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ABSTRACT

Osteoarthritis (OA) is a disease that has siganfiecndividual, social, and
economic impact worldwide. Although many etiolayikead to the eventual
development of OA, one potentially treatable caagbe acute articular cartilage
(AC) injury. These injuries are common and hav@amr inherent healing
capacity, leading to the formation of OA. In ariogf to repair AC injuries
several treatment strategies have been developédnbne have proven
completely successful.

Studies examining AC tissue-engineering stratepes suggested that
those with the most potential for success invohe introduction of autogenous
or allogenous cells to the site of injury. Thegeategies are designed to
encourage creation of a matrix with the appropriduaracteristics of normal AC.
However, development of a completely successfubhiremethod has proven
difficult because the biomechanical properties ofnmal AC are not easy to
replicate, a cell source with the appropriate fiomal characteristics has not been
optimized, and the problem of effective incorparatiof a repair construct into
the host tissue remains unresolved.

In an effort to more fully understand the cartdagpair process, this work
first focused on the development and utilizationaofin vitro human explant
model of AC to study the ability of seeded humaonzirocytes to integrate into
an AC defect. Further work elucidated the generesgion patterns of cultured
adult human chondrocytes and human mesenchymal s&in{MSC)-derived

chondrocytes.



Results from this work determined that culturedhn chondrocytes were
able to adhere to articular cartilage defects umable in vitro explant model and
produce a matrix containing collagen type Il. Hewer further work with then
vitro expanded chondrocytes revealed that these calts inareased expression
of collagen type | which promotes the formation af less durable
fibrocartilagenous tissue. This unfavorable exgioes persisted despite placing
the chondrocytes in an environment favoring a chooydic phenotype. Further
work with MSC-derived chondrocytes demonstratednailar and unfavorable
production of collagen type I. This work represehian important first step
towards a treatment for acute AC lesions but itlsar that further work to

optimize the culture microenvironment is still regd.
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CHAPTER ONE

AN INTRODUCTION TO ACTICULAR CARTIAGE
STRUCTURE, FUNCTION, RESPONSE TO INJURY, AND
CURENT TREATMENT STRATEGIES



An introduction to articular cartilage structure, f unction,
response to injury and current treatment strategies

1.1 Introduction

Osteoarthritis(OA) is a disease characterized bpgmssive joint
deterioration leading to pain and dysfunction.islubiquitous in all populations
and has significant individual, social and econonigpact worldwid&™.
Recently in Canada and in countries around theegltftere has been an increased
focus on the distribution of resources with respgedtealth care. The economic
impact of various diseases is being assessed datkdeto the burden each
affliction places on society. OA represents a ifigagnt economic burden
especially as the population ages. The largestfaistor associated with OA is
ag€ and it has been reported by the World Health Qrgdion that 10% of the
world’s population over the age of 60 years sufffeam OA. With the
population demographic changing such that in ther 2920 22% of the United
States population is expected to be over the ag&the number of individuals
afflicted with OA will continue to increase from 48 60 million. In the United
States in 2002 it was estimated that the costtbfidis was as much as 2.5% of
the gross national product, with OA being the mostmmon arthropathy
contributing to the majority of that amodntThis has been projected by others to
involve costs of more than 60 billion dollars anlhuavith the expectation that
this amount will reach 100 billion dollars by theay 2026° In a similar study
reported by Badley et il.it was predicted that the number of people in a8an
afflicted with arthritis will increase from 2.9 &5 million by the year 2031, an

increase of almost 124%, demonstrating that OA affikct our nation in a like



fashion. Disability as a result of OA is also wedcognized and it has been
observed that OA is second only to ischemic hemgate as a cause of work
related disability in males over 50 years of HgeAlthough the economic impact
of OA is becoming increasingly recognized as oatlimbove, these statistics do
not include the other adverse effects of this diseacluding individual suffering,
pain, psychosocial implications, the effects oreottamily members and the loss
of productivity for society. With the effects ofAObn the individual and society,
research into the treatments and prevention of disgase is of the utmost
importance.

This review will provide an overview of the strum¢ and function of
normal articular cartilage and will contrast thisthe alterations present in joints
affected by OA. The pathogenesis of the osteodtabmigfect and its relation to
the development of OA will receive specific attenti including the current
surgical strategies employed in the repair of tiiesfects. Finally, the future of
cartilage tissue repair will be discussed with auf® on cartilage tissue

engineering.

1.2 Normal Articular Cartilage

Articular cartilage has a complex composition amaicdure making it
remarkably durable and giving it substantial meatenproperties. Lining the
load bearing surfaces of diarthrodal joints, ataceartilage provides these joints
with a surface possessing a remarkably low coefiicof friction for gliding as

well as a resilient load-bearing surface for repetimotion.



1.2.1 Structure and Composition

Cartilage is a tissue composed primarily of extilatsr matrix (ECM)
with a relatively sparse population of specialioedls called chondrocytes. It is
largely avascular, alymphatic and anetital The chondrocytes make up only 1-
3% of the total volume of articular cartildgé® and are the only cellular
component of articular cartilalfe They are mainly anaerobic, have a low
metabolic rate under normal conditions, low turmovend communicate
predominantly through paracrine mechanisms rathen tcell to cell contatt
The ECM is composed primarily of collagen, wated amoteoglycans with other
proteins and glycoproteins making a much smallemtrdmution.  Articular
cartilage also has a specialized structural orgdioz which varies throughout its
depth. Together the structural organization anchgmsition combine to give
articular cartilage its unique mechanical propsttle

In cross section the structure of articular caggldhas been divided into
four zones. From superficial to deep these arestiperficial zone, the middle or
transitional zone, the deep zone and the zoneloffied cartilage. Each of these
zones are characterized by the cellular volumesaiaghe, the collagen orientation
and size, the fluid dynamics, and proteoglycan ewintvhich relate directly to
their function®!®  The lamina splendins is the sheet of fine, dgnpacked,
collagen fibrils covering the superficial zone.cdintains little proteoglycans and
no cells’. Preservation of this layer is crucial for the teation of the deeper

layer€ and also for the regulation of macromolecularfizafithin the cartilag&’.



Additionally, the lamina splendins may also beicait in limiting the passage of
immunological cells and preserving the immuno-peiyed nature of the
chondrocyte¥. The superficial zone contains oblong or flatterells with their
long axis oriented parallel to the cartilage swfaclhe collagen in this zone is
thin, tightly packed and oriented tangential to $heface. The water content is at
its highest and the proteoglycan content at is &fwe Type IX collagen in this
layer is found interposed between the type Il gadia providing resistance to
sheat. The middle or transitional zone contains celisol are more spherical in
shape. The collagen is larger and more randomgigrozed® but still possessing
a predominantly oblique orientatidnlt is hypothesized that this layer provides a
transition from the predominantly shear type supkalf force to the deeper
compressive forces. The deep zone contains choyie which are large,
spherical, and organized in a columnar fashion.e TEbllagen is largest in
diameter and organized perpendicular to the jourfase. The proteoglycan
concentration is at its highest and the water aurigeat its lowest in this zone
Finally, the zone of calcification is the regiontb€& cartilage which separates the
cartilage from the subchondral bone. There ardl sthandrocytes in this region
in a cartilagenous matrix. When stained with hemxyin and eosin a line termed
the tidemark is evident which separates the degpr laf cartilage and the
calcified zon&® This layer orchestrates the complex adhesivegs®mediating
the attachment of the cartilage to the underlyiogeb The quantitative structural
features possessed by articular cartilage arecphatly important if we are to

proceed to the engineering of articular cartilagénese quantitative parameters



have now been well defin€dand knowledge of this will be useful in the
understanding of the biomechanical properties efdfticular cartilage for repair
strategies.
1.2.2 Matrix Composition

The major components of the ECM are collagen, pgiieans and water.
Over 50% of the dry weight of articular cartilagecollagen and of this 90-95% is
type Il collagen. Other collagens present in senamounts within the matrix are
types V, VI, IX, X, XI, XIlI, and XIV**°. The collagens in articular cartilage form
a cross-linked network of inter and intramolecudands which provide collagen
with its 3D stability and contributes to the teagikoperties of the tissue.

Proteoglycans are complex molecules containing @epr core with
covalently bound polysaccharid@s The three major types of glycosaminoglyans
in cartilage are chondroitin sulfate, keratan galfand dermatan sulfaté The
larger glycosaminoglyans or aggrecans, includingndhoitin and keratin sulfate
fill a large volume of the tissue and contributeedtly to its mechanical strength
while the smaller proteoglycans like dermatin delfanfluence cellular function
and may interact with growth factors and cytokifleEach of the sulfate groups
on the glycosaminoglycans carries a negative changaking them highly
hydrophilic>®.

The affinity of the larger proteoglycans for watewvery important. It is
generated through two physiochemical mechanisnrst, fthrough Donnan
osmotic pressure caused by interstitial freely reoloins brought in to neutralize

the negative charge on the proteoglycans. Sectral,entropic nature of



proteoglycans is used to gain volume in solutf8n The turgid nature of the
articular cartilage is also contributed to by trepulsive forces which exist
between the proteoglycans. Water content and lation within the tissue is

essential for transport of gasses, small molecales metabolitdS. The collagen

and proteoglycans together form a strong, solidrimmavhich possesses a high
affinity for water. The proteoglycans in articuleartilage are not distributed
homogeneously but are present in different conasaotrs at various depths
within the matrix. The degree of hydration is detmed by a balance of the
swelling pressure exerted by the proteoglycanstia@donstraining forces of the
collagen, thereby providing the compressive stiffnef the tissue.

The homeostatic maintenance of the matrix is otchesl by the
chondrocytes. Even if one were to combine alhefwater and macromolecular
components in the appropriate ratios, the matriméd would not function as
articular cartilage. The chondrocytes are requi@drovide the appropriate

mechanical properties through organization of ttaemmmolecular framewotk

1.2.3 Remodeling, Degradative Enzymes, and Growth Factors.

Maintenance of the ECM requires continual turnovef the
macromolecular framework and remodeling of the malEr makeuf. This
occurs in response to alterations in osmolaritygrglé density, strain, and the
release of mediators. It is orchestrated largslyth® chondrocytéS and the

turnover for the various macromolecular componetsrticular cartilage varies



considerably. This remodeling is essential forperocartilage function and
preservation®%41°

Proteolytic enzymes produced by the chondrocytesiarolved in the
breakdown of the cartilage matrix in normal turnoesd in the degradative
process. Those thought to be of prime importaneetiae metalloproteinases
(MMPs) (collagenase, gelatinase and stromelysid)the cathepsins (cathepsins
A and B). Each of the MMPs are secreted as prosagywhich are subsequently
activated outside the cell by enzymatic modificatioln addition, each of these
enzymes is inhibited by tissue inhibitor of metphoteinase (TIMP). The ratio of
MMPs to TIMP determines net activity and subsequeaitrix turnover.

It is also thought that polypeptide growth factplay an important role in
the regulation of the synthetic processes of thélage matrix. These growth
factors act via specific receptor sites on the saffacé’’. The main growth
factors studied include platelet-derived growthtdaqdPDGF), basic fribroblast
growth factor (bFGF), transforming growth factortdbgTGFf), insulin and
insulin-like growth factors (IGF-1 and IGF-R}°. It is thought that PDGF elicits a
mitogenic effect on chondrocytes. Basic FGF actsacnumber of connective
tissues, is a potent mitogen, and is also a stimulaf DNA synthesis in adult
articular chondrocytes in culture. T@Fpotentiates the effects of DNA synthesis
by bFGF, stimulates proteoglycan synthesis and nsolved in MSC
differentiation to a chondrocyte litfe In addition, TGH may stimulate the
formation of tissue inhibitor of metalloproteinag&€IMP) and plasminogen

activator inhibitor—1,2 which are believed to prewveartilage breakdown. The



proteoglycans decorin, biglycan and fioromoduliguiate TGF3 by sequestering

it within the ECM™. Finally, IGF-I has been found to stimulate DNAdamatrix
synthesis in cartilage cultures in vitrand is thought to be the main anabolic
growth factor of normal cartilage

Other polypeptides capable of regulating cartilagaover, the cytokines,
include interleukins I-XI1, tumor necrosis faci@fT NFa), and interferon (IFf,
the most important of which are IL-1 and T&F These cytokines are
synthesized by chondrocytes, synovial cells andnmiatory cells. They have a
predominantly catabolic effect through the upretioiaof the MMPs and act
primarily through cell surface receptors. Theipession may be induced by the
structural needs of the cartilage or through respotm mechanical loadiffy
Their action can be inhibited through receptor gomgsts and soluble binding
proteing®,

The maintenance of the ECM and chondrocytic phgreotg not only
governed by soluble mediators but also by the actgyn of the cells with the
ECM. These ECM molecule receptors, called intejtinare transmembrane
receptors which are known to interact with collagérand VI, vitronectin,
hyaluronin, osteopontin, laminin and fibronettinThese integrins play a pivotal
role in the structure and composition of the ECM.

The complex homeostatic process regulating caetitagnover is still far
from being understood and there are several maimik chondrocytic actions
which have yet to be elucidated. What is cleah&t within articular cartilage

there must be a state of balance between matrthasis and matrix degradation
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to maintain healthy tissie As more of the mechanisms are brought to lighat w
may come closer to understanding the roles they iplarticular cartilage repair
and the pathogenesis of OA. In addition, as smigtito cartilage loss continue to
be sought, knowledge of the structural makeup amhdndrocyte/matrix

interaction will provide a guide as tissue engimegsolutions are pursued.

1.3 Osteoarthritis

Osteoarthritis(OA) is a clinical syndrome charaizet by retrogressive
loss of articular cartilage, accompanied by anngtte albeit futile, to repair and
remodel the lost tissue. It can affect any syrojoat but most commonly
affects the joints of the foot, knee, hip, back Badd3'®*"?? In addition to the
joint space loss accompanying the destruction @fitticular cartilage, pathologic
changes in the periarticular region of the jointlude subchondral sclerosis,
subchondral cysts, osteophyte formation, and vgrgiegrees of synovifis®*’2
The other tissues associated with the joint ar® affected including the
ligaments, joint capsule, metaphyseal bone and lesiscTogether all of these
factors combine to produce a clinical picture chemazed by joint pain,
crepitations with joint motion, joint deformity, 48 of joint motion and

progressive loss of functior’!’ %2

1.3.1 Stagesof OA
The progression of OA is divided into three ovepliag stages based on

macroscopic appearance, ECM composition, biochémalterations and
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metabolic activity. The first stage occurs at ostjprior to the onset of the
presence of fibrillation on the articular cartilag@face. At this point a variety of
insults may have occurred which interferes with abdity of the chondrocyte to
maintain the ECM. This is characterized by a ladsaggrecan content,
glycosaminoglycan chain length and aggregation andlative maintenance of
the overall collagen Il conteti. This results in a decreased organization of the
macromolecular framework and an increase in theadiweater content leading to
tissue swelling and increased tissue permeabiliifyhese factors combine to
decrease the mechanical strength of the articiddilage and make the tissue
more susceptible to subsequent inflf:

The second stage is characterized by a repairmespo the initial insult.
It appears that the tissue responds appropriatelyup regulates both the anabolic
and catabolic pathways in an attempt to remodel titbgue. In addition,
chondrocyte proliferatiofi is stimulated and collagen Il and aggrecan pradact
increased This produces a characteristic histological apaece of a cluster of

81923 There is,

chondrocytes surrounding newly synthesized matrotecule
however, a net decrease in collagen IX and Xl widektabilizes the collagen
network and a net decrease in aggrecan resultomy &nzymatic degradation in
excess of production. These things combine tonadcrease the matrix integrity
and increase water conttht The increased anabolic activity in some instance
sufficiently counters the catabolic activity anohilis the progression or may even

improve the cartilage for a number of yé&rsUnfortunately, this is the exception

with continued disease progression predominating.
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The third stage of OA is characterized by a pragwesloss of articular
cartilage and a decrease in the chondrocyte amabotl proliferative response.
This could be due to a decrease in chondrocyte restiff*®but also appears to
be due to a decreased sensitivity of the chondescy® the anabolic growth
factors’. In either case there is a loss in ability of hésting chondrocytes to
maintain the cartilaginous matth¢® Following the loss of articular cartilage the
other features of OA develop including subchondcd¢rosis, cyst formation, and

osteophyte development.

