seeding densities (Table 1), it is likely that TFP wall allow
the required cell numbers o be obtained for any HS per-
centage even at the lowest seeding densities, although this
remains 1o be experimentally determined. When HS from
different donors was used. similar and low coefficients of
varation in HAC proliferation rate were measured at any HS
percentage, whereas coefficients of vanation in the GAG
contentofresulting pellets were dramatically greaterwith HS
percentage. This result confirms the importance of assessing
not only chondrocyte yields but also their chondrogenic ca-
pacity and also indicates the need for a reduction in the
percentage of HS used toincrease eproducibility of HAC
quality. In this context, the use of TFP during HAC expan-
sion, by supporting sufficient cell yields even at low percent-
ages of HS, could also contribute to reducing the variability
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in the number and gquality of expanded auvtologous chon-
drocytes.

From a regulatory standpoint, the use of recombinant
growth factors for the production of a therapeutic product
requires the appropriate level of qualification. Safety con-
cems related to the use of TFP during HAC expansion should
have minor relevance, because extensive washing of the cell
preparation will emove these components so that they would
be virtually absent in the final grafi material. However, chon-
drocyte populations generated using TFP might need to be
further analyzed for specific genetic alterations possibly re-
lated to senescence or DNA methylation before their clini-
cal use,

In conclusion. our sdy showed that the use of TFP
represents a viable soluton for the reproducible and efficient
clinical-scale expansion of HACs. Although our findings
were based om the use of conventional tissue culture plates,
implementation of the principle wounld be particularly rele-
vant for automated processing systems for clinical use,
which have higher constraints than typical manual culture
in dishes. The concept of using specific growth factors in
clinical-grade bioreactors could be applied for the propa-
gation of cells from different human sources to reduce var-
iability in the number and quality of expanded cells and.
ultimately. in the clinical outcome of cell-based regenerative
technigues.
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Effect of three-dimensional expansion and cell seeding density on the cartilage-forming capacity of

human articular chondrocytes in type II collagen sponges.

Francioli SE; Candrian C; Martin K; Heberer M; Martin I; Barbero A.

ABSTRACT

Chondrocytes for tissue engineering strategies are typically expanded in monolayer (2D). leading to cell
de-differentiation but allowing to generate large cell numbers for seeding into scaffolds. Direct chondrocyte
culture in scaffolds. instead. would reduce cell de-differentiation but also the total proliferation extent and
thus the potential seeding density. This study investigates whether the quality of cartilaginous tissues
generated in vitro by human articular chondrocytes (HAC) on type II collagen sponges is enhanced (i) by
direct expansion on the substrate (3D). as compared to standard 2D. or (ii) by increasing cell seeding
density, which in twn requires extensive 2D expansion. 3D expansion of HAC on the scaffolds. as
compared to 2D expansion for the same number of doublings, better maintained the chondrocytic
phenotype but did not enhance the cartilage-forming capacity of the expanded cells. Instead. increasing the
HAC seeding density in the scaffolds allowed enhanced chondrogenesis. even if seeded cells had to be
expanded and de-differentiated more extensively in 2D in order to reach the required cell numbers. The
present study indicates that a high seeding density of HAC in 3D scaffolds is more crifical for the

generation of cartilaginous constructs than the stage of cell differentiation reached following expansion.
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INTRODUCTION

Articular cartilage is a highly specialized tissue. characterized by unique biomechanical properties and. on
the other hand. a poor regenerative potential (1, 2). As a consequence, when a traumatic lesion or
degenerative disease occurs. the defect is filled with a fibrous tissue which is not capable to withstand the
high compressive and shear forces acting in the joint. often leading to the development of early
osteoarthritis (2). Among the many surgical options for the treatment of such lesions. implantation of
autologous chondrocytes is gaining increasing popularity, especially for critically sized defects (3. 4).
These procedures include autologous cartilage implantation (ACT) (5-8), the more recent matrix-mediated
ACI (MACT) (9). or the grafting of tissue engineered cartilaginous constructs (TE) (10, 11), typically based
on cultivation of cells on porous scaffolds. The latter approach offers potential advantages. consisting in
improved cell retention. easier graft handling upon implantation, and earlier post-operative rehabilitation
for the patient (12).

Cells for TE strategies are typically expanded in two-dimensional (2D) culture surfaces to increment their
original number. Such culture phase is known to cause cellular de-differentiation, a process during which
chondrocytes gradually lose their spherical shape and acquire an elongated fibroblast-like morphology.
These morphologic alterations are accompanied by profound biochemical changes, as indicated by the
reduction or total loss of synthesis of aggrecan and type II collagen (cartilage-specific proteins) and the
increase in synthesis of proteins associated with an undifferentiated mesenchymal cell phenotype. including
smaller proteoglycans (e.g.. versican) and type I collagen (13-15).

The feasibility to engineer cartilage tissues starting from expanded chondrocytes is based on the fact that, at
least to some extent. the dedifferentiation process may be reversed when cells are fransferred onto three
dimensional (3D) scaffolds (13. 16-18). especially if seeded at a high density (19. 20) . Thus. one possible
approach to cartilage TE relies on extensive 2D expansion of chondrocytes, allowing to obtain a large
number of cells and thus to increase the cell seeding density in the scaffold. In this regard. the use of
specific culture supplements during chondrocyte expansion was previously shown to support a more
efficient cell growth while maintaining the redifferentiation capacity (21, 22).

An alternative strategy for the utilization of the small number of chondrocytes obtained from a cartilage

biopsy consists in their limited expansion in 2D or even in the culture onto 3D porous scaffolds directly

41



Paper Il

following cell isolation (23-25). In principle, this technique would allow a better maintenance of the
chondrocytic phenotype but reduces the extent of cell proliferation, and thus the cell seeding density.

With the ultimate goal to improve the efficiency of utilization of a limited number of autologous
chondrocytes, we assessed the quality of cartilage tissues engineered by /umman articular chondrocytes
(HAC) using different strategies related to their expansion. In particular, we compared the outcome of
HAC expansion (i) to the same extent onto a 3D porous scaffold or in 2D (Study 1), and (i) to different
extents in 2D. followed by seeding in 3D scaffolds at different densities (Study 2). The 3D scaffolds used
in this work were made of type II collagen (i.e.. the main component of the articular cartilage), which were
previously shown to support maintenance of the chondrocytic phenotype and to promote the re-

differentiation of de-differentiated chondrocytes from several species (24, 26-29).

MATERIALS AND METHODS

Type II collagen scaffolds

Type II collagen scaffolds. prepared from porcine cartilage using proprietary methods, were obtained as
pre-fabricated sponges (Chondrocell; Geistlich Biomaterials, Wollmsen. Switzerland). The average pore
size of the scaffold was previously reported as 86pum with a porosity of 85% (29). The collagen matrices
were produced as sterile sheets, from which disks of 1.2mm thickness and 8mm diameter were cut out with
a biopsy punch under sterile conditions.

Cartilage biopsies and Chondrocytes isolation

Full-thickness human articular cartilage biopsies were obtained post mortem (within 24 hours after death)
from the lateral condyle of knee joints of 8 individuals (mean age: 46, range 37 and 65 year old) with no
history of joint disease. after informed consent by relatives and in accordance with the local ethics
committee (University Hospital Basel, Switzerland).

Cartilage tissues were minced in small pieces and digested upon 22-hours incubation at 37°C in 0.15% type
IT collagenase (10 ml solution/g tissue, 300 U/mg, Worthington Biochemical Corporation, Lakewood, NI.
USA) and resuspended in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal bovine
serum. 4.5mg/mL D-glucose. 0.1mM non essential amino acids, 1 mM sodium pyruvate, 100mM HEPES

buffer, 100 U/mL penicillin, 100 pg/ml streptomycin and 0.29mg/ml glutamine (complete medium).
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The isolated chondrocytes were then counted using typan blue, seeded., expanded and cultured as
described below.