1.3.2 Etiology

The exact process leading to the development ofsQdrrently unknown
and indeed it is more likely that a myriad of fastewause insult to the joint
resulting in the common degenerative endpoint. te@sthritis has, however,
traditionally been divided into two broad categerimased on etiology. The first
is primary or idiopathic arthritis. This is the staommon form of OA and as the
name implies its cause is largely unknown. IdibmaDA is age associated and
its incidence and prevalence rise with increasigg. a Secondary OA is less
common and develops as a result of joint injurygetion or a number of other
hereditary, developmental, neurologic or metabmigults'®*® The secondary
osteoarthropathies can occur at any time in arvithdal's life depending on the
underlying cause and can affect young adults amdraninstances children.

Having said this, more recently the etiologies & Bave been divided

into a new framework. This again involves two lrczategories. They are
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classified firstly, asabnormal cartilage stressesincluding trauma, obesity, and
other anatomic abnormalities and secondiperrant cartilage physiology
including age, gender, genetic makeup, metabolitofa and inflammatior
This newer classification appears to be of use aalhe when researching
treatment of OA and applying various treatmentasties.

Of particular interest in this review are the drevef abnormal cartilage
stress and their effects on the progression of CHudies have estimated that
between 5% and 20% of young patients sufferingnigtic hemarthrosis in the
absence of ligamentous injury end up having a ctamtefect? which are often
unrecognizetf. It has been conjectured for some time that laagécular
cartilage defects (>1cm) result in increased logaihthe adjacent cartilage and
subsequent progressive deterioration leading t>®& These lesions are
thought to progress in girth and length such thajd regions of full thickness
cartilage are destroy&d Evidence of continued cartilage breakdown folkoyv
acute joint injury has been established in a stwdich analyzed synovial fluid
following ACL tear or meniscal injufy*”?® This study, utilizing biologic
markers of cartilage deterioration, demonstratedl pinoteoglycan fragments were
elevated two to three fold, MMP levels were incezhscleavage fragments of
collagen Il elevated and aggrecans in the jointdfluere increased. Interestingly
these levels were noted to be high initially bisoatemained elevated for years
following the injury®*"#likely indicating continued cartilage breakdowifihis
was further substantiated by recent studies whaate Iprovided additional insight

into cartilage pathophysiology following joint inju Gelber et af’ followed
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1321 medical students, 141 of whom suffered jaintry, for a mean time of 36
years. They determined that those suffering jomtiries had a significantly
increased risk of developing OA in the injured joamd that individuals in this
population should be a target for early intervamtioMore recently, a Swedish
study examined 103 female soccer players who swstaan anterior cruciate
ligament (ACL) injury. This study followed thesatpents for twelve years and
determined that those experiencing ACL injuries leachigh prevalence of
radiographic OA and associated joint gainThis demonstrates that acute joint
injury creates an environment that results in attecartilage metabolism for a
number of years. Both abnormal cartilage loadingl altered cartilage
physiology are likely contributors

OA is the result of a complex series of events ipiated by numerous
factors. One of particular interest in this revimathe articular cartilage defect.
These lesions are common following joint injuriesd aabnormal mechanical
loading on the tissue following these injuries cboause chronic joint pathology
leading to OA. Early intervention and treatmenttbése articular cartilage
injuries could prevent the progressive cascadeirganb future disability from

OA.

1.4 Articular Cartilage Injuries
The exact incidence of chondral injuries is poagfined. Studies have
estimated the incidence of chondral injury to bereen 5% and 20% in young

patients suffering traumatic hemarthrosis in theeabe of ligamentous injuts/.
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As discussed above, it is likely that large lesiricnt) of this type contribute to
the progression of OA. Much effort has gone irgpair of these injuries in an
attempt to relieve patient symptoms and preventdiénelopment of OA. The
following section will outline some basic yet impamt aspects of healing and
those which apply specifically to articular camgiga The current surgical

techniques utilized to repair chondral defects algl be discussed.

1.5 Repair of Chondral Injuries

1.5.1 Basic Science of Healing

When a vascularized tissue is injured in the badpair of this tissue is
initiated by hemorrhage and formation of a fibrilotc The injured cells and
platelet release mediators which promote the migratf inflammatory cells and
undifferentiated cells from the blood to the siteanpury. These undifferentiated
mesenchymal cells then multiply, differentiate amegin to synthesize
extracellular matrix to promote tissue regeneratidhese mesenchymal cells are
capable of differentiating into a variety of contree tissue cells and, as a result,
repair of vascularized tissues is more effectivantthe repair of unvascularized

tissues.

1.5.2 Healing of Articular Cartilage Lesions
The above process highlights many of the diffi@sltiwith repair that
articular cartilage encounters following injuriedt has long been taught that

articular cartilage lacks undifferentiated cellse tcells present cannot migrate
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within the tissue and the tissue lacks vasculadgmat The only cell contained
within articular cartilage is the highly differeated chondrocyte and although
these cells do proliferate quite rapidly as an vilial grows, within mature
cartilage cell division declines and there are \fewy if any mitotic figures Also
the cells are encased within lacunae of the dersacellular matrix and have
limited capacity for migration. It is, however, portant to note that when
cartilage is injured the cells do respond to thsuinby proliferating locally,
forming clusters and clones within the ECM, andadiegin to produce increased
amounts of matrix material, particularly proteogige®*®?®  Although it
appears that these cells are responding apprdyrigatis insufficient to repair the
defect because the new clones appear unable t@tigio the defect and the
ECM produced does not fill the defect adequatéhyaddition, the tissue does not
possess undifferentiated cells nor does it havewasty and as a result there are
no sources which could provide the necessary nmdiand mesenchymal cells
that could migrate to, proliferate and synthesizatrin to fill the defect®*
More recent evidence has begun to challenge th@itraal dogma which states
that there are no multipotent precursor cells witldult articular cartilage.
Indeed some have commented that there are preag®in the superficial zone
of articular cartilage and that they play an impottrole in joint developmerit.

It is thought that a population of these cells [gs$39nto adulthood. Despite these
interesting findings, more work is still required fully define these cells that, in

any case, are unable to elicit a repair responaaysignificance.
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The healing process described above differs saanfly from the series
of events which occur if there is subchondral bomery concomitant with the
articular cartilage injuR®?® Because the subchondral bone is vascular, the
processes of hemorrhage, clot information and nmitation are initiated. The
necessary undifferentiated multipotent mesenchycedls, growth factors and
humeral proteins are released which allow proltfera differentiation and matrix
synthesis from these ceffs®®?? Within a matter of weeks the undifferentiated
mesenchymal cells have assumed the shape of cloytelsaand begin to produce
a matrix containing some type Il collagen and pogtgcans. The bony portion of
the defect begins to fill with immature bone andday months has restored the
level of the subchondral bone with a combinatiorbohe, type | collagen and
hyaline cartilage. The cartilaginous portion oé tefect in most instances is
filled with a combination of hyaline and fibrocdatie which lacks the appropriate
mechanical strength, structure and compositiomhe chondrocytes also lack a
zonal stratification as is present in native ti$3aed the new collagen generated
fails to integrate with that on the periphery oé lesiori®>. This formation of a
cartilaginous tissue with inferior biomechanicabjperties leads to an unfortunate
deterioration over the subsequent weeks to montHswever, in some instances
the cartilage generated possesses sufficient biloenézal integrity and is
maintained for longer periods with acceptable fiomt It is important to
understand this repair response as it is the magobehind a number of the

current surgical procedures attempting to repéicuar cartilage.
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1.5.3 Surgical Options

Lesions in articular cartilage lead to alteratiamshe joint mechanics. As
discussed above, the resultant imbalance of fosoethe articular surface at the
periphery of the lesion is one of the known cause©A. In an attempt to
prevent this deterioration, a variety of differesurgical techniques have been
developed in an attempt to repair these lesionfies& will each be briefly

outlined below.

1.5.3.1 Irrigation and debridement

Arthroscopic lavage alone is effective in reducipginful symptom¥
associated with a chondral injury in the jointhaligh the biological mechanism
responsible for this has yet to be elucidatedhak been hypothesized that the
beneficial results observed are a result of theokah of any inflammatory
mediators, MMPs and other pain signaling molecutessent in the joint

ﬂuid8,25,29,32

It has also been postulated that it could remamg excess
proteoglycan or aggrecan in the superficial cagyélgous compartment, promoting
adhesion of repair ceffs Regardless of the initial results, the effecesfieeting,
may be due to simple placebo effécand no lasting effect or resultant healing
has been documenfd.

When lavage is combined with debridement additidrealefits have been
reported but again there exists no scientific avidewhich would indicate this as

a long term viable option. When faced with a chahtesion the surgeon often

performs these debridement techniques with thenindé smoothing the lesion
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and thereby possibly improving the biomechanicatds at the lesion mardth
However, experimental evidence demonstrates thisotsthe case. Chondral
lesions in canine models which had the edges ofléek®mn beveled through
debridement actually demonstrated further progoesghan those left with
vertical edge¥. Other studies have also demonstrated that chbhesions
which undergo debridement actually have increaseshd@rocyte loss as a result
of cellular apoptosi8* There have been no prospective randomized tigals

assess this intervention and results of the redxiie trials are variable at b&st

1.5.3.2 Marrow Stimulation Techniques

Marrow stimulation techniques rely on the abovecussed principle of
access to the multipotent mesenchymal cells, gréadtors and humeral proteins
present in the marrow compartment. Techniquesided in this category include
abrasion chondroplasty, microfracture, and Pirdiéirty. Use of these techniques
results in incomplete filling of the chondral defegith mechanically inferior
fibrocartilage which lacks resilience and providesly temporary defect
repaif*>?*** The main differences in these techniques arerhods utilized
to access the intravascular space. Abrasion cbpta#ty utilizes a burr, Pirdie
drilling a 2mm drill, and microfracture an awl. Witeach technique there are
basic science experiments demonstrating similaultes the formation of
fibrocartialgenous tissue rep#ir?®® Again, utilizing these techniques one
cannot expect long term tissue repalf but may, in the short term, provide

symptomatic reliéf?>29:3238.39
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1.5.3.3 Radiofrequency Ablation

This preliminary technology involves the use of iod@quency to
penetrate the chondral lesion, shrink the fibiiblas and smooth irregularities.
This technique is time and energy dependent angingaeither level, results in
increased cell death which may include a full thess lesion down to

€‘%4L Indeed,in vitro tests demonstrate chondrocyte death

subchondral bort
even at minimal settings and short time durafidts Any individual considering
the use of radiofrequency chondroplasty in treatnoérchondral lesions should

have great reservations and proceed with caution.

1.5.3.4 Periosteal Grafting

This technique involves extending the defect dlgio the subchondral
bone, then applying the graft at the base of tHeatle The periosteum contains
multipotent cells with the potential to differetdaand form different types of
cartilage and borf&***? There is currently debate as to whether thet ghafuld
be placed cambial side down or toward the joimteither case, what is generated
is a defect partially filled with fibrocartilage®>> Whether this healing is due to
cellular proliferation and differentiation from thgraft or from access to the
components of the vascular marrow cavity (as desdriabove) is of some
debaté®. In effect, this technique may only involve coinpted abrasion

arthroplasty. Having said this, this technique rhaye some future potential and
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requires more experimental knowledge to fully eatduthe healing mechanism

involved.

1.5.3.5 Autologous Osteochondral Mosaicplasty

This technique involves the arthroscopic or opemvdst of small
osteochondral dowels from the periphery of the lfd&moral joint or the
margins of the intercondylar notch and transferrthgm into osteochondral
defects on the weight bearing surface of the JdinSince its first application in
1992° several authors have reported positive clinicabults treating
osteochondral lesions with this techni¢i#&

Recently two prospective randomized trials have &ksen undertaken to
compare autologous chondrocyte implantation (A€de(later) and mosaicplasty.
Unfortunately, they did however reach contradictoegults with Horas et ‘4l
demonstrating greater benefit with mosaicplasty leviBentley et af’ had
improved results with ACI. There were however tations to both studies with
Horas et af’ having a low number of enrolled patients and skiomation of
follow-up, while Bentley et al® deviated from established post operative care and
also treated lesions larger(>4cm) than previousticiated in the mosaicplasty
group.

One additional possibility contributing to the disgancy in results could
be that the technically demanding nature of mosasty could lead to significant
surgeon to surgeon variability. Mosaicplasty reggithat the plugs be placed

congruently in all dimensions with respect to timgcalar cartilage surface. A
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dowel left at an inappropriate depth or not plagerpendicular to the surface will
generate a suboptimal result because of mechaowaloading in the new
positior?. There are also other aspects of the proceduiehwtould lead to
variable results. Larger grafts transplanted $iteaon the weight bearing surface
leads to unavoidable incongruity of the recipidite*s making those who utilize
larger grafts at a disadvantage. In an attemmveErcome this and generate a
more congruent joint surface, individuals haveizgd multiple smaller grafts to
fill these defects. This unfortunately leads to rencareas of intervening
fibrocartilage formation which has inferior biomectical properti€s. There is
also speculation as to whether or not there cowdsignificant donor site
morbidity in the future in these patients. Witle thotential for collateral joint
damage accompanied by the technical difficultieoamted with the generation
of congruency it will be interesting to note thendpterm outcomes of these

procedures.