Chondrocytes culture

Study 1: Cell expansion directly in 3D scaffolds or in 2D fo the same extent

Freshly isolated (PO) human articular chondrocytes (HAC) were loaded on the type II collagen disks at the
density of 1x10° cells/scaffold, corresponding to 1.6x10° cell/mnr’. This cell density. lower than the one
used in our previous work (30, 31), was determined based on the number of cells potentially available
following digestion of a typical size cartilage biopsy (i.e.. about 300 mg) and considering a typical size of
the target graft (i.e.. about 5 cm®). HAC were cultured in complete medium supplemented with 1 ng/mL of
transforming growth factor p1 (TGF B1). 5 ng/mL of fibroblast growth factor 2 (FGF-2). and 10 ng/mL of
Platelet-Derived Growth Factor-BB (all from R&D Systems. Minneapolis. MN) (expansion mediumn) in a
humidified 37°C/5% CO, incubator with change medium twice a week. as previously described (21). This
specific combination of growth factors was previously shown to markedly enhance proliferation and post-
expansion chondrogenic differentiation of HAC (32). As 2D expansion control. aliquots of 1x10° HAC
(i.e.. the same amount of cells loaded on the sponges) were seeded in 6-well plates and cultured in
expansion medinm. In order to match the number of doublings by 3D and 2D expanded cells. growth
curves were first analyzed in the different culture systems. HAC seeded 3D constructs and 2D cultures
were thus harvested at different time points (4, 7. 9 and 12 days). cells were counted and the number of
doublings calculated.

Constructs were harvested and analyzed via real time RT PCR to assess HAC differentiation stage or
cultured for additional 4 weeks in complete medium supplemented with 0.1 mM ascorbic acid, 10 pg/ml
Insulin and 10 ng/ml Transforming Growth Factor-B3 (chondrogenic medium), with medium changes twice
a week (differentiation phase). HAC expanded in 2D were detached and also analyzed via real time RT-
PCR or seeded in the type II collagen sponges at a density of 1.5x10° cells/construct (equal to 25.0x10°
cell/mm’. that corresponded to the density measured in constructs following 3D expansion) and cultured for
additional 4 weeks in chondrogenic medium as described above. At the end of the differentiation phase,
each construct was divided info two halves which were independently processed for histological,

immunohistochemmical. biochemnical or gene expression analyses, as described below.
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Study 2: Cell seeding at different densities, following 2D expansion to different extents

Freshly isolated chondrocytes were plated in tissue culture flasks at a density of 10* cell/em’® and cultured
in expansion medium. When sub confluent (passage 1. P1) cells were detached by sequential treatment
with 0.3% type II collagenase, followed by 0.05% trypsin/0.53mM EDTA. and serially replated at 5x10’
cells/cm’ for 4 additional times (passage 5. P5).

Pl and P5 expanded cells were loaded statically onto type II collagen sponges either at 1.5x10°
cells/scaffold (Jow density, equal to that in Study 1) or at 4x10° cells/scaffold (high density, equivalent to
66.0x10° cells/mm’®) (20). Cell-seeded constructs were statically cultured in chondrogenic medium for 4

weeks and processed as described below.

Analytical Methods

Histological analyses

The constructs were rinsed with PBS, fixed in 4% formalin, embedded in paraftin, and cross-sectioned (7
um thick). Sections were stained with Safranin-O for sulfated glycosaminoglycans (GAG) (33) or
processed for immunohistochemistry to visualize collagen type II (II-II6B3. Hybridoma Bank, University
of Iowa. USA). as previously described (34).

Biochemical Analysis

Tissue constructs were then digested in 1mL of proteinase-K (Img/ml proteinase-K in S0mM Tris with
ImM EDTA. ImM iodoacetamide and 10pg/ml pepstatin-A) for 15h at 56°C. GAG amounts were
measured spectrophotometrically after reaction with dimethylmethylene blue(35). with chondroitin
sulphate as a standard. The amount of DNA was measured spectrofluorometrically using the CyQuant cell
proliferation assay Kit (Molecular Probes, Eugene, OR), with calf thymus DNA as a standard (36).
Real-time quantitative RT-PCR assays

RINA was extracted from expanded HAC and from tissue construct using 500uL Trizol (Life Technologies.
Basel, Switzerland). according to the Manufacturer’s protocol. RNA was treated with DNAse-I using the
DNA-freeTM Kit (Ambion, USA) and quantified spectrofluorimetrically. cDNA was generated from total
RINA by using 500 pig/ml random hexamers (Catalys AG. CH) and 1 uL of 50 U/ml StratascriptTM reverse

transcriptase (Stratagene, NL), in the presence of dNTPs. PCR reactions were performed and monitored
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using the ABI Prism 7700 Sequence Detection System (Perkin-Elmer/Applied Biosystems, Rotkrenz,
Switzerland). The PCR master mix was based on AmpliTaq Gold DNA polymerase (Perkin-Elmer Applied
Biosystems). Cycle temperatures and times as well as primers and probes used for the reference gene
(GAPDH) and the genes of interest (type II collagen). were as previously described (22). For each cDNA
sample. the threshold cycle (Ct) value of GAPDH was subtracted from the Ct value of the target gene, to
derive ACt. The levels of expression of type II collagen were calculated as 2°“'. Each sample was assessed
at least in duplicate for each gene of interest.

Statistical analysis

For each analysis, at least triplicate samples for each condition and donor were assessed. Statistical
evaluation was performed using SPSS software version 7.5 software (SPSS. Sigma Stat). Values are
presented as mean + standard deviation (SD). Differences between groups were assessed by Mann-Whimey

test and considered statistically significant when P values were lower than 0.05.

RESULTS
Study 1: Cell expansion directly in 3D scaffolds or in 2D to the same extent

Cell proliferation and dedifferentiation

Freshly harvested HAC were seeded and cultured in expansion medium in type II collagen sponges (3D
expansion) or in monolayer (2D expansion) (see experimental design, Fig.1A). HAC within the scaffolds
continued to proliferate over a 9-days period. reaching 1.5x10° cells/scaffold and thus undergoing
approximately 4 doublings (Fig. 2A). Cell number did not further increase with additional culture time. 2D
cultured HAC grew exponentially within the considered time frame. reaching numbers 10.1-fold higher
than those obtained following 3D expansion at the end of the observation time of 12 days. Based on these
experiments, in order to approximately match the number of doublings performed during 3D culture, HAC
were hereafter for Study 1 expanded in 2D for 7 days. corresponding to 4 doublings (Fig. 2A). Following 4
doublings. 3D expanded HAC expressed 13.7-fold higher levels of type II collagen mRNA than the 2D
expanded population, with only a slight reduction from freshly isolated cells (Fig. 2B). indicating a better

preservation of the differentiated phenotype.
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Chondrogenic redifferentiation

Constructs derived from 3D expanded HAC or from cells seeded following 2D expansion were cultivated
for additional 4 weeks in chondrogenic medium (differentiation phase). Histological analyses indicated that
2D and 3D expanded HAC deposited extracellular matrix faintly stained for Safranin O in scattered areas
(Fig. 3A). Biochemical analysis quantitatively confirmed similar amounts of GAG (p > 0.05) in the
constructs generated by 2D or 3D expanded chondrocytes (Fig. 3B).

In summary. results from Study 1 indicated that (i) 2D expanded HAC seeded onto the type II collagen
sponges at low density had limited chondrogenesis and (ii) 3D expansion did allow for a better
maintenance of the chondrocytic phenotype of HAC but not for a superior chondrogenesis. Since cell
density was in both groups lower than what we previously typically used to obtain higher quality
cartilaginous tissues(30. 31). we then decided to investigate the effect of cell seeding density on
chondrogenesis within type II collagen sponges. For these experiments we used the 2D expansion strategy.

since that would allow to obtain larger cell numbers also from a clinically relevant size biopsy.

Study 2: Cell seeding at different densities, following 2D expansion to different extents

Cell proliferation and dedifferentiation

HAC were expanded in 2D for 1 passage (P1l) or 5 passages (P5) (see experimental design in Fig.1B).
During this expansion phase. cells underwent respectively 4.6£1.7 or 17.3+1.6 doublings (Fig. 4A). RT-
PCR analysis indicated that type I collagen was 488.6-fold less expressed in PS5 as compared to P1
expanded chondrocytes, confirming that de-differentiation finther progressed during expansion time (Fig.
4B).

Chondrogenic redifferentiation

After 2D expansion. P1 and P5 chondrocytes were loaded onto type II collagen sponges either at 1.5x10°
cells/scaffolds (low density) or at 4x10° cells/scaffolds (high density) and cultured in chondrogenic medium
for 4 weeks (see experimental design in Fig.1B). Histological analysis indicated that P1 HAC seeded at low
density generated tissues faintly stained for GAG. consistent with results of Study 1, while those generated
by P1 HAC seeded at high density formed cartilaginous tissues more intensely stained for GAG.

Interestingly, a similar tendency was observed for the highly de-differentiated PS5 chondrocytes, with the
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cells seeded at high density (but not at low density) depositing extracellular matrix intensely stained for
GAG (Fig. 5A). Staining for type II collagen was negative in the constructs generated at low density (data
not shown). and intensely and wniformly distributed in constructs generated by P1 or PS5 chondrocytes
seeded at high density (Fig. 5B). Biochemical quantitative characterizations of the tissues were consistent
with their histological and immunohistochemical appearance. Both Pl and PS5 HAC accumulated higher
amounts of GAG when seeded at higher density in the sponges (respectively 1.6- and 1.5-fold) (Fig. 5C).
RT-PCR analysis indicated higher type II collagen expression by cells cultured at high density vs low
density condition (9.3- and 4.1-fold respectively for P1 and P35 cells). The expression of type II collagen
was higher in constructs generated by P1 expanded chondrocytes at both seeding densities (3.9- and 8.8-
fold for low and high density respectively).

In summary, results from Study 2 indicate that high density seeding of HAC in type II collagen scaffolds
enhanced chondrogenesis and cartilaginous matrix deposition. even if cells were expanded and de-

differentiated to a higher extent.

DISCUSSION

In this study we demonstrated that 3D expansion of human articular chondrocytes (HAC) on type II
collagen scaffolds. as compared fo expansion in 2D. better maintains their chondrocytic phenotype but does
not enhance their cartilage-forming capacity. Instead, increasing the HAC seeding density in the scaffolds
allowed enhanced chondrogenesis. even if seeded cells had to be expanded and de-differentiated more
extensively in 2D in order to reach the required cell numbers.

Several studies have shown that chondrocytes from different animals can be expanded in 3D even if at
lower extent that those expanded in monolayer, but maintaining better the chondrocytic phenotype. Lin et
al (23) reported that porcine articular chondrocytes cultured on alginate scaffolds within a perfusion system
underwent a 60-fold increase in their number within 4 weeks culture while maintaining the expression of
the chondrocitic genes type II collagen. aggrecan and Sox-9. Instead. cells cultured for the same time in 2D
proliferated more extensively (expansion factor of 800) but losing the expression of the same genes (23).
Similaily, canine chondrocytes cultured on type II collagen sponges have been shown to increase in cell

number (but only by 1.4-fold in 14 days) while maintaining the round phenotype (29). Interestingly. using a
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type I collagen matrix. Roche et al (37) showed that fetal bovine epiphyseal chondrocytes increased in cell
number (by 4-fold in 4 weeks) only in the matrix seeded at low density (i.e.. 10° cells per scaffold,
corresponding to 2.1x10° cell/mm’) but not in those seeded at high density (i.e.. 107 cells per scaffold.
corresponding to 2.1x10* cell/mm’). These results overall indicate that 3D expansion can maintain the
chondrocytic phenotype, though the extent of cell proliferation depends on the experimental conditions,
e.g. cell source, scaffold type, culture type (static vs dynamic) and cell seeding density used.

To date, no study demonsitrated whether a better maintenance of a chondrocytic phenotype corresponds to
an enhanced tissue forming capacity. In our work. a very low amount of suman articular chondrocytes (10°
cells. which is the average number of chondrocytes available following digestion of a regular size cartilage
biopsy (8)) was seeded on the type II collagen sponges. Interestingly, HAC proliferated in the scaffolds
almost maintaining their native phenotype even in the presence of strong mitogenic/de-differentiating
factors (21. 22). in contrast to control cells expanded in 2D for the same number of doublings, which
reduced the type II collagen expression of about 2 orders of magnitude. However, under owr experimental
conditions. both 3D and 2D expanded HAC generated poor cartilaginous tissues. While it remains to be
assessed whether functionalized scaffolds (38). strong enhancers of chondrogenesis (e.g.: BMPs) (39. 40)
or in vivo implantation could improve the obtained cartilage quality, results from Study 1 overall indicate
that the maintenance of the chondrocytic phenotype is not a condition sufficient fo guarantee fumctionality
of HAC in vifro.

Since high cellular density is known to favour the onset of chondrogenesis and tissue development by
chondroprogenitors (41) . we then tested whether the extent of cartilage formation by HAC could be
enhanced by seeding the scaffolds at high density. Roche et al (37) previously reported higher
accumulation of GAG in collagen sponges seeded with high number of chondrocytes (107 cells) as
compared to those seeded with a lower number (10° cells). However in such study PO bovine chondrocytes
were used, thus not allowing to assess the benefit of high cell density culture in a clinical scenario were a
large number of freshly harvested human chondrocytes can not be used. In our study, the number of HAC
used for the high density condition (i.e.. 4x10°) could be easily obtained starting from the few cells which
can be isolated from a small cartilage biopsy (42). if expansion could be extended for a few passages. The

extensively dedifferentiated phenotype of PS5 expanded cells did not appear to interfere with the
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chondrogenic program. provided that high cell density was initially established. Indeed. the extent of HAC
passaging (e.g., P1 vs P5) and consequent stage of de-differentiation did not modify the accumulation of
type II collagen following 3D culture. This is a further proof of the extensive plasticity exhibited by HAC
expanded in culture under suitable conditions (32).

Our results confirm previous findings that supplementation of chondrocytes with specific factor(s) during
their monolayer expansion allows to generate large number of cells with high cartilage forming capacity at
high density culture conditions (21, 22, 32. 43).

In contfrast to our finding. Kang et al. (44) reported that passage 5 rabbit chondrocytes seeded onto non-
woven PGA fiber-based scaffolds failed to produce cartilaginous tissues 711 vitro or ectopically in nude
mice. The discrepancy with our results may be attributed to the different origin of the chondrocytes used

and to the different conditions used for the monolayer expansion of chondrocytes.

Conclusion

In conclusion, the present study indicates that a high seeding density of HAC in 3D scaffolds is more
critical for the generation of cartilaginous constructs than the stage of cell differentiation reached following
expansion. Expansion of freshly isolated HAC directly onto 3D scaffolds. as compared to 2D surfaces. did
not enhance the extent of cartilaginous matrix deposition, likely because it did not allow for a sufficient cell
growth and thus increase in cell density. The identification of innovative strategies (e.g.. co-culture of
native chondrocytes with undifferentiated cells, use of bioreactor cultures or smart biomaterials) enabling
to enhance cell growth in the constructs should be further investigated to allow bypassing the typical phase