1.5.3.6 Osteochondral Allografts

This process is similar to the technique for theografts described above
but as the name implies the osteochondral tissueamsplanted from another
individual. This procedure is performed far lesart mosaicplasty but groups
utilizing this technique have favorable long temme@n 10 year) resulfs> With
this procedure the problems with donor site motpjdhe graft size, and contour
of the graft are not as limiting. However, the satachnical difficulties with

performing the procedure exist. Often logisticampdications can make this
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procedure demanding on both the patient and thgesurbecause they must be
ready at short notice if a donor becomes availabde. with any allograft the
survivability of the transplant depends on cell biity. Studies have
demonstrated that maximal cell viability (91.2% £%) is achieved when the
grafts are implanted fresh (within 7 days of hatjes Grafts which are
hypothermically stored (2-8°C) demonstrate a sigaift decrease in cell viability
(80.2% + 17.4%) after 14 days when stored in rindactate but when stored in
other proprietary medium had improved viability @% + 9.8%) up to 28 days
General recommendations therefore suggest that aypnthermically stored
allografts should be implanted within 14 days ofvieaf®. There are also
concemns associated with the risk of pathogen tngsson when transplanting
these allografts and this combined with the lackwfable donor tissue has made

this technique less prevalent than mosaicplasty.

1.5.3.7 Autologous Chondrocyte Transplantation

ACI was first performed by Brittberg et al. in Ob#&y of 1987, with the
technique being rapidly adopted in several center&urope and the United
Stated’. This technique involves the arthroscopic hareésthondrocytes from
one area of the joint followed by the multiplicatiof the cellsin vitro in
monolayer culture. In a second procedure an dadhmy is performed, a
periosteal patch harvested from the proximal tibigutured into place over the
chondral defect, and the edges are sealed withnfiglue. The cultured

chondrocytes are then injected under the patcher&kwauthors have reported
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promising results with this technique with a higérgentage of good or excellent
clinical results in most studies (reviewed by Bettg’). However, a closer
observation reveals contradictory information wigh to 70% receiving little or
no benefit. Although ACI is already utilized in a clinical setj, more
experimental research is being produced which ehgéls the basic scientific
tenets of this procedure. The basic premise off i{tes on the containment of
the chondrocytes within the defect, allowing forgeadual development and
maturation of a hyaline-like cartilage over tithe The post operative regimen
also calls for early continuous passive motionitbia the cartilage maturatich
Recent work by Driesang et3lhas demonstrated that the periosteal flap utilized
to cover the defect is universally delaminated vatty motion at the operative
joint. Additionally, work by Grande et &.has shown that as little as 8% of the
repair cell population is composed of the trangelmhondrocytes. They did not
conjecture as to the source of the remaining dalisthe most likely source is the
multipotent cells of the marrow cavity followingtraoperative disruption of the
subchondral bone. It is also well known that chongtes multiplied in
monolayer culture dedifferentiate, losing their mtimcytic phenotype®. In
order to produce sufficient numbers of chondrocfoeACI several passages are
required with the final transplanted tissue possgsa phenotype more akin to a
fibroblast than a chondrocyte. ACI was again aagfritical light when Breinan
et al®® demonstrated that there was no difference in thendral defect’s
histological appearance when comparing ACI, pesmspatch alone, and no

defect manipulation in a canine model.
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It is possible that the relative success of thecpdure in clinical studies is
merely due to the containment of a multipotentesziibn of cells present in clot
by a partially adherent periosteal flap. To datél Aas not been compared to
several of the other treatment modalities in anr@ppate prospective double-
blind controlled trial and until it is, one may waer if the procedure is a
complicated and very expensive microfracture teginai

More recently multiple groups have been employimymber of matrices
to assist in retention of the chondrocytes withie articular cartilage defeétg®
This process termed matrix-induced autologous ctumyte implantation
(MACI) improves on ACI in that it is technicallyde demanding and shortens
operative time. To date it has demonstrated patiettomes similar to ACI with
short- and medium-term follow-up but further womkdalonger term studies are

still required” "3

1.6 Tissue Engineering

As discussed previously, articular cartilage héismded capacity for self-
repair and current treatment options, although destnating some patient benefit,
are largely inadequate. With the therapeutic ogtitor these types of injuries
being limited, much effort is currently being dited toward methods of tissue
engineering in an attempt to solve this complexbem.

Current strategies for cartilage tissue enginedrniuglve the implantation
of a supportive matrix, supplementation with stiataty biomolecules and

involvement of either autogenous or allogenousscellhe goal of these matrices



26

would be to provide a scaffold complete with grow#ttors and signaling
molecules which would serve as a conduit for celivery. This living biological
substitute would provide a basis fde novoextracellular matrix formation,
resulting in eventual regeneration of the damagesu€*’® Each of the
components essential to an appropriately engineésae will form the basis of

the subsequent discussion.

1.6.1 Cdls

Cell strategies for cartilage tissue engineerirgjuite: (1) stimulation of
the tissue progenitor cells already present atsttee of injury, (2) harvest and
culture expansion of cells to augment those atleffect site, and (3) formation of
fully formed tissue in vitro which is later tranapted. Cells currently being
investigated for this purpose include mesenchyrteah<cells, native progenitor

cells, embryonic stem cells and mature chondrocytes

1.6.1.1 Embryonic Stem Cells

Embryonic stem (ES) cells are those harvested ftastocyst and fetal
tissue. Their initial isolation from human embryws 19987 elicited much
excitement because of their limitless capacityphaliferation and their potential
to be differentiated into any tissue cell type.wewoer, there are no reports of this
tissue being utilized successfully in musculoskgléssue repair (reviewed by
Sharm&’). There are those who have established diffextoti toward the

chondrogenic and osteogenic lineages in a murinéetfid? demonstrating their
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potential for use in the field of tissue enginegribut much work is still required
in order for utilization of these cells more widelyThere is also much ethical
debate surrounding this type of stem cell and tbhgquirement of human
embryonic tissue for harvest.

Although work with these ES cells could yield muamowledge in the
fields of clinical therapeutics and organ developteurrent focus in the area of
cartilage tissue engineering is on cell sourceshviare less controversial, more

readily available, and more easily differentiatethia chondrogenic phenotype.

1.6.1.2 Mesenchymal Stem Cells

Since their discovery in the early 1960’s mesendystem cells(MSCs)
have been harvested from a number of species inguduman, canine, rat,
rabbit, mouse, goat and guinea pig [reviewed bysB&k During that time much
work has been devoted to the differentiation ofs¢éheells into their terminal
mesenchymal phenotypes including bone, cartilagescta, adipose tissue, and
tendor*®*  Of particular interest when working with MSCstiee appropriate
combination of growth factors, biomechanical, eanmental, and cell to cell
cues which will provide a suitable functional stated optimal ECM production.
Several groups have been engaged recently in #ractierization and application
of MSCs to articular cartilage engineefiig.

Initial techniques utilized to accomplish this di#ntiation have involved
the pellet techniqué*®® and a variety of methods utilizing algindfe’®°®%4s a

three dimensional scaffold. In an effort to depelthree dimensional
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environments with improved biomechanical propsraed biophysical stimuli, a
variety of different constructs including poly(etbye glycol), silk, agarose,
nanofibrous poly(-caprolactone) and poly lactic acid blotks**%**have been
utilized. Individuals have also documented tle vivo chondrocytic
differentiation of MSCs in a rabbit model utilizinglginate as the matrix
Others, utilizing a rabbit model, have transplargecbnstruct developed in vitro
into a femoral chondral defect with some suct®ssA particularly well done
study by Guo et df* documented the repair of a large osteochondraictléh a
sheep model. In this work a beta-tricalcium phasphscaffold seeded with
MSCs was utilized that demonstrated the formatibra ccartilage-like tissue
which remodeled over time. This was compared teals filled with scaffold
only and unfilled defects and a distinct benefittihe experimental group was
verified. The microenvironment necessary for défgiation of MSCs into their
functional state is an ongoing work and the scdfaltilized will be of great
importance.

Much effort has also been directed towards the@ppate growth factors
required to produce a chondrocytic phenotype fror8Qd. Growth factors
including TGFB, BMP, IGF, PDGF, EGF, and FGF have been utilizad i
multiple combinations, sequences, concentratiomisdamations of exposure and

,90,96,101-1(.)5 The most

effects on chondrogenensis have been obs&RA
common modality for comparison of the cells typeseayated is RT-PCR. The
transcripts utilized to characterize these celts @tempt to quantify the synthesis

of ECM components are collagen I, collagen I, aggn and sox 9. Probing for
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sox 9 has recently begun to gain fd¥dmbecause it correlates not only with
transcription, but also with production of compotsenf the cartilage ECR®
Sox 9 is the transcription factor for cartilage ge@xpression and is stimulated by
TGF B super family via the SMAD pathw&y TGFp is the one ubiquitous factor
in chondrocyte differentiation protocols, makingokredge of the SMAD
pathway important to the understanding of the chogehesis of MSCs.

Bone marrow derived MSCs are particularly attraefior use in cartilage
tissue engineering because they represent an easiyired autologous cell
source with excellent proliferative and regenemtbapacity’. One aspect of
mesenchymal stem cell work that is now beginninggén attention is the
heterogeneity of this complex population of cellsis recognized that the MSC
population represents groups of progenitors a¢dhfit stages of development and
indeed groups have been able to isolate sub-pamgabf precursor cells that
possess increased propensity for neuronal diffeson™®”*°®  However, to date
the multipotent progenitors within the MSC popudatiresponsible for the
production of fat, bone and cartilage have not hidentified™®” but this is sure to
play a critical role as we progress towards synshes a viable cartilage
replacement. As increased understanding is gasuebunding this complex
population of cells, the role of MSCs in articutartilage tissue engineering will

continue to expand.
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1.6.1.3 Mature Chondrocytes

The use of mature chondrocytes as opposed to terahtiated MSCs
does seem logical because this allows utilizatioretls which are already able to
produce the necessary components to generate thve Bdowever, there are
drawbacks to this approach. As was discussedqusli in the section on ACI,
chondrocytes removed from their native environnamt expanded in monolayer
culture dedifferentiate and begin to produce typeasl| opposed to type |l
collagert®®. In addition there are questions as to whetherettwill be future
donor site morbidity at the surgical site of cade harvest or even if the cells
removed from a diseased joint are appropriate éoamplantation. This said,
groups have demonstrated redifferentiation of neattnondrocytes with increased
expression of type Il collagen and aggrecan whels @e grown in three
dimensional environments, low oxygen tension, aigh liensity culture'§®*>
Methods like these which attempt to reestablish poeserve chondrocyte
phenotype while expanding these cellvitro could prove to have great utility as
these cells are applied in the realm of tissuerexgging. However, to date no
group has been successful with persistent levelsadfagen type | being

ubiquitously expressed.

1.6.1.4 Native Progenitor Cells
The use of native progenitor cells has also bedinad as a cells source in
tissue engineering. As discussed in the sectioarteular cartilage injuries and

repair, the marrow space is a source of multipotetis which form the basis of
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many of the current surgical repair strategiesoups have attempted to direct
native multipotent progenitor cells to migrate pooliferate and produce repair
tissue through encouragement with locally applienimgh factors and scaffolds.

I1® utilized a chitosan scaffold seeded with T encourage healing

Kim et al
of a cartilage defect though chemotaxis of the avarderived progenitor cells
and subsequent production of ECM. Hunziker ét’atentified the synovium as
a potential source for chondral progenitor celldieir work involved treatment of
the cartilage surface with chondroitinase AC orpsig, fibrin clots, and
mitogenic growth factors and observing the histmalgoutcomes for up to 48
weeks in a porcine model.
Unfortunately, access to the marrow and other pritgee cells often

comes with undesirable effects. Along with the gemtor cells, a myriad of
proinflammatory factors and cytokines are releasbith promote the formation

of fibrocartilagenous scar tissue. If these calls to be utilized to their full

potential these inflammatory conditions must alsaontrolled.

1.6.2 Scaffolds

Biomaterials both natural and synthetic are begigrio play essential
roles in the rapidly expanding field of regeneratimedicine. These matrices
facilitate the delivery of cells and growth factodirect the formation of new

tissue, and provide biomechanical support to theldeing tissué' "
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1.6.2.1 Scaffold Characteristics

In order to be successful a scaffold or matrix giesnust possess a set of
generic characteristics. The first of these ictimpatibility. The matrix must be
inert when placedin vivo, avoiding potentially detrimental inflammatory
reactions, immune responses, cytotoxic effects iantgcell reactiond*'81#3
Factors effecting this include chemical, structumad morphologic features as
well as sterilization techniques and potentiallxi¢cochemicals utilized in the
proces§®.  Secondly, cell function within a matrix is regtdd by intricate
reciprocal interaction of the cell with its surralimgs’®. A scaffold must provide
for adequate cell attachment and appropriate eelluteraction. This includes
both the substrate for cell anchorage as well &groproteins and bioactive
substances which act together to optimize cell vdeli proliferation and
retentiod®’®**812* Third, a scaffold must be selected which withdegrade or
resorb at a controlled rate. The degradation kyots must be easily
metabolized and lack any cytotoxic side efféct®12°1%212% |deally the process
of degradation should occur inversely to ECM prditun thereby maintaining an
appropriate level of structural integrity while alling the progressive
replacement of the scaffold by the chondrocytic EEM Next, mechanical
integrity of the scaffold required must be ablewdhstand the physiologic
stresses placed on the joint surface while the ti&sue is being generated. In
addition much of the gene expression and paraactigity of the chondrocyte is

controlled by mechanical deformation of the cellsthe scaffold is too stiff this
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process will be hindered and cell to cell contailitbve affected®?>2%-117118.124.126-

130 Fifth, it is important that the structural artispy of native cartilage is
generated as the scaffold is being replaced. |&geti possesses a highly
organized structure and advanced scaffold desigaisare able to replicate the
cellular densities, GAG distribution and collagetentation are being sought. By
imitating this zonal organization, it is hoped tinadre structurally sound tissues
can be engineerét!*1132 The porosity of the scaffold is another areauiémg
particular attention when synthesizing cartilagsue. Because of the avascular
nature of native cartilage, it is essential to hav@orous network within the
cartilage to allow for the acquisition of nutrieraisd evacuation of waste by the
chondrocytes through the process of diffusion.addlition, the porous structure
allows for cellular proliferation and ECM produgaticand distribution. The
macroporous structure also relates to the hydratibthe scaffold, affecting
construct’s stifness and mechanical intedfity***®  Finally, surgical
application must be considered when designing axfat implantation. Ease in
handling, use of minimally invasive techniques wiappropriate, polymerization

time, and methods of attachment are all importaohsierations if an

experimental scaffold is to be applied in the clairealm.