of HAC expansion in 2D.
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Figure 1. Experimental design. (A) Study 1. Freshly isolated (PO) human articular chondrocytes
(HAC) were cultured in expansion medium either on type Il collagen sponges at a low density (105
cells/scaffold) or in 2D wells (105 cells/well). Expansion time in the 2 culture strategies was selected
such that HAC underwent the same number of doublings prior to induction of differentiation for
additional 4 weeks. (B) Study 2. PO HAC were expanded in 2D for 1 passage (P1) or 5 passages
(P5) and then seeded into type Il collagen scaffolds at low density (1.5x106 cells/ scaffold) or at high
density (4.0 x106 cells/ scaffold). Resulting constructs were then cultured for 4 weeks in
chondrogenic medium.
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Figure 2. Study 1: Cell proliferation and dedifferentiation during expansion. (A) Number of cells
counted in the type Il collagen scaffolds (3D) or in the wells (2D) after different times of culture in
expansion medium. (B) Real time RT-PCR analysis of the expression of type Il collagen (Cll) mRNA
by chondrocytes expanded in 2D or 3D. Levels are expressed as fold of difference from
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Values are mean + SD of measurements
obtained from 3 different experiments. °= signifi cantly different from the previous culture time; * =
significantly different from the corresponding 3D experimental group. The dotted line indicates the
Cll expression level measured in PO cells (average of 3 donors).
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Figure 3. Study 1: Chondrogenic redifferentiation. (A) Safranin O staining of representative
constructs generated by HAC expanded in 2D or in type Il collagen sponges (3D) and cultured for 4
weeks. Scale bars = 100mm. The insets are low magnification images of the entire constructs. (B)
Sulphated glycosaminoglycan (GAG) content of the constructs reported as total GAG/construct (pg).
Values are mean + SD of measurements obtained from 4 different experiments.
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Figure 4. Study 2: Proliferation and dedifferentiation. (A) Number of population doublings by HAC
cultured in 2D for 1 passage (P1) or 5 passages (P5). (B) Real time RT-PCR analysis of the
expression of type Il collagen (Cll) mRNA by P1 or P5 chondrocytes. Levels are expressed as fold of
difference from Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Values are mean + SD of
measurements obtained from 4 different experiments. * = significantly different from the
corresponding P1 condition. The dotted line indicates the Cll expression level measured in PO cells
(average of 3 donors).
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Figure 5. Study 2: Chondrogenic redifferentiation. (A) Safranin O (A) and type Il collagen (B)
staining of representative constructs generated by chondrocytes expanded for 1 passage (P1) or 5
passages (P5) and seeded at low density (1.5x106 cells/scaffold) or high density (4.0x106
cells/scaffold) onto type Il collagen sponges. Scale bars = 100mm. The insets are low magnification
images of the entire constructs. (C) Sulphated glycosaminoglycan (GAG) content of the constructs
reported as total GAG/construct (pg). (D) Real time RT-PCR analysis of the expression of type Il
collagen (Cll) mRNA. Levels are expressed as fold of difference from Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Values are mean + SD of measurements obtained from 4 different
experiments. * = significantly different from the corresponding low density condition; °= significant ly
different from the corresponding P1 conditions.
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Production of cytokines and response to IL-1B by human articular chondrocytes at
different stages of tissue maturation

S. Francioli, C. Cavallo, S. Miot, J. Frueh. M. Jakob, B. Grigolo, A. Barbero, 1. Martin

ABSTRACT

INTRODUCTION: Ex-vivo cultured chondrocytes express a variety of pro-inflammatory chemokines
and cartilage degenerative enzymes. whose production is enhanced by increasing cell passaging and
by stimulation with IL-1p. These responses have particular relevance in the context of cell based-
cartilage repair. considering that therapeutic cell preparations (single cell suspension. cell-seeded
matrixes or cartilaginous ftissues) once grafted in the joint defect will become exposed to a
biochemical environment rich in catabolic mediators. The cell preparation in which the chondrocytes
are less susceptible to such mediators might guarantee superior clinical outcome. We aimed the study
at investigating how the extent of maturation of human-based cartilaginous fissues modulates the
profile of chemokine production and the inflammatory/catabolic response to TL-1p.

MATERIALS AND METHODS: HAC isolated from knee cartilage biopsies of 6 individuals were
expanded in monolayer and then cultured in pellets. Pellets were evaluated for spontaneous release
and MRNA expression of MCP-1, IL-8 and TGF-P at different experimental times (3, 6. 9. 15, 21 and
27 days). In another experimental set. pellets were cultured for 1 or 14 days (immature and mature
pellets respectively) and thereafter exposed to IL-1P for 3 days. Control pellets were cultured for 4 or
17 days without IL-1p. Content of cartilaginous matrix was assessed biochemically (GAG).
histologically (Safranin-O) and immunochistochemically (type II collagen). MCP-1. IL-8 and TGF- as
well as specific metalloproteases (MMPs) were quantified in culture surnatants or in tissues by real
time RT-PCR.

RESULTS: By increasing culture time, the spontaneous release of pro-inflammatory chemokines IT.-8
and MCP-1 decreased (respectively 12.0-fold and 5.5-fold) while the anabolic factor TGFp increased
(5.4-fold). This trend was also confirmed by real time PCR.

Following IL-1 exposure, GAG content in mature pellets was reduced by 40% and type II collagen
immunostaining slightly reduced. Both cartilaginous proteins become undetectable in IL-1[ stimulated
immature tissues. As compared to immature pellets, mature pellets responded to TL-1f by releasing (i)
lower amounts of MMP-1 (2.9-fold) and MMP-13 (1.7-fold). (ii) increased amounts of IL.-8 and MCP-
1 (1.5- and 5.0-fold respectively), and (iii) enhanced levels of TGF-p (by 7.5-fold). RT-PCR analysis
generally confirmed these trends.

CONCLUSION: Our results indicate that the extent of maturation of cartilaginous tissues profoundly
modulates the profile of chemokine production and the catabolic response to IL-1p. The described
findings are relevant in the optimization of chondrocyte culture for cell-based cartilage repair

applications.
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INTRODUCTION

Damaged or diseased articular cartilage has no ability to self-repair, therefore, frequently leads to
progressive debilitation resulting in a marked decrease in the quality of life.

A well established technique used in the clinic for the repair of cartilage or osteochondral defects.
Autologous Chondrocytes Implantation (ACI). consists in the injection of a suspension of expanded
autologous chondrocytes into the defect (1). The recently introduced alternative matrix-mediated ACI
(MACT) (2). or the grafting of tissue engineered cartilaginous constructs (TE) (3. 4) allow in principle
a superior handling and could offer the possibility of earlier post operative loading. However the
effective clinical performance has not vet been proven to be superior and criteria to determine
appropriate maturation stage are not yet available.

All the above mentioned techniques (ACL MACI and TE) require monolayer expansion of
chondrocytes and therefore the use of dedifferentiated cells (5). It’s well established that de-
differentiated chondrocytes share some phenotypic and genotypic traits with chondrocytes derived
from patients with osteoarthritis (OA) (6-8). In particular, it has been shown that expanded and OA
chondrocytes exhibit similar enhanced expression of de-differentiated markers (e.g.: versican, type I
collagen and cathepsin B) as compared to native normal chondrocytes (9-12). Moreaver, it has been
reported that. similarly to OA chondrocytes. ex-vivo cultured chondrocytes express a variety of pro-
inflammatory chemokines/chemokine receptors and cartilage degenerative enzymes (13-18), whose
production is enhanced by increasing cell passaging and by stimulation with IL-1p and TNF-o (19,
20).

IL-1 isoforms have been shown to have harmful effects on chondrocytes: they (i) inhibit the synthesis
of the major physiological inhibitors of pro-degradative enzymes. (ii) stimulate the production of
prostaglandins. free radicals and NO (Ref). (iii) inhibit the synthesis of matrix components such as
type II collagen and proteoglycans (21-24). (iv) inhibit the chondrocyte differentiation- phenotype by
suppressing the expression of Sox-9 (21. 25), (v) inhibit the chondrocytes proliferation and induce cell
death (25).

These IL-1-mediated effects have particular relevance in the context of cell based-cartilage repair,

considering that therapeutic cell preparations (single cell suspension, cell-seeded matrices or
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cartilaginous tissues) once engrafted in the joint defect will become exposed to a biochemical
environment that is likely containing catabolic mediators deriving from the diseased joint or from the
surgical intervention itself (25-27). The cell preparation in which the chondrocytes are less susceptible
to the IT-1 effects might guarantee an improved clinical outcome. The presence of abundant
extracellular matrix swrounding the chondrocytes in an engineered cartilage graft in principle may
protect the cells from the IT-1 insult. In this regard. (27) using native bovine chondrocytes have
recently shown that mature engineered cartilage constructs (having native level of GAG content and
Young’s modulus) were capable to counteract IL-1o mediated catabolic effects. However, this method
must be investigated using clinically relevant cells (expanded adult /umman chondrocytes) which are
known to have a reduced chondrogenic capacity as compared to freshly harvested bovine.

We aimed the study at investigating how the extent of maturation of human-based cartilaginous tissues
modulates (i) the profile of chemokine production and (i1) the inflammatory/catabolic response to IL-
1B.

For this purpose. HAC have been culfured in a standard pellet culture (28, 29) for different time points
in medium promoting chondrogenesis with or without IL-1p. Production/expression of pro-
inflammatory chemokines (IL-8. MCP-1). anabolic factors (TGF-B) and degradative mediators (MMP-
1 and MMP-13) have been analysed.

Our results will be discussed in the context of defining appropriate maturation stage of a cartilage graft

for cell-based cartilage repair approaches.

MATERIALS AND METHODS

Cartilage biopsy, chondrocytes isolation and expansion.

Full-thickness human articular cartilage biopsies were obtained post mortem (within 24 hours after
death) from the lateral condyle of knee joints of 6 individuals (mean age: 44 year, range 32-65 year)
with no history of joint disease. after informed consent by relatives and in accordance with the local
ethics committee (University Hospital Basel, Switzerland).

Cartilage tissues were minced in small pieces and digested upon 22-hours incubation at 37°C in 0.15%

type II collagenase (10 mL solution/g tissue. 300 U/mg, Worthington Biochemical Corporation,
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Lakewood. NJ, USA). The isolated human articular chondrocytes (HAC) were resuspended in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal bovine serum. 4.5mg/ml. D-
glucose. 0.1mM non essential amino acids. 1 mM sodium pyruvate, 100mM HEPES buffer, 100 U/mL
penicillin, 100 pg/mL streptomycin and 0.29mg/mL glutamine (complete medium) and then alive cells
counted using trypan blue exclusion and plated in tissue culture flasks at 10* cells/cm” in complete
medium supplemented with 1 ng/ml. of transforming growth factor-1 (TGF-p1). 5 ng/mL of
fibroblast growth factor-2 (FGF-2) (expansion medium) in a humidified 37°C/5% CO2 incubator. The
growth factor combination was selected based on the previously reported ability to increase human
chondrocyte proliferation and capacity to redifferentiate (30, 31).

After approximately 10 days. when cells were about 80% confluent. first passage cells were rinsed
with phosphate buffered saline (PBS), detached using 0.05% trypsin/0.53 mM EDTA and replated at
5+10° cells/cm’. After an additional week, when cells were again about 80% confluent. second
passage cells (corresponding to a total of 8.1+ 1.0 doublings) were detached and induced to
redifferentiate in pellet cultures as described below.

3D-pellet culture

The chondrogenic capacity of expanded chondrocytes was investigated in pellet cultures using a
defined serum free medium. as previously described (31). Cells were suspended in DMEM
supplemented with ITS+1 (Sigma Chemical, St. Louis, MO: ie.. 10 pg/ml insulin. 5.5 mg/ml
fransferrin, 5 ng/mL selenium, 0.5 mg/ml bovine serum albumin. 4.7 mg/mL linoleic acid). 0.1 mM
ascorbic acid 2-phosphate, 1.25 mg/mL human serum albumin, 10~ M dexamethasone and 10 ng/mL
TGF-B1 (chondrogenic medium). Aliquots of 5x10° cells/0.5 ml were centrifuged at 250xg for 5 min
in 1.5 ml polypropylene conical tubes (Sarstedt, Niimbrecht. Germany) to form spherical pellets.
which were placed onto a 3D orbital shaker (Bioblock Scientific, Frenkendorf. Switzerland) at 30 rpm.
Pellets were evaluated for spontaneous release and mRNA expression of cytokines at different
experimental times: 3. 6. 9. 15. 21 and 27 days.

In another experimental set, pellets were cultured for 1 or 14 days and therefore exposed to 1ng/mL
IL-1p for 72 hours. Control pellets were cultured for 4 or 17 days without IL-1f. The IL-1f

concentration was selected based on a preliminary study (32). Pellets were processed for histological.
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immunohistochemical. biochemical and gene expression analyses, while surnatants were collected and
evaluated at different time points for cytokines and MMPs release.

Analytical Methods

Histological and Immunohistochemical analyses

Pellets were rinsed with PBS. fixed in 4% formalin, embedded in paraffin, and cross-sectioned (5 pm
thick). Sections were stained with Safranin-O for sulfated glycosaminoglycans (GAG) (33). The
immunohistochemical analyses for IL-8, MCP-1, TGF- and type II collagen were performed using
the following primary antibodies: mouse monoclonal anti-human IL-8 and TGF-f (R&D Systems.
Minneapolis, MN, USA). mouse monoclonal anti-human MCP-1 (PeproTech INC. Rocky Hill, USA)
and mouse monoclonal anti-human against type II collagens (II-II6B3. Hybridoma Bank, University of
Towa., USA). Paraffin sections were deparaffinized and rehydrated. Immunostaining for Type I
collagen was performed as previously described (33, 34). Tissue sections for MCP-1 and TGE-f} were
treated with 0.1 % hyaluronidase (Sigma) in PBS at 37°C for 10 minutes for epitope unmasking. After
washes, the slides were incubated for 1 hour at room temperature (RT) with primary antibodies diluted
1:10 for both MCP-1 and TGF-f in PBS with 1% Bovine Serum Albumin (BSA). The slides for IL.-8
after deparaffination and rehydration were incubated for 1 hour at RT with the primary antibodies
diluted 1:10 in PBS with 1% BSA. After washes performed in PBS with 1% BSA. the slides were
incubated with biotinylated immunoglobulins against various animal species (BioGenex. San Ramon,
CA, USA) for 20 minutes at room temperature. Then samples were incubated with a phosphatase-
labeled streptavidin Kit (Biogenex) for 20 minutes at room temperature. and then washed. The
reactions were developed using fast red substrate (Biogenex). Negative controls were performed by
omitting the primary antibody. Slides were counterstained with hematoxylin and mounted in glycerol
gel. Histological sections were visualized with a Nikon Eclipse 901 microscope equipped with NIS
(Nikon Imaging Software) elements (Nikon Inc).

Biochemical Analysis

Pellets were digested in 1mL of proteinase-K (1mg/mL proteinase-K in 50mM Tris with ImM EDTA.,
ImM iodoacetamide and 10pg/mL pepstatin-A) for 15h at 56°C. GAG amounts were measured

spectrophotometrically after reaction with dimethylmethylene blue (35). with chondroitin sulphate as a
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standard. The amount of DNA was measured spectrofluorometrically using the CyQuant cell
proliferation assay Kit (Molecular Probes. Eugene. OR). with calf thymus DNA as a standard (36).
Quantification of released cytokines

IT.-8 and MCP-1 chemokines were determined by the use of specific immunoassays (Pharmingen, San
Diego. CA). standardized in the laboratory of Istituti Ortopedici Rizzoli Bologna. Briefly. for each
cytokine’s determination, two monoclonal antibodies of different epitope specificity were used to
prepare the sandwich ELISA. Ninety-six-well. polystyrene plates (EIA microplate, ICN, Costa Mesa.
CA) were coated with 50 pl of purified mouse anti-human I1.-8 or MCP-1 adjusted at a concentration
of 1 and 4 ng/ml respectively in sodium carbonate buffer pH 9.5, and incubated overnight at 4° C.
After washing the plates. serial diluitions of recombinant human IL-8 or MCP-1 and appropriate
diluted samples were added to the wells (100 ul/well) and incubated for 2 hours at room temperature
followed by a 1 hour incubation with 100 pl/well of biotinylated mouse anti-human IL-8 or rabbit
anti-human MCP-1. After a further 30 minutes incubation at room temperature with 100 ul/well of
streptavidin-horseradish peroxidase conjugate. the bound antibodies were detected by adding 1.2 o-

phenylenediamine and H»O5, as substrate. running the reaction for 10 minutes before terminating it
with 2 M H>S0y4 and the absorbance measured at 492 nm. All the experiments described here were

performed in duplicate. TGF-f concentrations in surnatants were evaluated by commercial ELISA
kits following the manufacture’s instructions (R&D). Values of TGF-p measured in the chondrogenic
medium were subfracted from those measured in the surnatants. The amount of each released cytokine
was normalized to the DNA content of the tissue and expressed as pg / ng.

Quantification of released matrix metalloproteinases

Matrix metalloproteinases (MMP) were quantified in media collected from cultured pellets by using
the MultiAnalyte Profiling MMP base Kit (Fluorokine® MAP: LMP000) complemented with the
specific MMPs (MMP-1: LMP901: MMP-13: LMP511, R&D Systems, Minneapolis. USA). The
assay was performed on a Luminex 100™ analyzer following the manufacturer’s instructions. The

amount of released MMPs was normalized to the DNA content of the tissue.
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Real-time quantitative RT-PCR assays

RNA was extracted from expanded HAC and from pellets using 500uL Trizol (Life Technologies.
Basel, Switzerland), according to the Manufacturer’s protocol. RNA was treated with DNAse-I using
the DNA-freeTM Kit (Ambion. USA) and quantified spectrofluorimetrically. ¢cDNA was generated
from total RNA by using 500 pg/ml random hexamers (Catalys AG. CH) and 1 pL of 50 U/ml
StratascriptTM reverse transcriptase (Stratagene, NL), in the presence of dNTPs.