1.6.2.2 Biomaterials
Biomaterials utilized for cartilage tissue enginegtrfall under two broad

categories, those which are naturally derived gnthetic biomaterials.
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1.6.2.2.1 Naturally Derived Materials

Collagen Matrices Collagen is a naturally occurring substance ia th
joint cavity. As such it is suitable for attachmesft cells normally found in
musculoskeletal tissues and also possesses degmadabducts which are
physiological. Collagen scaffolds have been wdiZor over 20 years and the
characterization of both stem cells and chondracyighin this matrix has been
well established in animal models including rablsiheep, horse and canine
models (reviewed if**?). However, criticism of its use as a scaffold hésen
because biocompatibility has rarely been serioumslgstigated and when viewed
more systematically it has been found to be a prall Despite this, collagen
does offer the opportunity to utilize collagen cloking techniques to adjust
handling properties and has also been shown to faseeable effects on collagen
Il and aggrecan production (reviewed'#). With these favorable effects, it is
possible that different structural modificationsilcbimprove the biocompatibility
of this matrix, making it a useful biomaterial issue engineerirfg

Agarose and Alginate Agarose and alginate are polysaccharides derived
from Asian seaweeds and brown algae respecfieloth have been utilized
extensively for chondrocyte culture vitro due to their inertness and ability to
maintain a uniformly distributed three dimensiooall conformatiof. These
matrix characteristics have proven useful for thady of cell behavior,
autoregulatory signaling systems, chondrogeneni$, MSC differentiatioff*%:
Unfortunately when placedh vivo both matrices have produced disappointing

results. Agarose demonstrates poor biodegradiabilimammalian biological
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systems, likely due to a lack of the necessary mesyto process the plant derived
polysaccharides. Alginate, when implanted alomdjbits spontaneous repair
responses™®” Both have also been criticized because of thear mechanical
stability**® and their propensity to generate extensive fordigdy giant cell
reactiond®. When utilizedin vitro these naturally derived polysaccharides have
shown great utility but their other negative chéastics have thus far prevented
their use in humans.

Fibrin. Fibrinogen is a natural component of the intsawdar space and
when injury occurs it appears in the extravascsjece in its polymerized form,
fibrin. Fibrin comprises a large component of wsequent clot and acts to
facilitate and promote a healing response. Itgatigion is self initiated through
substitution with cells in the extra-vascular spand the degradation products are
physiologi¢®>. These characteristics, on initial observatioakenit an attractive
option forin vivo implantation. In fact, fibrin has been utilizeslamatrix for the
implantation chondrocytes and differentiation of G&Sin several mammalian
species including equine, canine, and rat méd&s However, some drawbacks
have been encountered. Fibrin on its own lacks siggificant mechanical
strength and allogenous fibrin has been shown iot ekn immunological
responsé>'?! especially when utilized in high concentration rifib glues.
Although fibrin has been utilized in vivo quite emsively, especially in
veterinary medicine, its potential to generatesaute which surpasses the natural

healing process is limitéd
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Chitosan Chitosan is a copolymer of glucosamine and N-
acetylglucosamine which forms a hydrogel when ctiod®d with chondroitin
sulfaté®. It can be prepared as thermally sensitive aamiaterial, is injectable,
and displays excellent biodegradeabffiff’:  As already highlighted in this
review, a group® has utilized a chitosan scaffold seeded with TGF
microspheres to promote the vivo differentiation of MSCs with subsequent
formation of a hyaline-like tissue. Oth&fshave utilized chitosan scaffolds
formed from microfiber spinning and studied theeet6 on chondrocyte
bioresponsiveness. Still othE¥shave conjugated chitosan with the bioactive
RGD moiety, demonstrating excellent cell adhesiot eell proliferation. Work
with this scaffold is still in its infancy but egrntesults are promising.

Hyaluronin. Hyaluronin is a physiologic component of artenutartilage
and as such displays excellent biocompatibility bindlegradeability. It has been
utilized bothin vitro andin vivo as a chondrocyte and MSC carrier with some
succesS'?t Concern has been elicited with respect to tleegssing methods
utilized to form this macromolecule into a scaffoldflo generate a construct
useful for this purpose hyaluronin must be croskdd by esterification. This is
thought to lead to a scaffold which has compromibeatiegradeability with
degradation products which lead to chondrofysisHowever, pre-clinical and
clinical trials utilizing Hyalograft C, a commerdia available esterified
hyaluronic acid scaffold, have demonstrated somsitipe outcome¥"%7314°
Additional concerns with respect to batch variadi@nd potential for pathogen

transfer have arisen when considering naturallyvddrscaffold sources. This



37

has been particularly prevalent when consideringenas isolated from bovine

sources because of prion induced spongiform endepdiay® '+

1.6.2.2.2 Synthetic Materials

Various materials have been synthesized into tHmeensional scaffolds
and utilized for cartilage tissue engineering. sTireld is rapidly progressing and
to date a large number of materials have been tiga#sd. This portion of the
review will summarize the most prevalent materaid then will focus on recent
work with poly(ethylene glycol) (PEG), a substragceiving much attention
recently in the field of cartilage tissue enginegti

Poly(glycolic acid), Poly(lactic acid), and Poly(latide-co-glycolide).
This group of poly¢ hydroxyl esters) have their origins is the ea®8Q’s and
have been utilizeéh vivo as synthetic suture material since 1§70 They have
adequate biocompatibility and are now utilized iorésorbable pegs, screws,
plates and rods in many areas of orthopaedics.y Thdergo mass degradation
through hydrolysis of the ester bonds and the didien products, lactic and
glycolic acid, are removed through natural biolagiprocesses®!?°** PGA
was the first to be utilized in cartilage tissugieeering and since its inception
has comprised an extensive proportion of the ssudieported in the
literature(reviewed if'®*?Y. PGA has a highly crystalline, hydrophobic stane
and possesses a low solubility in organic solverR&A is less crystalline and
more hydrophobic making it more soluble in orgasidvents, have prolonged

biodegradeability and possess more mechanicalisgal5i*?®*** Wwith the advent
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of PLGA it was noted that the physical, mechan&al degradative properties of
the polymer could be controlled by varying the adymer ratio$™®'?**** pPGA
and PLA have been utilized extensively as scaffdiiols articular cartilage
regeneration and have been shown to support celvtgr and chondrocyte

nllS, 120

functio Both have demonstrated successful healing wittyaine-like

tissue in vivo but this tissue was noted to be suboptimal witlcre@sed

nt120 |t has also

biomechanical strength and poor subchondral boraaitio
been noted that chondrocytes seeded in PLA denad@stduced cell growth and
matrix production when compared to PGA seeded aicstf’. This could be due
to the decreased diffusion of nutrients noted whsing large volumes of PLA
polymer??2 PLGA has been shown to have low mechanical gthé and it has
been demonstrated that a local drop in pH as altredurelease of acidic
degradation products causes tissue necrosis alathimatiot*. Both of these
factors have resulted in its limited use in artéizudartilage engineerind.
Poly(propylene fumarate) and Poly(ethylene oxide). PPF is a
hydrophobic linear polymer which undergoes degiadavia hydrolysis of the
ester linkage. It can be utilized to generate bgdls when combined with PEG
or a vinyl monomer and cross-linked chemicallytootigh UV exposuré®. The
result is an injectablejn situ polymerizable, biodegradable and non-toxic

matrixt2%12

suitable for chondrocyte encapsulation. PEO istleT injectable,
biodegradable polymer which can be photopolymerireditu. Experiments
utilizing this scaffold have demonstrated its use dhondrogenesis when

chondrocytes were combined with the hydrogel andotqgolymerized
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transdermally in micé?. Later Elisseef et af° utilized PEO to photoecapsulate
bovine chondrocytes along with microspheres comtgifGF and IGF-I. They
noted that the matrix was suitable for cellularlfecation and chondrogenesis
following a 14 day incubatiomn vitro. Both PPF and PEO hold significant
promise for future use in the field of cartilagestie engineering.

Poly(ethylene glycol) Poly(ethylene glycol) has shown particular
promise in the field of tissue engineering becansévo it possesses biological
inertness, thermal stability, resistance to enzignategradation, and low
immunogenicity’®. The degradation products are removed in theekisliwith
PEG molecules <50kDa being readily filtered. I#oapossesses characteristics
which allow ease of use in the laboratory includingrtness in most chemical
reactions, solubility in water, and quantitativemeation with well defined
reacting groups®. It is through the reacting groups utilized tmegte the cross
links and variation in PEG molecular weight tha thodegradable properties and
porosity can be tailored. Molecules utilized tonfothese cross-links include
polyrotaxané”, PEJ* poly(-hydroxy acid) derivativeds® poly(vinyl
alcohol}*’, and poly(butylene terephthaldf®) Each of these constructs
demonstrated acceptable mechanical strength withpoession and are capable
of chondrocyte culture but as of yet have not beempared to assess
chondrogenesis. Very few have thus far made thesiion from bench top to
intrarticular use.

Of particular interest has been the recent apjicaif protein cross-links

within a PEG scaffold. Inspired by work by Wang at*°, Park et df°
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incorporated a MMP sensitive peptide netwark situ under physiologic
conditions. Chondrocytes seeded in this matrix a@estrated increased cellular
proliferation and production of ECM products tharsimilar matrix generated
with a non-MMP sensitive peptide. The physiochein@haracteristics of these
matrices have great potential for modification witie possibility of incorporating
functional proteins essential to cell adhesionggnin binding, growth, and
proteolytic remodeling. In a similar experimenb#rer group>* employing a
similar, yet less specific technique, utilized &ilkeeated collagen to facilitate
PEG cross-linking. These techniques have tremendpotential for the
generation of cellular microenvironments containitng appropriately cloned
proteins which would effectively interact with theplanted cells, promote a
chondrocytic phenotype and enhance subsequenixrpabdluction.

The mechanical effects of PEG matrices at varyiegsdies of cross
linking have also been examined. As mentioned ipusly, much of the
chondrocyte phenotype is directed by mechanicahudti As a result, the
deformation characteristics and porosity of the rixatitilized to encapsulate
chondrocytes and fill a defect will affect the sedpgent quality and distribution of
ECM production. This has been noted to be itrueitro when examining PEG
matrices>>*** The modulation of the mechanical and porous entigs through
cross linking will most certainly be important whemoving to in vivo

applications.
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1.6.2.3 Growth Factors

Growth factors are readily apparent and essewtahponents of an
artificial tissue engineering strategy. A detailediew of these factors will not
be presented here but they have been studied extgasivelyin vitro and their
effects well documented (reviewed™ . They have however received limited
attentionin vivo but studies utilizing a porcine model have demast the vast
differences which exist between timevivo andin vitro environment§®. Indeed,
underin vitro conditions various factors do appear to have heiaekffects on
chondrogenestd’, but it appears tha vivo only those of the TGB superfamily

have proven effectié

1.7 Conclusion

OA is a debilitating disease affecting a vast prtipn of our society
resulting in significant social, economic, and indual hardship. Multiple
etiologies have been identified with the osteochiahdefect being a potentially
treatable cause. Current surgical strategies égair of these defects are
inadequate and generate fibrocartilage with infem@chanical properties. This
has lead to much investigation in the field of itage tissue engineering as a
potential solution to this difficult problem.

The generation of synthetic tissue is a complesce@ss. Cellular
phenotype is directly related to the biophysical &rochemical properties of the
surrounding microenvironment and reasonable dupicaof these natural

environments has proven difficult. Future work matempt to addresa vivo
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issues associated with immunogenic responsesetiagegration, scale of tissue
repair, and use of appropriate models. Much i it to be elucidated and

undoubtedly this field will be active for many ysedo come.



=

10.

11.

12.

43

1.8 Reference List

Reginster,J.Y. The prevalence and burdentbfitis. Rheumatology.
(Oxford)41 Supp 1 3-6 (2002).

Elders,M.J. The increasing impact of arthatispublic healthJ.
Rheumatol. Supg@0, 6-8 (2000).

Buckwalter,J.A., Saltzman,C. & Brown,T. Thepiaat of osteoarthritis:
implications for researcliClin. Orthop. Relat Re$6-15 (2004).

Brooks,P.M. Impact of osteoarthritis on indivals and society: how
much disability? Social consequences and healthagni implications.
Curr. Opin. Rheumatoll4, 573-577 (2002).

Buckwalter,J., Simon,S. & Einhorn,T. OrthopeBasic Science. Biology
and Biomechanics of the Musculoskeletal System.Eutidon. (2000).

Badley,E.M. & Wang,P.P. Arthritis and the agpopulation: projections
of arthritis prevalence in Canada 1991 to 2QBRheumatoR5, 138-144
(1998).

Lawrence,R.Cet al. Estimates of the prevalence of arthritis and detec
musculoskeletal disorders in the United Stateritis Rheum41l, 778-
799 (1998).

Alford,J.W. & Cole,B.J. Cartilage restoratiguart 1: basic science,
historical perspective, patient evaluation, andttreent optionsAm. J.
Sports Med33, 295-306 (2005).

Aigner,T. & Stove,J. Collagens--major compdraithe physiological
cartilage matrix, major target of cartilage degatien, major tool in
cartilage repairAdv. Drug Deliv. Rewb5, 1569-1593 (2003).

Buckwalter,J.A., Mankin,H.J. & Grodzinsky,AAkticular cartilage and
osteoarthritisinstr. Course Lect4, 465-480 (2005).

van der Kraan,P.M., Buma,P., van Kuppeve&,Van den Berg,W.B.
Interaction of chondrocytes, extracellular matmidarowth factors:
relevance for articular cartilage tissue enginep@steoarthritis.
Cartilage.10, 631-637 (2002).

Hunziker,E.B., Quinn,T.M. & Hauselmann,H.diaQtitative structural
organization of normal adult human articular cagé.Osteoarthritis.
Cartilage.10, 564-572 (2002).



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

44

Dijkgraaf,L.C., de Bont,L.G., Boering,G. &dm,R.S. Normal cartilage
structure, biochemistry, and metabolism: a reviéthe literatureJ. Oral
Maxillofac. Surg53, 924-929 (1995).

Eyre,D.R. Collagens and cartilage matrix hostesisClin. Orthop. Relat
Res.S118-S122 (2004).

Gelse,K., Poschl,E. & Aigner,T. Collagensusture, function, and
biosynthesisAdv. Drug Deliv. Reb5, 1531-1546 (2003).

Attisano,L. & Wrana,J.L. Signal transductionthe TGF-beta
superfamily.Science296, 1646-1647 (2002).

Mandelbaum,B. & Waddell,D. Etiology and pathgsiology of
osteoarthritisOrthopedic28, s207-s214 (2005).

Mahajan,A., Verma,S. & Tandon,V. Osteoarihrdt Assoc. Physicians
India 53, 634-641 (2005).

Baker,C.L., Jr. & Ferguson,C.M. Future treattof osteoarthritis.
Orthopedic28, s227-s234 (2005).

Buckwalter,J.A. & Martin,J.A. Sports and a@stethritis.Curr. Opin.
Rheumatol16, 634-639 (2004).

Buckwalter,J.A. Sports, joint injury, and goeumatic osteoarthritig.
Orthop. Sports Phys. The33, 578-588 (2003).

Garnero,P. & Delmas,P.D. Biomarkers in osthoiéis. Curr. Opin.
Rheumatoll5, 641-646 (2003).

Dijkgraaf,L.C., de Bont,L.G., Boering,G. &drmn,R.S. The structure,
biochemistry, and metabolism of osteoarthriticitage: a review of the
literature.J. Oral Maxillofac. Surg53, 1182-1192 (1995).

Buckwalter,J.A. Articular cartilage injurigslin. Orthop. Relat Re21-
37 (2002).

Hunziker,E.B. Articular cartilage repair: lkascience and clinical
progress. A review of the current status and pratsp@steoarthritis.
Cartilage.10, 432-463 (2002).

Patwari,Pet al.In vitro models for investigation of the effectsazute
mechanical injury on cartilag€lin. Orthop. Relat Re$61-S71 (2001).