TGEF-B. IL-8, and MCP-1 gene expression was analyzed by Real-Time RT-PCR. The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal control. PCR primers
sequence for GAPDH was obtained from published references (37), while PCR primers sequences for
TGF-p. TL-8 and MCP-1 were designed using the PRIMER3 software (Steve Rozen. Helen J,
Skaletsky 1998 Primer 3) and were all chosen to span exon junctions. Specific primer pairs. annealing
temperatures and references are reported in Table 1. Real-Time PCR was 1un in a LightCycler
Instrument (Roche Molecular Biochemicals. Mannheim. Germany) using the QuantiTect” SYBR®
Green PCR Kit (Qiagen. GmbH, Germany) with the following protocol: initial activation of
HotStarTaq DNA Polymerase at 94°C for 15 minutes, 45 cycles of 94°C for 15 s. 56 + 60°C for 20 s
and 72° for 10 s. The increase in PCR products was monitored for each amplification cycle by
measuring the increase in fluorescence caused by the binding of SYBR Green I dve to dsDNA. The
threshold cycle (CT) values (i.e. the cycle number at which the detected fluorescence reaches a
threshold value in the range of exponential amplification) were determined for each sample and
specificity of the amplicons was confirmed by melting curve analysis and agarose gel electrophoresis.
All values were normalized to GAPDH.

Statistical analysis

For each analysis. at least duplicate samples for each condition and donor were assessed. Statistical
evaluation was performed using SPSS software version 7.5 software (SPSS. Sigma Stat). Values are
presented as mean + standard deviation (SD). Differences between groups were assessed by Mann-

Whitney test and considered statistically significant when P values were lower than 0.05.
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RESULTS

Spontaneous production of cytokines during redifferentiation of HAC

Chondrocytes cultured in pellet for different times (i.e.: 3. 6, 9, 15. 21 and 27 days) were analysed for
spontaneous protein release in the medium via ELISA assays. IL-8 and MCP-1 showed similar
secretion kinetics: the amounts of these cytokines were highest at day 3. they dropped down (by 3.7-
and 3.4-fold respectively) after additional 3 days’ culture. and got close to the limit of detection
following additional culture time. Contrarily. TGF-p amount in the culture medium remained very low
or close to the limit of detection up to 15 days’ culture, it drastically increased at 21 day and remained
constant at day 28 (Figure 1A). Production of IL-8. MCP-1. and TGF-P were also assessed in pellets at
different culture times via RT-PCR and immunohistochemically. RT-PCR analyses were in agreement
with the ELISA results: IL-8 and MCP-1 mRNA decreased during the culture time up to 22.9- fold
(p<0.05) and 5.3-fold (p=0.05). whereas TGF-3 mRNA increased significantly by 10.0-fold from 3 to
27 days of culture (Figure 1B). Imnmmohistochemical analysis confirmed that as compared to pellets
cultured for 3 days, those cultured for 27 days accunwlated lower amounts of IL-8 and MCP-1 and
higher amounts of TGF- (Figure 1C).

Effects of IL-1p exposure on GAG and type II collagen accumulation in mature and immature
pellets.

HAC were cultivated in pellets for 1 or 14 days and subsequently additionally cultured for 72 hours
with or without (control) further addition of 1 ng/mL IL-1p. Hence. pellets cultured for a total time of
4 days (immature) or 17 days (mature) were analysed to assess differences in the content of the main
cartilaginous matrix protein GAG and type IT collagen.

As expected, pellets matured with increasing culture time accumulating larger amounts of GAG and
type II collagen as shown histologically and immunohistochemically by enhanced staining intensities
for both macromolecules (Figure 2A-B). Biochemical analysis confirmed significantly higher GAG
content (2.4-fold) in marure vs immature pellets (Figure 2C). IL-1p exposure to immature pellets
resulted in extensive loss of cartilaginous mafrix as evidenced histologically by total absence of
staining for GAG and type II collagen (Figure 2A-B) and biochemically by a reduction of GAG at

negligible levels (Figure 2C). In mature pellets IT.-1 exposure caused also a certain extent of loss of
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cartilaginous components as evidenced histologically, immunohistochemically and biochemically
(GAG content reduced by 1.7-fold. p<0.05). However chondrocytes in the IL-1 treated tissues
remained surounded by a compact extracellular matrix rich in GAG and type II collagen (Figure 2).
Effects of IL-1p exposure on MMPs release by mature and immature pellets.

The levels of MMP-1 and MMP-13 were determined in the surnatants from control untreated and IL-
1P treated immature and mature pellets. These two MMPs were selected because they were observed
to be significantly enhanced by HAC under exposure to high oxygen tension (condifion not favouring
chondrogenesis)(38).

The release of MMP-1 and MMP-13 in unstimulated pellets decreased with increased cultured time so
that the amount of these enzymes were respectively 2.9-fold (p<0.05) and 1.7-fold (p<<0.05) higher in
immature vs mature tissues. In both immature and mature pellets, the exposure to IL-1 markedly and
significantly increased the release of MMP-1 (6.7- and 3.2-fold respectively) and MMP-13 (9.3- and
2.8-fold respectively). However, the amounts of both degradative enzymes were significantly higher in
the media from immarture vs mature pellets (2.1- and 2.0-fold respectively for MMP-1 and MMP-13)
(Figure 3).

Effects of IL-1p exposure on the production of cytokines by mature and immature pellets.

Quantification of the cvtokines in the surnatants

The amounts of IL-8 and MCP-1 were low in the swmatants of unstimulated immature pellets and
become close to the level of detection in mature pellets. TGF-p amounts, instead increased in mature
pellets (2.0-fold, p=0.05). Stimulation with IL-1f drastically enhanced the release of IL-8 and MCP-1.
Surprisingly, mature tissue respond to IL-1p releasing superior amounts of both chemokines so that
the final amounts of TL-8 and MCP-1 in the surnatants of such pellets were 1.5-fold (p<0.05) and 5.0-
fold (p<0.05) higher than those of immature pellets (Figure 4A). TGF-p release was also enhanced to
higher extent by mature pellets in response to IL-1p: the amount of this cytokine was 6.2-fold higher
in the surnatants of mature vs immature pellets (Figure 4B)

Expression of the cytokines genes in the tissues

RT-PCR results were generally in agreement with ELISA results. As compared to immature tissue,

mature tissue expressed (i) lower amount of IL-8 (12.4-fold, p<0.05), lower amount of MCP-1 (2.1-
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fold. p=0.05) and higher amount of TGF-§ (4.2-fold. p>0.05). Stimulation with IL-1f caused an up-
regulation of IL-8 and MCP-1 that was more pronounced in mature tissues. Consequently these two
chemokines were respectively 1.8-fold (p=0.05) and 28.0-fold (p<0.05) highly expressed in mature vs
immature tissues. TGF-f mRNA expression was only slightly increased (by 3.9-fold. p=0.05)
following TL.-1f stimulation (Figure 4B) in both mature and immature tissues.

Accumulation of TL-8 and MCP-1 in the tissues

Immunohistochemistry for IL-8 and MCP-1 was performed in immature or mature pellets. treated or
not with IL-1p. Staining for both chemokines appeared more intense in immature vs mature tissues.
However considering that staining was mainly intracellular and that immature pellets were more
cellular and contained much less extracellular matrix than mature pellets. a direct comparison was
difficult. Instead, clearly. the intensity of staining for both chemokines increased in mature pellets

following IL-1P exposure (Figure 5).

DISCUSSION

In this study. we demonstrated that the profile of chemokine production and response to IL-1B by
monolayer expanded human articular chondrocytes (HAC) cultured in pellets correlated with cell
differentiation stage. By increasing culture time, spontaneous production and release of the pro-
inflammatory chemokines TL.-8 and MCP-1 decreased, while the anabolic factor TGF-f} increased. As
compared with immature pellets. mature pellets responded to IL-1f3 by producing less MMP-1 and -
13, more TL-8, MCP-1 and TGF-f.

Several studies reported that unstimulated cultured chondrocytes produce various chemokines
involved in the recruitiment of inflammatory cells (15. 18. 39). However to the best of ouwr knowledge
differences in the basal chemokine expression profile by human articular chondrocytes at different
stages of in vifro differentiation have been so far never reported. Our finding that IL-8 and MCP-1 by
expanded HAC decreased with increasing culture time under re-differentiating conditions is consistent
with the large plasticity of such cells (30. 40). The concomitant down regulation of pro-inflammatory

chemokines with the up-regulation of the anabolic factor TGF- by re-differentiating HAC suggest
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that chondrocytes cultured in 3D in presence of chondrogenic stimuli would in principle be more
suitable for cartilage repair approach as compared to single cell suspension or cell-seeded matrices.

It is important to consider that once engrafted in the joint defect chondrocytes will become exposed to
a biochemical environment that is likely containing catabolic mediators deriving from the diseased
joint or from the surgical intervention itself (25-27). The responses of articular chondrocytes to IL-1
isoforms or TNFo. have been investigated by several scientists (20, 41) as a model system fo study
processing occurring in degenerative cartilage diseases. In particular it was shown that such molecules
strongly enhance the expression of a large number of mediators contributing to cartilage degradation
like matrix metalloproteinases (19. 39) and inflammatory cytokines (42. 43). as well as inhibit the
synthesis of key extracellular matrix proteins such as type II collagen and proteoglycan (21-24). For
such studies, however primary undifferentiated chondrocytes or cartilage explants derived from OA
patients were used. Due to the fact that the responses of chondrocytes to IL-1 vary drastically from
normal vs osteoarthritic chondrocytes and from differentiated vs passaged chondrocytes (20). the
results reported in the aforementioned studies could not be directly translated to a cell-based clinical
scenario. In our study monolayer expanded HAC were cultured in pellets for one day or 2 weeks and
then treated for 72 howrs with IL-1 B to study effects occurring by chondrocytes within MACT and TE
products following their implantation in the inflamed cartilage defect. 72 hour IL-1 exposure mimics
the duration of the inflammation caused by the surgical intervention.

We observed that IL-1 3 treatment caused a reduction in the amount of cartilaginous matrix which was
more pronounced in the immature tissues compared to the mature ones. These result might be the
consequence of an enhanced tissue degradation mediated by MMPs, in fact we showed that IL-13
treatment caused an increased production of MMP-1 and MMP-13 more pronounced in immature
pellets. Although the activity of such MMPs in the present study was not assessed, previously studies
reported that IL-1 B enhances the activity of such enzymes (19, 44, 45).

A surprising result of our study was that mature pellets (vs immature pellets) responded to IL-13 by
expressing higher amounts of IL.-8 and MCP-1 mRNA and releasing larger amount of these two
chemokines. The reason for this is unclear. It is possible that this effect might be partially mediated by

TGFp. In fact, it was previously observed that such factor acts synergistically with IL-1J enhancing
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the secretion of IL.-8 by human articular chondrocytes (42). Superior levels of TGF found in mature
pellets (vs immature pellets) indeed. can result from an enhanced expression by chondrocytes as
demonstrated in this study and by an increased accumulation of such factors in the matrix of the
pellets following prolonged culture with our chondrogenic medium containing high concentration of
TGEpB-1. Therefore one possible mechanism occuuring following IL-1p treatment of mature pellets is
that IL-1p induces an upregulation of degradative enzymes (as observed in the present study by
enhanced release of MMPs) which in twrn causes a massive release of the TGF-J stored in the matrix.
In addition. one important aspect that has to be considered is that some of the chemokines produced by
chondrocytes not only mediate inflammatory and degradative actions, they are also shown to induce
chemotaxis of mesenchymal stem/progenitors cells (MSC) (46). Interestingly. IL-8 is one of such
chemokines promoting MSC chemotaxis (47). We can therefore speculate that “mature” chondrocytes
once grafted in the defect might promote a more pronounced recruitment of MSC and that such cells
can actively participate to the repair process.

We are also aware that the model used in the present study. have not been validated to directly predict
the reparative ability of cell preparation at different stages of maturation when implanted in cartilage
lesions. In the absence of an orthotopic model where to test the performance of human chondrocytes
for cartilage repair beyond the patient. further studies may investigate the HAC performance under
conditions better resembling the injured joint (e.g.. more physiologic oxXygen tension. exposure to
loading. presence of MSC).

In sunumary. the cytokine expression profile and IL-1[3-mediated catabolic effects by human articular
chondrocytes are strongly modulated by their differentiation stage. The fact that engineered tissues
with high extent of maturation following IL-1f treatment (i) still possess abundant cartilaginous
matrix and (ii) release lower amounts of MMPs suggest that the implantation of more mature
cartilaginous tissues could guarantee superior graft survival and functional outcome. The observed up-
regulation of MCP-1 and IL-8 by chondrocytes prolonged cultured with TGFB-1 highlights the
importance of the selection of the growth factors for the preparation of autologous cells for cartilage

repair applications.

71



Paper Il

RNA template Primer sequences Annealing References”
temper
ature
(°C)
GAPDH 5°-TGG TAT CGT GGA AGG ACT CAT GAC 60 Blanco et al.
3’-ATG CCA GTG AGC TTC CCG TTC AGC
TGEF-p 5-CTGAGGTATCGCCAGG 58 PRIMER 3
3’-CGCGTGCTAATGGTGGA
IL-8 5-ACTTCTCCACAACCT 56 PRIMER 3
3’-CCAAACCTTTCCACCC
MCP-1 5-AGCCACCTITCATTCC 56 PRIMER 3

3-GCTTCTTTTGGGACACTTGCT

Table 1. Real-Time RT-PCR primers description.
*Primer sequences were obtained from published references where indicated

PRIMER 3.
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Figure 1. IL-8, MCP-1, TGF-p (A) protein levels in the surnatants, (B) messenger mRNA expression, (C)
protein expression in tissue by immunohistochemistry, of HAC cultured in pellet system for different
experimental times. Values are expressed as mean + standard deviation (SD) of measurements obtained
from 6 different donors. * = p<0.05 vs 3 days. Bar = 200um

73



Paper Il

A Safranin-0 B Type Il collagen

Immature Mature
(17 days)

Immature Mature

1
]
1
1
]
!
]
1
]
]
1
]
!
1
1
'
1
1
]
]
1
]
]
1
3
1

‘ ‘
.’x -‘.w-:“

GAG accumulation

O

2 16 - * [ ctr
2 4. O iL-1p
<Z( g *0
o
> 44 T
<
O 0 nd T
Immature Mature
(4 days) (17 days)

Figure 2. Effects of 72 h IL-1B exposure on immature (4 days) and mature (17 days) pellet tissues. (A)
Safranin-O stainings of representative pellets. Bars = 200um. (B) Sulphated glycosaminoglycan content
normalized to the amount of DNA. Values are mean + SD of measurements obtained from 7 different
experiments.

* = p<0.05 vs 4 days (same culture condition); °= p <0.05 vs ctr (same culture time).
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Figure 3. MMP-1 and MMP-13 protein levels in the surnatants produced by immature (4 days) and
mature (17 days) pellet tissues with and without stimulation with IL-1B for 72 h. Values are expressed
as mean t standard deviation (SD) of measurements obtained from 4 different donors.

* = p<0.05 vs 4 days (same culture condition); °= p<0.05 vs ctr (same culture time).
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Figure 4. IL-8, MCP-1 and TGFB (A) mRNA expression (B) protein release by immature (4 days) and
mature (17 days) pellet tissues with and without stimulation with IL-1B for 72 h. mRNA levels are
expressed as fold of difference from Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Values
are expressed as mean + standard deviation (SD) of measurements obtained from 3 different donors.

* = p<0.05 vs 4 days (same culture condition); °= p <0.05 vs cir (same culture time).
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A IL-8
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Figure 5. Immunohistochemistry for IL-8 and MCP-1 protein expression by immature (4 days) and
mature (17 days) pellet tissues with and without stimulation with IL-1p for 72 h. Bar = 200um. Pictures in
the inserts are higher magnification (400X)
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3 SUMMARY

Regenerative medicine holds great promise for ¢éasernstitution of damaged tissues and organs.
Treatment for articular cartilage injuries is anpei target for regenerative techniques, as spontianeo
healing is poor.