Gelber,A.Cet al.Joint injury in young adults and risk for subsegjue
knee and hip osteoarthriti&nn. Intern. Med133, 321-328 (2000).



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

45

Lohmander,L.S., Ostenberg,A., Englund,M. 8oBél. High prevalence
of knee osteoarthritis, pain, and functional limdas in female soccer
players twelve years after anterior cruciate liganmjury. Arthritis
Rheum50, 3145-3152 (2004).

Meyer,U., Buchter,A., Wiesmann,H.P., JoogUones,D.B. Current
strategies for articular cartilage rep&ur. Cell Mater.9, 39-49 (2005).

Hunziker,E.B., Kapfinger,E. & Geiss,J. Theistural architecture of adult
mammalian articular cartilage evolves by a syncizemhprocess of tissue
resorption and neoformation during postnatal dguakent.Osteoarthritis.
Cartilage.15, 403-413 (2007).

Baumgaertner,M.R., Cannon,W.D., Jr., VittbNl., Schmidt,E.S. &
Maurer,R.C. Arthroscopic debridement of the aritilihee.Clin. Orthop.
Relat Res197-202 (1990).

Ritchie,P.K. & McCarty,E.C. Surgical manageinef cartilage defects in
athletesClin. Sports Med24, 163-174 (2005).

Moseley,J.Bet al. A controlled trial of arthroscopic surgery for
osteoarthritis of the knedl. Engl. J. Med347, 81-88 (2002).

Rudd,R.G., Visco,D.M., Kincaid,S.A. & CantidlD. The effects of
beveling the margins of articular cartilage defectsnmature dogsvet.
Surg.16, 378-383 (1987).

Tew,S.R., Kwan,A.P., Hann,A., Thomson,B.MA&her,C.W. The
reactions of articular cartilage to experimentalwading: role of
apoptosisArthritis Rheum43, 215-225 (2000).

Archer,C.W., Redman,S., Khan,l., Bishop,Ri&hardson,K. Enhancing
tissue integration in cartilage repair procedudesnat.209, 481-493
(2006).

Steinwachs,M.R., Guggi,T. & Kreuz,P.C. Marrstimulation techniques.
Injury 39 Suppl 1, S26-S31 (2008).

Sledge,S.L. Microfracture techniques in teatiment of osteochondral
injuries.Clin. Sports Med20, 365-377 (2001).

Bert,J.M. Role of abrasion arthroplasty aglrilement in the
management of osteoarthritis of the kniekbeum. Dis. Clin. North Am9,
725-739 (1993).

Caffey,S., McPherson,E., Moore,B., Hedma&,Vangsness,C.T., Jr.
Effects of radiofrequency energy on human articoatilage: an analysis
of 5 systemsAm. J. Sports Me®3, 1035-1039 (2005).



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

46

Vangsness,C.T., Jr. Radiofrequency use aukat cartilage lesions.
Orthop. Clin. North Am36, 427-431 (2005).

Zamett,R. & Salter,R.B. Periosteal neochogédnesis for biologically
resurfacing joints: its cellular origi€an. J. Surg32, 171-174 (1989).

Hangody,L. & Fules,P. Autologous osteochohah@saicplasty for the
treatment of full-thickness defects of weight-begroints: ten years of
experimental and clinical experiende Bone Joint Surg. Ar85-A Suppl
2, 25-32 (2003).

Laprell,H. & Petersen,W. Autologous osteodrahtransplantation using
the diamond bone-cutting system (DBCS): 6-12 ydallsw-up of 35
patients with osteochondral defects at the knew.jarch. Orthop.
Trauma Surgl21, 248-253 (2001).

Bentley,G. & Minas,T. Treating joint damageyoung peopleBMJ 320,
1585-1588 (2000).

Berlet,G.C., Mascia,A. & Miniaci,A. Treatmeasftunstable
osteochondritis dissecans lesions of the knee @itggenous
osteochondral grafts (mosaicplas#jthroscopyl5, 312-316 (1999).

Marcacci,M., Kon,E., Zaffagnini,S. & Visani,Ase of autologous grafts
for reconstruction of osteochondral defects ofkhee.Orthopedic22,
595-600 (1999).

Chow,J.C., Hantes,M.E., Houle,J.B. & Zalay@a&. Arthroscopic
autogenous osteochondral transplantation for trg&tnee cartilage
defects: a 2- to 5-year follow-up studyrthroscopy20, 681-690 (2004).

Horas,U., Pelinkovic,D., Herr,G., Aigner,T.S&hnettler,R. Autologous
chondrocyte implantation and osteochondral cylindersplantation in
cartilage repair of the knee joint. A prospectemparative trialJ. Bone
Joint Surg. Am85-A, 185-192 (2003).

Bentley,Get al. A prospective, randomised comparison of autologous
chondrocyte implantation versus mosaicplasty fee@shondral defects in
the kneeJ. Bone Joint Surg. B85, 223-230 (2003).

Cain,E.L. & Clancy,W.G. Treatment algorithon 6steochondral injuries
of the kneeClin. Sports Med20, 321-342 (2001).

Aubin,P.P., Cheah,H.K., Davis,A.M. & Gros&AL ong-term followup of
fresh femoral osteochondral allografts for postiratic knee defects.
Clin. Orthop. Relat Re$318-S327 (2001).



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

a7

Mahomed,M.N., Beaver,R.J. & Gross,A.E. Theglterm success of
fresh, small fragment osteochondral allografts dsehtraarticular post-
traumatic defects in the knee joi@irthopedicsl5, 1191-1199 (1992).

Beaver,R. 2t al. Fresh osteochondral allografts for post-traundsie cts
in the knee. A survivorship analysis.Bone Joint Surg. B4, 105-110
(1992).

Meyers,M.H., Akeson,W. & Convery,F.R. Resarrfg of the knee with
fresh osteochondral allogra. Bone Joint Surg. Amil, 704-713 (1989).

Ball,S.T et al. The effects of storage on fresh human osteochbndra
allografts.Clin. Orthop. Relat Re246-252 (2004).

Brittberg,M., Tallheden,T., Sjogren-Jansson.Bdahl,A. & Peterson,L.
Autologous chondrocytes used for articular carglagpair: an update.
Clin. Orthop. Relat Re$337-S348 (2001).

Gillogly,S.D. Treatment of large full-thickeechondral defects of the
knee with autologous chondrocyte implantatiarthroscopyl9 Suppl 1
147-153 (2003).

Driesang,|.M. & Hunziker,E.B. Delaminatiorigsa of tissue flaps used in
articular cartilage repaid. Orthop. Resl8, 909-911 (2000).

Grande,D.A., Pitman,M.l., Peterson,L., Menbh& Klein,M. The repair
of experimentally produced defects in rabbit ataceartilage by
autologous chondrocyte transplantatidnOrthop. Resz, 208-218
(1989).

Brodkin,K.R., Garcia,A.J. & Levenston,M.E.d@ldlrocyte phenotypes on
different extracellular matrix monolayeB&iomaterials25, 5929-5938
(2004).

Benya,P.D., Padilla,S.R. & Nimni,M.E. Indedent regulation of
collagen types by chondrocytes during the lossftdréntiated function
in culture.Cell 15, 1313-1321 (1978).

Benya,P.D., Padilla,S.R. & Nimni,M.E. The geay of rabbit articular
chondrocytes synthesize collagen types | and Hitgpe | trimer, but not
type Il. Verifications by cyanogen bromide peptadelysisBiochemistry
16, 865-872 (1977).

Cheung,H.S., Harvey,W., Benya,P.D. & NimnEMNew collagen
markers of 'derepression’ synthesized by rabbdudar chondrocytes in
culture.Biochem. Biophys. Res. Comm€68.1371-1378 (1976).



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

48

Breinan,H.Aet al. Effect of cultured autologous chondrocytes on irepa
of chondral defects in a canine modklBone Joint Surg. A9, 1439-
1451 (1997).

Jones,C. W\t al. Matrix-induced autologous chondrocyte implantation
sheep: objective assessments including confodalcmtopy.J. Orthop.
Res26, 292-303 (2008).

Behrens,P., Bitter,T., Kurz,B. & Russlieshtrix-associated autologous
chondrocyte transplantation/implantation (MACT/MAEH-year follow-
up.Knee.13, 194-202 (2006).

Tognana,E., Borrione,A., De Luca,C. & Pavgsidlyalograft C:
hyaluronan-based scaffolds in tissue-engineeradacge. Cells Tissues.
Organs186, 97-103 (2007).

Nehrer,Set al. Three-year clinical outcome after chondrocyte
transplantation using a hyaluronan matrix for tage repairEur. J.
Radiol.57, 3-8 (2006).

Marcacci,Met al. Articular cartilage engineering with Hyalograft &-
year clinical resultClin. Orthop. Relat Re€6-105 (2005).

Bartlett,Wet al. Autologous chondrocyte implantation versus matrix-
induced autologous chondrocyte implantation foeoshondral defects of
the knee: a prospective, randomised studdfdone Joint Surg. B&7, 640-
645 (2005).

Manfredini,M., Zerbinati,F., Gildone,A. & Faoi,R. Autologous
chondrocyte implantation: a comparison betweenpangeriosteal-
covered and an arthroscopic matrix-guided technigata Orthop. Belg.
73, 207-218 (2007).

Pavesio,”et al.Hyaluronan-based scaffolds (Hyalograft C) in the
treatment of knee cartilage defects: preliminanyichl findings.Novartis.
Found. Symp@49 203-217 (2003).

Langer,R. & Tirrell,D.A. Designing materidts biology and medicine.
Nature428 487-492 (2004).

Griffith,L.G. & Naughton,G. Tissue enginegrircurrent challenges and
expanding opportunitieScience295 1009-1014 (2002).

Lutolf,M.P. & Hubbell,J.A. Synthetic biomais as instructive
extracellular microenvironments for morphogenesigssue engineering.
Nat. Biotechnol23, 47-55 (2005).



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

49

Thomson,J.Aet al.Embryonic stem cell lines derived from human
blastocystsScience282, 1145-1147 (1998).

Sharma,B. & Elisseeff,J.H. Engineering struaty organized cartilage
and bone tissuednn. Biomed. En82, 148-159 (2004).

Nakayama,N., Duryea,D., Manoukian,R., ChowGlan,C.Y.
Macroscopic cartilage formation with embryonic steefl-derived
mesodermal progenitor cells.Cell Scill6 2015-2028 (2003).

Kramer,J., Hegert,C. & Rohwedel,J. In vitrfedentiation of mouse ES
cells: bone and cartilagblethods EnzymoB65, 251-268 (2003).

Kawaguchi,J., Mee,P.J. & Smith,A.G. Osteogeamid chondrogenic
differentiation of embryonic stem cells in respotsspecific growth
factors.Bone36, 758-769 (2005).

Bronson,S.K. Bone nodule formation via imoriflifferentiation of murine
embryonic stem cellddethods EnzymoB65, 241-251 (2003).

Baksh,D., Song,L. & Tuan,R.S. Adult mesenchlystem cells:
characterization, differentiation, and applicatiorcell and gene therapy.
J. Cell Mol. Med8, 301-316 (2004).

Pittenger,M.Fet al.Multilineage potential of adult human mesenchymal
stem cellsScience284, 143-147 (1999).

Cancedda,R., Dozin,B., Giannoni,P. & Quartd@,Bsue engineering and
cell therapy of cartilage and boriatrix Biol. 22, 81-91 (2003).

Grande,D.A., Mason,J., Light,E. & Dines,Der@tcells as platforms for
delivery of genes to enhance cartilage re@aiBone Joint Surg. Ar85-A
Suppl 2, 111-116 (2003).

Huang,C.Y., Reuben,P.M., D'lppolito,G., SemjP.C. & Cheung,H.S.
Chondrogenesis of human bone marrow-derived megeralstem cells
in agarose culturéAnat. Rec. A Discov. Mol. Cell Evol. Bi@lf8 428-436
(2004).

Johnstone,B., Hering,T.M., Caplan,A.l.,, GadhV.M. & Y00,J.U. In
vitro chondrogenesis of bone marrow-derived mesgnéahprogenitor
cells.Exp. Cell Res238 265-272 (1998).

Kavalkovich,K.W., Boynton,R.E., Murphy,J.M.Barry,F. Chondrogenic
differentiation of human mesenchymal stem cellfinitin alginate layer
culture systemin Vitro Cell Dev. Biol. Anin88, 457-466 (2002).



50

90. Ma,H.L., Hung,S.C., Lin,S.Y., Chen,Y.L. & W,H. Chondrogenesis of
human mesenchymal stem cells encapsulated in &dgaeads). Biomed.
Mater. Res. /&4, 273-281 (2003).

91. Noth,U., Tuli,R., Osyczka,A.M., Danielson,K.& Tuan,R.S. In vitro
engineered cartilage constructs produced by prestag biodegradable
polymer with human mesenchymal stem cdllssue En@, 131-144
(2002).

92. Sekiya,l., Vuoristo,J.T., Larson,B.L. & ProgkD.J. In vitro cartilage
formation by human adult stem cells from bone marstroma defines the
sequence of cellular and molecular events durimgpdfogenesifroc.
Natl. Acad. Sci. U. S. 89, 4397-4402 (2002).

93. Stock,U.A. & Vacanti,J.P. Tissue engineertgrent state and prospects.
Annu. Rev. Medh2, 443-451 (2001).

94. Wang,Y., Kim,U.J., Blasioli,D.J., Kim,H.J.Raplan,D.L. In vitro
cartilage tissue engineering with 3D porous aqu&us/ed silk scaffolds
and mesenchymal stem ceBomaterials26, 7082-7094 (2005).

95. Williams,C.Get al.In vitro chondrogenesis of bone marrow-derived
mesenchymal stem cells in a photopolymerizing hgdkdissue Eng®,
679-688 (2003).

96. Yang,l.Het al.Comparison of phenotypic characterization between
"alginate bead" and "pellet" culture systems asxdnogenic
differentiation models for human mesenchymal stefts cYonsei Med. J.
45, 891-900 (2004).

97. Steinert,Aet al.Chondrogenic differentiation of mesenchymal protgen
cells encapsulated in ultrahigh-viscosity algindtérthop. Res21,
1090-1097 (2003).

98. Li,W.J.et al.A three-dimensional nanofibrous scaffold for dage tissue
engineering using human mesenchymal stem &tisnaterials26, 599-
609 (2005).

99. Diduch,D.R., Jordan,L.C., Mierisch,C.M. & k&el,G. Marrow stromal
cells embedded in alginate for repair of osteochalrdefects.
Arthroscopyl6, 571-577 (2000).

100. Lee,J.W. Kim,Y.H., Kim,S.H., Han,S.H. & HaB.B. Chondrogenic
differentiation of mesenchymal stem cells and litsi@al applications.
Yonsei Med. A5 Suppl 41-47 (2004).



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

51

Guo,Xet al.Repair of large articular cartilage defects wittplants of
autologous mesenchymal stem cells seeded intattedécium phosphate
in a sheep modeTissue End0, 1818-1829 (2004).

Indrawattana,Met al. Growth factor combination for chondrogenic
induction from human mesenchymal stem d&itbchem. Biophys. Res.
Commun320, 914-919 (2004).