Among the many surgical options for the treatmédrsuch lesions, implantation of autologous
chondrocytes is gaining increasing popularity, esly for critically sized defects (79, 91). These
procedures include autologous cartilage implamaffCl) (65, 80, 81, 168), the more recent matrix-
mediated ACI (MACI) (169), or the grafting of tissengineered cartilaginous constructs (TE) (170,
171), typically based on cultivation of cells orrguas scaffolds.

The main aim of my PhD was to study different aspef human articular chondrocytes (HAC)
biology and to evaluate their relevance for theegation of a tissue engineered construct with

properties compatible with utilization in cliniczdrtilage repair.

Study 1
Main results
In the first study we showed that the use of theciig growth factor combination TGFL/FGF-
2/PDGF (TFP) during the expansion of human artrcaleondrocytes (HAC) allows to obtain (i) a
clinically relevant number of competent cells aisaitially seeded at low densities (and therefore
starting from a cartilage biopsy of small sizej) feduced variability in proliferation and cartia
forming capacity of cells expanded under differemditions of seeding densities and human serum
percentages.
Relevance

Cartilage biopsies are variable in size while hstimg an excess of it is a detrimental loss that

should be minimized. Consequently, the number ohdhocytes obtainable from a biopsy is variable
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and relatively low for a clinical application. Ird@ition, the final cell-based products vary in size
according to the needs of individual patients (Merefore, the monolayer expansion, which is the
core process of all the above mentioned cell-béesdthiques, is affected by these variables, regulti
in low reproducibility.

Moreover, in the last years, efforts to commerzaliell-based therapies are raising the need
for capable, reproducible, scalable, automated faaturing systems.
The use of bioreactors within the hospital for awdited culture of autologous cells would eliminate
logistical issues of transferring specimens betweeations, reduce the need for large and expensive
GMP facilities and minimize operator handling witte final possible result of simplifying, reducing
the cost and increasing the standardization oéttiee process (166, 167).
In our study we have defined culture conditionswihg to overcome some constraints related to the
implementation of closed automated bioreactor sydte the generation of implantable autologous
cartilage products in which the cells isolable fraartilage biopsies of different sizes have to be
expanded in only one passage on a fixed culturaceir Moreover, the system should use human
autologous serum at low percentages, to avoid @isenimal derived factors and to reduce the
dependence of the culture on a non-standardizédrfsiech as autologous serum.

The concept of using specific growth factors imiclal-grade bioreactors could be applied for
the propagation of cells from different human sesrto reduce variability in the number and quality

of expanded cells and, ultimately, in the clinioatcome of cell-based regenerative techniques.

Study 2

Main results

In this study we demonstrated that expansion o$hise isolated HAC, in biomimetic three-
dimensional scaffold (type Il collagen sponge), casnpared to expansion in monolayer, better
maintains the chondrocytic phenotype but does nbaece the cartilage-forming capacity of HAC.
Instead, increasing the HAC seeding density insttedfolds allowed enhanced chondrogenesis, even

if the seeded cells had to be expanded more extdnsin 2D in order to reach the required cell
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numbers. Therefore, high seeding density of HAGDnscaffolds is more critical for the generation of
cartilaginous constructs than the stage of cefkdihtiation reached following expansion.
Relevance
Study 2
Main results
In this study we demonstrated that expansion ofhise isolated HAC in a biomimetic three-
dimensional scaffold (type Il collagen sponge), casnpared to expansion in monolayer, better
maintain the chondrocytic phenotype but does nbiaeoe the cartilage-forming capacity. Instead,
increasing the HAC seeding density in the scaffaliswed enhanced chondrogenesis, even if the
seeded cells had to be expanded more extensival iim order to reach the required cell numbers.
Therefore, high seeding density of HAC in 3D sdalfois proposed to be more critical for the
generation of cartilaginous constructs than thegestaf cell differentiation reached following
expansion.
Relevance

Monolayer expansion, the core process of cell-b@setlage repair techniques is associated
with cell de-differentiation and loss of the choodytic phenotype. Therefore to overcome the
limitations of a low initial number of cells anddifferentiation, various studies have been perfarme
in which chondrocytes are multiplied in monolayeitares to increase the number of cells and then
transferred at high density to a long term thremettisional culture system to regain their phenotype
(172, 173). An alternative strategy for the utiliaa of the small number of chondrocytes obtained
from a cartilage biopsy consists in their limitegoansion in 2D or even in the direct culture oniid 3
porous scaffolds (174-176). In principle, this teicjue would allow a better maintenance of the
chondrocytic phenotype while reducing the extentcell proliferation and thus the cell seeding
density.

We showed that the extensively dedifferentiatechptype of chondrocytes did not appear to
interfere with the chondrogenic program, providedtthigh cell density was initially established.
Indeed, the extent of HAC passaging and consecgiage of de-differentiation did not modify the

cartilage-forming capacity of these cells followi&D culture. This is a further proof of the extemsi
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plasticity exhibited by HAC expanded in culture anduitable conditions (109, 147). Moreover our
results clearly indicate that a high seeding dgnsfitHAC in 3D scaffolds is more critical for the
generation of implantable cartilaginous construttan the stage of cell differentiation reached

following expansion.

Study 3

Main results

In this study, we demonstrated that the profile chemokine production and the response to
inflammatory/degradative stimuli by monolayer exgpash HAC correlated with the differentiation
stage of cells cultured in micromass pellets. Irtipalar, cells within more mature tissues produced
higher amounts of the pro-inflammatory chemokine$ land MCP-1 and releases lower amounts of
MMPs following IL-1B3 stimulation.

Relevance

Expanded chondrocytes exhibit enhanced express$ida-differentiated markers (e.g.: versican, type
| collagen and cathepsin B) as compared to natimemal chondrocytes (108, 149, 151, 177).
Moreover, it has been reported that, similarly tA €hondrocytes, ex-vivo cultured chondrocytes
express a variety of pro-inflammatory chemokinesifsbkine receptors and cartilage degenerative
enzymes (178-183), whose production is enhancenhdrgasing cell passaging and by stimulation
with IL-1p and TNFe (184, 185). These responses have particular mebdevan the context of cell
based-cartilage repair, considering that therapecgil preparations (single cell suspension, cell-
seeded matrixes or cartilaginous tissues) onceegraf the joint defect will become exposed to a
biochemical environment rich in catabolic mediatdrse cell preparation in which the chondrocytes
are less susceptible to such mediators might gtesgasuperior clinical outcome. Our findings that
chondrocytes embedded in a more abundant cartiagirmatrix release lower levels of pro-
inflammatory chemokines and exhibit less IB-hediated catabolic effects suggest that the
implantation of more mature cartilaginous tissuemilld@ guarantee superior graft survival and

functional outcome.
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CONCLUSION

In conclusion, during my PhD we demonstrated thatghenotype of human articular chondrocytes
can be strongly modulated following the exposuregecific biological and physicochemical cues.
The findings described in this work have therefaltewed to improve the knowledge on the biology
of cartilage cells and to define specific condisoto improve the efficiency of utilization of
chondrocytes for clinical applications.

My findings resulted indeed essential in the dé&fini of the culture conditions to use in a recently
proposed internal phase |, prospective, unconttatléical trial aimed at demonstrating safety and
feasibility in the use of engineered cartilage rafhe specific surgical target of the trial i® th
reconstruction of a two layer defect of the aldyule using a tissue engineered nasal cartilage graf
and a local flap, following resection of a nonmelara skin cancer.

For such trial, in fact, nasal articular chondresyisolated from a small cartilage biopsy in the
nose will be expanded in monolayer with medium aomihg low percentage of autologous serum and
with the previously described growth factor combira (study 1). Cells will be then seeded at high
density onto collagenous matrices (study 2) antuced under differentiation conditions allowing to

generate mature cartilage graft (study 3).

During my PhD | worked in a unique environment vehtire scientific approach, clinical and industry
point of views were combined in order to facilitdbee achievement of a final and common goal.
Indeed the interaction with different collaboratipgrtners (i.e., the company Millenium Biologix AG

and orthopaedic surgeons) helped me to remain docas investigating scientific relevant questions

which could bring to a final cell-based productitipeent for a clinical application.
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