Mastrogiacomo,M., Cancedda,R. & Quarto,Re dfof different growth
factors on the chondrogenic potential of human buagow stromal
cells.Osteoarthritis. Cartilage9 Suppl A, S36-S40 (2001).

Worster,A.Aet al.Chondrocytic differentiation of mesenchymal stem
cells sequentially exposed to transforming growittdr-betal in
monolayer and insulin-like growth factor-1 in aglerdimensional matrix.
J. Orthop. Resl9, 738-749 (2001).

Wang,W.G., Lou,S.Q., Ju,X.D., Xia,K. & Xia}J In vitro chondrogenesis
of human bone marrow-derived mesenchymal progeoétss in
monolayer culture: activation by transfection witBF-beta2Tissue Cell
35, 69-77 (2003).

Kolettas,E., Muir,H.I., Barrett,J.C. & Handham,T.E. Chondrocyte
phenotype and cell survival are regulated by caltanditions and by
specific cytokines through the expression of Sdrafscription factor.
Rheumatology. (Oxford)0, 1146-1156 (2001).

Phinney,D.G. Biochemical heterogeneity ofemechymal stem cell
populations: clues to their therapeutic efficaCgll Cycle6, 2884-2889
(2007).

Phinney,D.G. & Prockop,D.J. Concise revimgsenchymal
stem/multipotent stromal cells: the state of traffesentiation and modes
of tissue repair--current viewStem Cell25, 2896-2902 (2007).

Tallheden,Tet al. Gene expression during redifferentiation of human
articular chondrocyte®©steoarthritis. Cartilagel2, 525-535 (2004).

Schulze-Tanzil,&t al.Redifferentiation of dedifferentiated human
chondrocytes in high-density cultur€ll Tissue Ref08, 371-379
(2002).

Benya,P.D. & Shaffer,J.D. Dedifferentiatbédrdrocytes reexpress the
differentiated collagen phenotype when culturedgarose gel<ell 30,
215-224 (1982).



52

112. Francioli,S.Eet al. Growth Factors for Clinical-Scale Expansion of
Human Articular Chondrocytes: Relevance for AutaedaBioreactor
SystemsTissue Eng2007).

113. Domm,C., Schunke,M., Steinhagen,J., Fr&tag Kurz,B. Influence of
various alginate brands on the redifferentiatiodedifferentiated bovine
articular chondrocytes in alginate bead cultureaurigh and low oxygen
tension.Tissue End.0, 1796-1805 (2004).

114. Domm,C., Schunke,M., Christesen,K. & KurA&Z&differentiation of
dedifferentiated bovine articular chondrocytesl@iraate culture under
low oxygen tensionOsteoarthritis. Cartilagel0, 13-22 (2002).

115. Schulze-Tanzil,&t al.Redifferentiation of dedifferentiated human
chondrocytes in high-density cultur€ell Tissue Ref08, 371-379
(2002).

116. Kim,S.Eet al.Porous chitosan scaffold containing microspheyaded
with transforming growth factor-betal: implicatiofos cartilage tissue
engineeringJ. Control Releas®@1, 365-374 (2003).

117. Hunziker,E.B. & Rosenberg,L.C. Repair oftig&thickness defects in
articular cartilage: cell recruitment from the sy membranel. Bone
Joint Surg. Am78, 721-733 (1996).

118. Woodfield,T.B., Bezemer,J.M., Pieper,J.8n Blitterswijk,C.A. &
Riesle,J. Scaffolds for tissue engineering of lzagé.Crit Rev. Eukaryot.
Gene Exprl2, 209-236 (2002).

119. Tirelli,N., Lutolf,M.P., Napoli,A. & Hubbell.A. Poly(ethylene glycol)
block copolymers]. Biotechnol90, 3-15 (2002).

120. Lu,L., Zhu,X., Valenzuela,R.G., Currier,B& .Yaszemski,M.J.
Biodegradable polymer scaffolds for cartilage tessagineeringClin.
Orthop. Relat Res5251-S270 (2001).

121. Frenkel,S.R. & Di Cesare,P.E. Scaffoldsafticular cartilage repaiAnn.
Biomed. En@2, 26-34 (2004).

122. Elisseeff,J. Injectable cartilage tissueireegying.Expert. Opin. Biol.
Ther.4, 1849-1859 (2004).

123. Temenoff,J.S. & Mikos,A.G. Injectable biodsdpble materials for
orthopedic tissue engineerir§jiomaterials21, 2405-2412 (2000).

124. Hutmacher,D.W. Scaffold design and fabracatechnologies for
engineering tissues--state of the art and futurspeetivesJ. Biomater.
Sci. Polym. Ed 2, 107-124 (2001).



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

53

Drury,J.L. & Mooney,D.J. Hydrogels for tigsengineering: scaffold
design variables and applicatioBsomaterials24, 4337-4351 (2003).

Buckwalter,J.A. & Mankin,H.J. Articular ciéage: tissue design and
chondrocyte-matrix interactionkstr. Course Lec#d7, 477-486 (1998).

Grodzinsky,A.J., Levenston,M.E., Jin,M. &FRk,E.H. Cartilage tissue
remodeling in response to mechanical foréesu. Rev. Biomed. Ey
691-713 (2000).

Guilak,F., Butler,D.L. & Goldstein,S.A. Fummnal tissue engineering: the
role of biomechanics in articular cartilage rep@iin. Orthop. Relat Res.
S295-S305 (2001).

Hasler,E.M., Herzog,W., Wu,J.Z., Muller,WV8yss,U. Articular
cartilage biomechanics: theoretical models, mdtpraperties, and
biosynthetic respons€rit Rev. Biomed. Eng7, 415-488 (1999).

Waldman,S.Cet al. Effect of biomechanical conditioning on cartilagirs
tissue formation in vitroJ. Bone Joint Surg. ArB5-A Suppl 2 101-105
(2003).

Sachlos,E. & Czernuszka,J.T. Making tissugreering scaffolds work.
Review: the application of solid freeform fabricatitechnology to the
production of tissue engineering scaffoldsr. Cell Mater.5, 29-39
(2003).

Yang,S., Leong,K.F., Du,Z. & Chua,C.K. Thesidn of scaffolds for use
in tissue engineering. Part Il. Rapid prototypiaghniquesTissue Eng,
1-11 (2002).

Liu,X. & Ma,P.X. Polymeric scaffolds for b@tissue engineeringnn.
Biomed. En@2, 477-486 (2004).

Hutmacher,D.W., Goh,J.C. & Teoh,S.H. Anadtrction to biodegradable
materials for tissue engineering applicatiohisn. Acad. Med. Singapore
30, 183-191 (2001).

Hutmacher,D.W. Scaffolds in tissue engimgebone and cartilage.
Biomaterials21, 2529-2543 (2000).

Hutmacher,D.W., Sittinger,M. & Risbud,M.\t&8fold-based tissue
engineering: rationale for computer-aided desighsuolid free-form
fabrication systemdrends BiotechnoR?2, 354-362 (2004).

Mierisch,C.Met al.Chondrocyte transplantation into articular cagea
defects with use of calcium alginate: the fateheftells.J. Bone Joint
Surg. Am85-A, 1757-1767 (2003).



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

54

Subramanian,A., Lin,H.Y., Vu,D. & Larsen &/nthesis and evaluation
of scaffolds prepared from chitosan fibers for ptitd use in cartilage
tissue engineerin@iomed. Sci. Instrund0, 117-122 (2004).

Masuko,Tet al. Chitosan-RGDSGGC conjugate as a scaffold matfenial
musculoskeletal tissue engineeriBgpmaterials26, 5339-5347 (2005).

Marcacci,Met al.Articular cartilage engineering with Hyalograft &
year clinical resultClin. Orthop. Relat Re€6-105 (2005).

Lu,L.et al.In vitro and in vivo degradation of porous poly({¥ctic-co-
glycolic acid) foamsBiomaterials21, 1837-1845 (2000).

Sims,C.Det al.Injectable cartilage using polyethylene oxide pody
substratesPlast. Reconstr. Sur@8, 843-850 (1996).

Elisseeff,J., McIntosh,W., Fu,K., Blunk,B& Langer,R. Controlled-
release of IGF-1 and TGF-betal in a photopolymegziydrogel for
cartilage tissue engineering).Orthop. Resl9, 1098-1104 (2001).

Lee,W.Ket al.Novel poly(ethylene glycol) scaffolds crosslinkey
hydrolyzable polyrotaxane for cartilage tissue aagring.J. Biomed.
Mater. Res. &7, 1087-1092 (2003).

Riley,S.Let al.Formulation of PEG-based hydrogels affects tissue-
engineered cartilage construct characterisiicMater. Sci. Mater. Med.
12, 983-990 (2001).

Bryant,S.J., Chowdhury,T.T., Lee,D.A., Babdr. & Anseth,K.S.
Crosslinking density influences chondrocyte met&lpoin dynamically
loaded photocrosslinked poly(ethylene glycol) hyris.Ann. Biomed.
Eng32, 407-417 (2004).

Martens,P.J., Bryant,S.J. & Anseth,K.S.draig the degradation of
hydrogels formed from multivinyl poly(ethylene gbly and poly(vinyl
alcohol) macromers for cartilage tissue engineeBngmacromolecules.
4, 283-292 (2003).

Malda,Jet al. The effect of PEGT/PBT scaffold architecture om th
composition of tissue engineered cartiladg®materials26, 63-72 (2005).

Wang,C., Stewart,R.J. & Kopecek,J. Hybridrogels assembled from
synthetic polymers and coiled-coil protein domahature397, 417-420
(1999).

Park,Y., Lutolf,M.P., Hubbell,J.A., HunzikéB. & Wong,M. Bovine
primary chondrocyte culture in synthetic matrix ailiproteinase-



151.

152.

153.

154.

155.

156.

55

sensitive poly(ethylene glycol)-based hydrogela asaffold for cartilage
repair.Tissue End.0, 515-522 (2004).

Taguchi,Tet al. Encapsulation of chondrocytes in injectable alkaated
collagen gels prepared using poly(ethylene glybaBed 4-armed star
polymer.Biomaterials26, 1247-1252 (2005).

Bryant,S.J., Anseth,K.S., Lee,D.A. & Badelr,0Crosslinking density
influences the morphology of chondrocytes photopsakated in PEG
hydrogels during the application of compressivaistd. Orthop. Res22,
1143-1149 (2004).

Bryant,S.J. & Anseth,K.S. Controlling thesal distribution of ECM
components in degradable PEG hydrogels for tissgaeering cartilage.
J. Biomed. Mater. Res.@4, 70-79 (2003).

Bryant,S.J. & Anseth,K.S. Hydrogel properiigfluence ECM production
by chondrocytes photoencapsulated in poly(ethyigyenl) hydrogelsJ.
Biomed. Mater. Re&9, 63-72 (2002).

van den Berg,W.B., van der Kraan,P.M., Sthafl,A. & van
Beuningen,H.M. Growth factors and cartilage regain. Orthop. Relat
Res.S244-S250 (2001).

Hunziker,E.B. Growth-factor-induced healofgartial-thickness defects
in adult articular cartilagesteoarthritis. Cartilage9, 22-32 (2001).



56

CHAPTER TWO

THE EFFECTS OF INTRODUCING CULTURED HUMAN
CHONROCYTES INTO A HUMAN ARTICULAR
CARITLAGE EXPLANT MODEL
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The effects of introducing cultured human chondrocyes into a human
articular cartilage explant model.

2.1 Introduction

Articular cartilage (AC) is an avascular tissuehwgoor innate healing
capacity following injury. As a result, articulanrface injuries progress such that
full-thickness cartilage loss eventually occurs asteoarthritis (OA) ultimately
develop$®. Damage to AC is commbnand the resultant OA causes significant
disability that has major social and economic iwgtions®® The significance of
these injuries has led to the development of nuoseA&C repair strategies in an
attempt to heal these defects early in the dispaseess thereby halting the
subsequent degeneration Unfortunately, none of these strategies has gov
completely successful and consequently other, nediective methods of AC
repair are being developed

Development of a completely successful repair neetin@as proven
difficult because the complex structural and biohacal properties of normal
AC are not easy to replicafé® Studies examining tissue-engineering strategies
have suggested that those with the most potentialsticcess involve the
introduction of autogenous or allogenous cellsh gite of injury either alone or
embedded within a supportive scaffold. These strategies involve creation of a
new matrix with the appropriate characteristicsnofmal AC which will be
expected to be able to incorporate into the adjacative tissue. However, the
problem of effective incorporation of the construdb the host tissue remains a
major obstacl¥. This problem has garnered much attention witugobeing

placed on an enzymatic preparation of the defeet ® encourage cellular
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adhesior**®

and the prevention of cell death and tissue neriosthe tissue
adjacent to the defé€t The region immediately adjacent to an AC defsaif
particular concern because the tissue has beennshowbecome acellular
following injury which may inhibit effective hostssue integration leading to
failure of the repalf*® An understanding of this process of cell lossglwith
the prevention of cellular apoptosis adjacent tgams of injury is limited. For
example, it has not been determined whether imgdhaicells are ever able to
become integrated into the acellular regions ofrixfdt Further study of the
processes occurring at the construct—host interfaegssential to enhance current
repair techniques and generate new approaches tepgdir.

In the current study, am vitro human explant model of AC was utilized
to study the ability of seeded human chondrocysesdhere and integrate into an
AC defect. A human model was specifically employmtause animal models
have many features which differ significantly frahee human and which may
affect results. For example, animal models displdferent cell densities, tissue
architecture, and biomechanical properties whichghti contribute to a
microenvironment where the healing potential arsdug behavior may differ
significantly from that found in human tissueAdditionally, it is well recognized
that chondrocyte behavior, matrix production andlutar motility are all
influenced extensively through the paracrine signatceived from other
chondrocytes and matrix interactioh®*! Therefore, it is important that an
appropriate model be used for the study of constintegration and possible

matrix repopulation.
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Currently there are few studies documenting thelte®f long termin
vitro explant studies utilizing human tisétie This study simply involved
introducing cultured chondrocytes into a standa&dligite of injury in human AC
explants. The purpose of this study was to assesability of the implanted
chondrocytes to attach at the site of injury, deped matrix, and incorporate into

the devitalized host matrix adjacent to the defect.

2.2 Methods
2.2.1 Preparation of Cartilage Explants
Samples of AC were obtained from patients undegyoiotal knee

arthroplasty (TKA) for OA. Chamfer trimmings frothe weight-bearing portion
of the less affected condyles (Outerbridge grade?)-were selected and a total
of thirty-six 10mm diameter, cylindrical dowels weharvested. The dowels
included full-thickness AC as well as the undenyisubchondral bone. The
dowels were washed thoroughly with PBS to remowe @&bris present from
harvesting and also to remove detrimental cataboledliators present in the
osteoarthritic joint and then incubated for 48 Isoim Chondrocyte Growth

Medium (CGM) (Cambrex).

2.2.2 Treatment of the osteochondral dowels
The 36 dowels were divided into three equal grodpsuninjured, 2)
injured and 3) injured and seeded (Figure 2.1).e @bwels in groups 1 and 2

acted as controls while those in group 3 formed dkperimental group. A
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conical injury that traversed the full-thicknesstbé AC was generated in the
latter two groups using a hand-held countersinkdiminimize any detrimental
effects of pressure and friction. A pilot studyndmstrated that the technique
produced a standard conical injury measuring 4.@8#0m in diameter. Dowels
were cultured in six-well plates in CGM, incubatd37°C and 5% CQand the
medium was changed every 3-4 days throughout tperawent. Dowels were

harvested at 0, 7, 14 and 28 days.

2.2.3 Chondrocyte Isolation and Labeling

Chondrocytes to be implanted were obtained fronshfrenuman AC
harvested from the distal femur (Human Organ Pement and Exchange;
HOPE program, University of Alberta). Following & hour digestion in
Collagenase (Sigma) (1mg/ml) in serum-free DMEM-Ri€ chondrocytes were
isolated and plated in monolayer on 100mm plastgué culture dishes. They
were incubated at 37°C and 5% £é@nd passaged (1:2) when approaching
confluence. Cells were collected at the end o§pgs 3 and labeled using PKH
26 dye (Sigma) according to the manufacturer’s iipations. In this way, cells
could be identified following implantation. Thebkded cells were divided into
1.0x10 aliquots and pipetted gently into the medium diyeoverlying the

injured portion of the dowels in Group 3 (Figuré&)2on day O.
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2.2.4 Cell Viability/Cytotoxicity and Cell Incavpation

On the appropriate days, the dowels were remowed the medium and
the AC was cut from the subchondral bone usingadpst The discs of AC were
divided in half which was at the apex of the defieacthe injured dowels. One
half of the AC disc was serially sectioned at 70pnbtervals using a vibratome
while the other half was fixed immediately in foima4%). The fresh, sectioned
tissue was viewed immediately using a Leica fluosese microscope to
document seeded cell incorporation within the defleadhe dowels of Group 3
(injured and seeded). Fresh sections from eachedowere also stained for
viability with the Live/Dead kit (Invitrogen) foling the manufacturers
specifications. These sections were observed usifigorescence microscope
and images collected. From these images cell tyeand viability within the
native cartilage matrix was determined by countimg live and dead cells in an

identical defined area on each micrograph.

2.2.5 Histology and Immunohistochemistry

The formalin-fixed portion of each AC disc was emtbed in paraffin
using routine techniques. Serial sections Sunkthiere collected beginning at
the apex of the defect in the injured explantsctiSes were also taken from the
centre of the uninjured explants to act as controldiree sections from each
dowel were subsequently stained using routine igaes with H&E and viewed
using a light microscope. Images were collectedliserve the morphology of

the explants. Four sections from each dowel weesned using routine
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immuonhistochemical techniques with an antibodycggeto human collagen li

[collagen 1l (2B1.5) (NeoMarkers)]. Antigen retrewas accomplished with a 5
minute digestion with pepsin (1mg/ml) in 10 mM THEL pH 2.0 at 37°C and
the primary antibody was introduced in a 1:100téluw Staining was performed
using the Vectastain ABC kit according to the maotirer's specifications.
Appropriate negative controls using the absencéhef primary antibody and
ligamentous tissue devoid of collagen Il were ideld. All sections were
reviewed for the presence of antibody staining gisinlight microscope and

appropriate digital images were collected.

2.2.6 Statistical Analysis
The experiment was performed in triplicate and WNitgb data were
compared within each group and between groups wsisgvay ANOVA and the

software package SPSS.

2.3 Results
2.3.1 Cell Labeling, Adherence, and Migration

All of the cells were successfully labeled with tA&KH 26 dye (Figures
2.2A and B) which is a membrane stain that fluczgesed. On day O explants in
Group 3 (injured and seeded group) failed to detnatesany immediate cellular
adherence (Figure 2.2C). After 7 days it was olexkthat cells had securely
adhered to the defects in all Group 3 samples aften washing with PBS. This

was also seen in the 14 and 28 day explants (Fiai2). Although dowels were
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harvested from areas of the condyles with intactlage, these assessments were
only made on gross visual examination. After sedtig it was clear that some
dowels had some mild damage to the lamina splendées viewed using the
light microscope. It is interesting to note thndien the lamina splendins was
intact, there was no cellular adherence to theuwdar surface. In contrast, in those
with lamina splendens damage, articular surfacé ashesion was apparent
(Figure 2.2E and F).

At no point in the experiment was there evidened #ny of the seeded
cells had migrated into the acellular zone adjaterie defect (Figure 2.3E and
F). Nor was there any indication that the unlaloettells in the native cartilage

had migrated into this region.

2.3.2 Cell Density and Viability

Cell viability was determined at days 0, 14 and 28hen the Live/Dead
assay is utilized it simultaneously detects botle land dead cells in the same
tissue. Live cells take up the calcein-AM and rhet&e it in the cytoplasm to
produce a green fluorescent substrate which isnegtaby the intact membrane.
Conversely, the dead cells allow the ethidium bdemto homodimer pass
through the damaged cell membrane and stain thieiowaxid red (Figure 2.3A
and B). There are two limitations to this methdddetection. When a cell
initially dies they are able to be stained butraftfew days the cell debris will
eventually be evacuated from the tissue. Thispeeially evident in the zone of

cell loss adjacent to the defects (Figure 2.3C).eadirement of viable-cell
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densities were obtained to determine if there wgsificant cell loss over the
duration of the experiment (Figure 2.3D). Unfodtely, the dead cells
fluoresced red which is the same color as the rdteells labeled with PKH 26.
This, however, was not a problem because adherehtiee seeded cells was
assessed first followed by staining for viabilityThe two processes were
sequential and separate (Figure 2.3E and F).

There were viable cells adherent within the deffecroup 3 at 7, 14 and
28 days. Statistical comparison of the viable-delsity within the host cartilage
matrix showed that there was no significant diffese within Group 3 (injured
and seeded) (p=0.480), Group 2 (injured) (p=0.086Y Group 1 (uninjured)
(p=0.404) at each of the time points. This denratesdtl that there was no
significant cell loss within the groupsver time In contrast, a comparison of
overall viable-cell density between the three gsoughowed there was a
significant difference in overall viabilitypetweenthe three groups (p<0.001).
Both of the injured groups had a significantly loveell density when compared
to the uninjured group. This was likely due to #p®ptotic cell loss occurring in
the injured explants and was not unexpected. Tlwageno difference between the

two injured Groups (p = 0.157).

2.3.3 Histology and Immunohistochemistry
Matrix formation by the implanted cells and the ghrotion of collagen
type Il was analyzed. In Group 3 (injured and seda thin lattice-like network

was produced surrounding the adherent cells as sedioth the H&E and
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immunohistochemical stained images (Figure 2.4A and).
Immunohistochemical staining was most intense ie #rea immediately
surrounding the seeded chondrocytes demonstratfiggen type Il presence
within the modest amount die novotissue. In Group 2 (injured), which did not
receive any seeded chondrocytes, no new matrixpsaduced and the defects
remained unchanged at all time points. There werelifferences noted in the
general architecture of the explant tissue whenpaoing the three groups aside

from the obvious defects in the latter two groups.

2.4 Discussion

The development of a suitable AC construct at tie of injury is a
difficult task in its own right but is complicateddrther by the requirement of
effective integration of the construct into theaadint host tissue. Furthermore, it
has been recognized that the tissue adjacent tdefeet is often decellularized
due to a combination of necrosis and apoptdsisit has recently been
hypothesized that chondrocytes may be able to teigrao and repopulate this
region of damaged matfk Indeed, it has been demonstrated that chondrscyt
are capable ah vitro migration and deformation through pores as snwa8 an
when stimulated by the chemoattractant, IGE-1It has also been speculated that
chondrocytesn vivo may be capable of migration through polarizatidrin@ir
catabolic processes in an attempt to generatesagasnd migrate into regions of
injury®®?2  Archer et al* attempted to elucidate this point by endeavoring t

repopulate a decellularized matrix pellet with oti@tytes seeded onto the
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surface. They were, however, unsuccessful butwhis not unexpected due to a
lack of chemostimulus in order to direct migration.

The results of this study have established a rejmibt model which was
used for than vitro analysis of human AC defect repair. This work saduhat
seeded allogenous cells became adherent to injaneds, both in the
experimental defects and also in regions wherestinaas damage to the lamina
splendens. Once adherent, the seeded chondrquydaced a sparse matrix
containing collagen 1. However, it was noted tlaspite having viable cells
within the host tissue presumably capable of a guera stimulus, seeded
chondrocytes did not migrate into the region of delth adjacent to the site of
injury. This lack of cell migration was observedsgite the use of osteoarthritic
cartilage which represents a more permissive enment to cell movements due
to the decreased matrix density and increased “sm@®’. Perhaps further
enzymatic degradation of the existing matrix may feguired to promote
migratiorf’. It is also possible that the paracrine stimyusvided by the cells
within the explant was not sufficient to elicitesponse in the seeded cells or that
the 28 day time period was insufficient to allowgrsficant cellular migration.
Additionally, the culture environment of the explnneeds to be further
developed to duplicate the intraarticular condgiomore closely.

This work also highlighted the importance of cag# tissue manipulation
and the effects this can have on cell viability hwit the tissue. Despite the
deliberate minimal use of low pressure and fricttoncreate the AC defects a

zone of cell loss adjacent to the defect still degved. This has been seen in other
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work****?%nd it is clear that a greater understanding ofieoenvironment at
the host-tissue interface is essential if effectoamstruct integration is to be
achieved. Additionally, this work also serves agminder to surgeons that AC
cannot be treated with impunity but in contrast traes treated with the utmost
respect. Any invasion of the AC is likely to causere harm than good and the
common use of arthroscopic shavers to “smooth” AQu&l be reviewed.

This study was seen as the first of several dedigmedentify the major
problems associated with using implanted cellsefmair AC as well as to direct
improvements in the methodology. Future improvememiight include
development of a model which more closely mimice timtraarticular
environment with a particular emphasis on appro@riaxygen tension and
applied biomechanical forces. Also, now that adhee of seeded chondrocytes
has been demonstrated using this model, futurd wdi focus on the use of
matrices and bimolecules overlying these adhereasiis do see if cellular
migration andde novomatrix formation can be encouraged from the bdsbe
defect towards the surface. This model also shprsise for use in further
work with enzymatic preparatiofisof cartilage prior to construct insertion and
also for anti-oxidant treatmerfswhich could limit the apoptotic cell loss
adjacent to the AC injury.

With these limitations and future directions in ohirthis model shows
promise as a reproducibie vitro tool for the investigation of articular cartilage
defect repair. Although there was no apparentrogkation observed, this model

could be used to study the interaction of implardgelfs and host tissue and may
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provide insight to better optimize defect prepamatto promote cell adherence

and graft integration in AC repair.
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Group 1 Group 2 Group 3

Seeded
chondrocvtes
Defect

Articular cartilage —p

Bone—p

Figure 2.1. Schematic outlining the experimentalugs. Group 1 which is the
uninjured dowel for control purposes, Group 2 tmered dowel which serves as
a negative control, and Group 3 the injured andesgeroup with chondrocytes
implanted at the site of injury.
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Figure 2.2. A) Light micrograph of cultured choadytes prior to implantation
(Bar = 50um). B) Same image as A) but viewed usingrescence showing
successful staining of cells with PKH 26. C) Fesrence image of day O defect
demonstrating no labeled cell adherence (whitewarimdicate defect surface).
D) Fluorescence image of 7 day defect demonstratéligadherence within the
defect. E) Fluorescence image of 7day dowel shgwells adhering to the AC
surface at a region of disruption of the laminaesgins (indicated by the white
arrows) Note that there is also adherence withenditfect. F) Fluorescence image
of a day 7 dowel showing adherence of the cultwteohdrocytes to the defect
(white arrows) and not to an adjacent area of at k@amina splendins (yellow
arrows). (Bar = 100um)



Viable Cell Density

Mable Cells per Uniit Area

T14 T28

Time(days)

Figure 2.3. A) Fluorescence image showing livdscehich fluoresce green. B) Same
section as A) but viewed with fluorescence for dead cells. Note that there were few
dead cells present.. C) Fluorescence image shaadgabular band adjacent to the defect
site. The arrows indicate the defect surface aeddashed line defines the viable cell
boundary. D) A graph comparing the cell densitieseach of the three experimental
groups over time. Note that there is no significdifference within each of the groups
but there was a difference between the dowels aritlinjury and those in the uninjured
group (blue = Injured and Seeded, purple = Injurdtdte = uninjured) E) A fluorescence
image showing a seeded defect demonstrating choytér@dhesion prior to viability
staining. F) Fluorescence image showing the satéoreviewed in E) but stained with
viability stained and viewed with the appropriatef (Bar = 100um)
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| 400X

Figure 2.4. A) A light micrograph of the injurytsiof a 28 day dowel stained
with H&E demonstrating a thin layer of matrix fortiman surrounding seeded
chondrocytes. B) A light micrograph of the injueye of a 28 day dowel stained
with DAB demonstrating collagen Il deposition ardurthe implanted
chondrocytes. The more intense brown stainingessprts increased collagen I
production. (Bar = 50um)



10.

11.

12.

13.

73

2.5 Reference List

Hunziker,E.B. Articular cartilage repair: bascience and clinical progress.
A review of the current status and prospe®steoarthritis. Cartilagel0,
432-463 (2002).

Buckwalter,J.A. Sports, joint injury, and pgestimatic osteoarthritis.
Orthop. Sports Phys. The33, 578-588 (2003).

Buckwalter,J.A., Saltzman,C. & Brown,T. Thepiaat of osteoarthritis:
implications for researcliClin. Orthop. Relat Re$6-15 (2004).

Buckwalter,J.A. Articular cartilage injurigslin. Orthop. Relat Re21-37
(2002).

Alford,J.W. & Cole,B.J. Cartilage restoratiguart 1: basic science,
historical perspective, patient evaluation, andttreent optionsAm. J.
Sports Med33, 295-306 (2005).

Reginster,J.Y. The prevalence and burdentbfiis. Rheumatology.
(Oxford)41 Supp 1 3-6 (2002).

Elders,M.J. The increasing impact of arthatispublic healthJ.
Rheumatol. Supg@0, 6-8 (2000).

Brooks,P.M. Impact of osteoarthritis on indivals and society: how much
disability? Social consequences and health econmnpiications.Curr.
Opin. Rheumatoll4, 573-577 (2002).

Meyer,U., Buchter,A., Wiesmann,H.P., Joos,Uad%aes,D.B. Current
strategies for articular cartilage rep&ur. Cell Mater.9, 39-49 (2005).

Hunziker,E.B., Quinn,T.M. & Hauselmann,H.diaQtitative structural
organization of normal adult human articular cagé.Osteoarthritis.
Cartilage.10, 564-572 (2002).

Buckwalter,J., Simon,S. & Einhorn,T. Orthojdglasic Science. Biology
and Biomechanics of the Musculoskeletal System.Eutidon. (2000).

Hunziker,E.B., Kapfinger,E. & Geiss,J. Theistural architecture of adult
mammalian articular cartilage evolves by a syncizemhprocess of tissue
resorption and neoformation during postnatal dgualent.Osteoarthritis.
Cartilage.15, 403-413 (2007).

Quinn,T.M., Hunziker,E.B. & Hauselmann,H.&rMtion of cell and matrix
morphologies in articular cartilage among locationthe adult human knee.
Osteoarthritis. Cartilagel3, 672-678 (2005).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

74

Archer,C.W., Redman,S., Khan,l., Bishop,Ri&hardson,K. Enhancing
tissue integration in cartilage repair procedudesnat.209, 481-493
(2006).

Langer,R. & Tirrell,D.A. Designing materid¢s biology and medicine.
Nature428 487-492 (2004).

Griffith,L.G. & Naughton,G. Tissue enginegrircurrent challenges and
expanding opportunitieScience295 1009-1014 (2002).

Lutolf,M.P. & Hubbell,J.A. Synthetic biomais as instructive
extracellular microenvironments for morphogenesigssue engineering.
Nat. Biotechnol23, 47-55 (2005).

Quinn,T.M. & Hunziker,E.B. Controlled enzyneamatrix degradation for
integrative cartilage repair: effects on viabld dehsity and proteoglycan
deposition.Tissue En@, 799-806 (2002).

Redman,S.N., Dowthwaite,G.P., Thomson,B.MAr&her,C.W. The
cellular responses of articular cartilage to skaang blunt trauma.
Osteoarthritis. Cartilagel2, 106-116 (2004).

Morales,T.l. Chondrocyte moves: clever sg@&?Osteoarthritis.
Cartilage.15, 861-871 (2007).

van der Kraan,P.M., Buma,P., van Kuppeve&,Van den Berg,W.B.
Interaction of chondrocytes, extracellular matid arowth factors:
relevance for articular cartilage tissue enginep@steoarthritis. Cartilage.
10, 631-637 (2002).

Qiu,W.et al. Outgrowth of chondrocytes from human articulatitzage
explants and expression of alpha-smooth muscle.Agbund. Repair
Regen8, 383-391 (2000).

OUTERBRIDGE,R.E. The etiology of chondrom&gzatellaeJ. Bone
Joint Surg. Br43-B, 752-757 (1961).

Chang,C., Lauffenburger,D.A. & Morales,T.lotlle chondrocytes from
newborn calf: migration properties and synthesisadfagen 1.
Osteoarthritis. Cartilagell, 603-612 (2003).

Lee,G.M. & Loeser,R.F. Cell surface receptassmit sufficient force to
bend collagen fibrilsExp. Cell Res248 294-305 (1999).

Maniwa,Set al.Effects of hyaluronic acid and basic fibroblasiwgth
factor on motility of chondrocytes and synovialle@h culture Acta
Orthop. Scandr2, 299-303 (2001).



27.

28.

29.

75

Qiu,W.et al. Outgrowth of chondrocytes from human articulatitzage
explants and expression of alpha-smooth muscle.&@bund. Repair
Regen8, 383-391 (2000).

Tew,S.R., Kwan,A.P., Hann,A., Thomson,B.MA&her,C.W. The
reactions of articular cartilage to experimentawding: role of apoptosis.
Arthritis Rheum43, 215-225 (2000).

Hunziker,E.B. & Rosenberg,L.C. Repair of géuthickness defects in
articular cartilage: cell recruitment from the sy membranel. Bone
Joint Surg. Am78, 721-733 (1996).



76

CHAPTER THREE

ALTERATIONS IN GENE EXPRESSION IMMEDIATELY
AFTER REMOVAL OF ARTICULAR CHONDROCYTES
FROM THEIR NATIVE MATRIX
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Alterations in gene expression immediately after mmoval of articular
chondrocytes from their native matrix

3.1 Introduction

Articular cartilage (AC) is an avascular tissue ethhas a poor inherent
healing capacity following injury. The attempts thie natural repair process
result in the formation of biomechanically inferftorocartilage which eventually
breaks down leading to progressive joint degermradnd osteoarthritis (OAS.
The social and economic impacts of OA on sociegyarormous, highlighted by
the fact that OA is second only to ischemic he@tase as a cause of work-
related disability in males over 50 years of ‘dde Therefore, repair of AC focal
defects prior to joint degeneration is of paramaaricern.

The challenge involved with development of AC rept@chniques is
substantial with several different techniques autfye being employed with
variable results®. Arguably the current gold-standard for focal d€fect repair
is autologous chondrocyte implantation (Al) This process involves the
removal of a small portion of normal AC from a naright bearing region of the
joint during an initial surgical procedure, harveahd expansion of the
chondrocyte numberin vitro, followed by implantation of the expanded
chondrocyte population into the AC defect underezoof a periosteal patth®
Despite criticisms of this techniqdé®'tartilage repair procedures have been
performed in this manner for over a decade withlisgisuggesting real patient
benefit?. However, it is recognized that improvementsraguired to make this

technique more reliable, durable, and applicablarger defect§*®
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One problem associated with ACl is that it utilizé®@ndrocytes expanded
in monolayer culture resulting in loss of the diffetiated chondrocyte
phenotyp€®?2 This process, termed de-differentiation, is ebterized primarily
by the change in expression of AC matrix-associatetihgen type Il to the
fibrocartilage-associated collagen typg& | To overcome this problem, several
culture systems have been developed which atteoyrtially prevent or reverse
this change in phenotype through retention or raefitm of the rounded
chondrocyte shapg medium supplementation with biomolecdfesiteration in
oxygen tensiof?® or growth in high-density culturés Unfortunately, these
systems aimed at chondrocyte re-differentiationeappunable to return the
chondrocytes fully to theiin vivo functional state and result instead in the
generation of chondrocytes that produce an infefibrocartilagenous or
“hyaline-like” tissue that is not dural3fe®®

Observation and measurement of gene expressiomgduwhondrocyte
culture is not new and has been used extensiveadletdify the basic genotype for
implanted cells. Usually transcription levels afspage 0 cells have been used as
the baseline for comparison with subsequent trgstsan values. However, it is
entirely possible that the chondrocyte phenotypghtnbe significantly altered
prior to harvest at passage 0, especially duringgaindigestion, which would
nullify chondrocyte phenotype at passage 0 as bedpgesentative of normal
values. An accurate representation of basatirsgtu gene expression is essential
if appropriate values are to be used for comparisma development of

chondrocytes with appropriate characteristics bletéor implantation.
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Accordingly, this project was designed to determihe pattern of
chondrocyte gene expression framsitu through to passage 7 focusing on the
levels of collagen type I, collagen type Il and @g@n gene expression. It was
hypothesized that this approach would provide bditseline data especially if
changes in the expression of these genes occuricdt@ harvesting the cells at

passage 0.

3.2 Methods

Normal human AC was collected from the distal ferofithree human
cadavers (Human Organ Procurement and Exchange;EH@Bgram) with
permission from the University of Alberta Hospitathics committee.
Chondrocytes were harvested from each patienteglabh monolayer and
expanded through to passage 7. Messenger RNA wescted from the cells
bothin situand at the end of each passage and analyzedresingme PCR (RT-
PCR). Collagen type | protein expression was detewith immunofluorescence
in the passage 0 cell population. The experimexst performed in triplicate and

the methods are detailed below.

3.2.1 Chondrocyte isolation and culture

Chondrocytes were obtained from AC on the weiglarbg portion of the
femoral condyles in fresh human cadavers. Stripsulbthickness cartilage
(~1cm wide) were removed from the underlying sulnchial bone using a sterile

scalpel. The strips were digested for 6 hours7&8C3in collagenase type 1A
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(Sigma C-9891) (1mg/ml) in serum free DMEM-F12 dnahl of the solution was
utilized for each gram of cartilage. The chondtesywere collected through
centrifugation at 400xg for 5 minutes and the pelllet was washed twice with
serum-containing medium. Chondrocytes were thexte@l in monolayer and
passaged (1:2) when approaching confluence. Ah gmssage chondrocytes
were released from the plates with 0.25% TrypsEDA A (Lonza). Half of the
cells were pelleted and stored at -80°C to awailyars while the remainder were
carried through to the next passage. The celle yewn at 37°C and 5% G@
Chondrocyte Growth Medium (CGM) (Lonza) which wdsaeged every 3-4

days. This process was repeated until passages ¢amapleted.

3.2.2 RNA isolation and real time polymerase chraaction (RT-PCR)
RNA was extracted from the chondrocyte cell linékzing the SV Total

RNA Isolation System (Promega) according to the ufasturer’'s specifications.
RNA isolation from the cartilage was successfulbhiaved after grinding the
tissue into a powder in liquid nitrogen using thpe8® Sample Prep freezer mill
(model 6770). The ground cartilage was processatguhe Total RNA Fatty
and Fibrous Tissue Pack (Bio-Rad) according tonthaufacturer’s specifications
with the following modifications: in the initialgp 50mg of tissue was added to 1
ml of PureZol® because this was found to improddgd in previous experiments
in our lab. The purity and quantity of RNA was efatined in the usual manner

through utilization of the ORg/2soratio.



81

cDNA was generated from all samples with the Sugugasiil 1st-strand
synthesis system (Invitrogen) according to the rfaturers specifications. The
reagents for the RT-PCR were taken from the QuantiBYBR Green PCR kit
(Qiagen). The primers utilized are recorded inl&ahl. Quantification and
analysis for each of the reactions was carriedusirig the MYiQ single-color
real-time PCR detection system (BioRad). The PGRiitions were as follows:
94°C for 15 seconds, annealing (GAPDH and Aggres&fic; Collagen | and I
58°C) for 20 seconds, 72°C for 10 seconds for 48esy The comparativetC

method was employed to provide relative quantiforabf gene expression.

3.2.3 Collagen Type | immunofluorescence
Immediately following collagenase digestion of theC, 5 x 1d

chondrocytes were seeded into LAB-TEK Il chambéaesl (Nalge-Nunc) and
incubated for 72 hrs in CGM to allow the cells ttaeh and produce extracellular
matrix molecules. Cells were washed in PBS andifw&h 100% methanol. The
cells were blocked with milk followed by primary tédovody (Collagen type |
AB758, Chemicon International) exposure at a 1:8@0tion. The cells were
exposed to a series of washes (PBS, PBST and Ri&iShhaubated in a 1:100
dilution of secondary antibody (anti-mouse Alexa84&beled antibody). Cells
were exposed to another series of 5 min washes,(PBST and PBS) and
viewed using a Leica fluorescence microscope. ahddrd fibroblast cell-line
which produces collagen type | was used as a pestibntrol and preparations

without the application of a primary antibody weised as a negative control.
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3.3 Results
3.3.1 Collagen Type |

The expression of collagen type | transcripts frogils obtained directly
in situ was much lower than that found at passage O ipatiénts and occurred
between chondrocyte digestion and harvest of tlis. CEhis up-regulation of
gene expression was substantial'{-2vhen compared with levels obtained
situ and was maintained through all passages. Althdhghe was variability
between patients with respect to the degree of g&peession up-regulation, the
overall pattern was similar in all cases (Figur®).3.

Observation of the images showing sites of imnfluncescence for
collagen type | (Figure 3.2) confirmed the preseatéhe protein in passage 0
cells. However, it is interesting to note that afitof the cells showed evidence
of collagen type | production at this time. Furthere, differing intensities of
fluorescence within the cells suggested that tlie were producing the protein in
varying amounts. This was in sharp contrast tarttege of the fibroblast control
cells which demonstrated a uniform fluorescencealincells as was expected

(Figure 3.2).

3.3.2 Collagen Type li

The relative gene expression of collagen type lls w#-regulated
following matrix digestion and harvest at passageh@n compared to the levels
obtainedin situ. This up-regulation was, however, on a much sm##2) scale

than that for collagen type | already described, &umtihermore did not persist. In
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fact, by the end of passage 2 the gene expressiefsiwere already below those
in situ and continued to decrease until by passage 7etled of collagen type I
transcript was almost undetectabletd2Figure 3.3). Again the level of changes
in gene expression varied from subject to subjetttihhe same pattern of gene
expression was present in all samples, increasmigally and then rapidly

decreasing.

3.3.3 Aggrecan

In sharp contrast, the pattern of relative mRNAregpion of aggrecan
was much less variable. Overall, there was a stegltease (<9 in expression
from the levels obtainenh situ through all passages This pattern was the same in

all patients and one sample is presented in Figidras an example.

3.4 Discussion

The results of this study have confirmed thoseeferal earlier studies
which have shown the rapid loss of genotype accomipg chondrocyte
culturé®®®  However, this current study has also identifted level of gene
expression for the chondrocytes while situ and found these values to be
different to those found in the early stages ofurel Consequently, these values
are more realistic for use as a baseline for comsparduring subsequent
passaging in culture and in the development of dhmoytes more appropriate for
implantation. Earlier studies have used the vahietsined at passage 0 as the

baseline for comparison and these are clearlyréiffieto the initial values seam
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situ. This appears to be the first time that the geqeession levels based am
situ values have been reported in the English liteeatand provides new,
significant insights into the loss of genotype dfondrocytes during culture
especially when compared to subsequent valuesneotaluring passaging. The
new information is especially important for the dpment of cultured
chondrocytes needed for repair of AC where the ceNg are required to express
appropriate chondrocyte characteristics prior tplantation. Presumably these
characteristics are essential for the implanteds délthe creation of new AC
matrix and successful integration into adjacenstaxg tissue is to be achieved.
Gene expression levels determined at the end ofagas O are clearly
inappropriate for use as baseline data for thipgae as they are very different to
those obtainedh situ.

The results from this study have shown that whbondrocytes are
released from their surrounding matrix there isramediate and rapid change in
gene expression, so much so that they have lostifisgnt chondrocyte
characteristics at least by passage 0 if not so@yethe end of passage 0, gene
expression levels for collagen type | have rise@00k while levels for collagen
type Il have also risen but only by ~10x when coragato the levels obtained
from chondrocytesn situ. In contrast, gene expression levels for aggrdeae
decreased by ~10x in the same time period. Theargels in gene expression
levels, especially the large changes associated wollagen type |, suggest
strongly that the cultured cells can no longer besidered as chondrocytes and

should be seen only as chondrocyte-like at bestulfured cells are to be
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implanted at sites of injury it would seem appraf®ito suggest that the gene
expression values should be returned to those fousitli prior to implantation if
any tissue repair is to be eventually successfolvéver, completely successful
methods for returning gene expression levels tegtoundn situ remain elusive
and are the focus of intensive research effdffs There are many potential
reasons for these changes in gene expression knvels is probable that a major
contributor might be the reduced contact with aelctissues while being
cultured when compared to that found in normal matt is expected that a
better understanding of the underlying mechanismlavéead directly to better
methods for maintenance or recovery of the necgssanondrocyte
characteristics.

The pattern of change in gene expression levelodstrated in this study
by the cultured chondrocytes during passaging msilai to that described
elsewhere by othets®. This has led to attention being focused on thEaemt
gradual loss of chondrocyte phenotype over a pedbdwo week&?33%3%
following matrix digestion. However, results frommg study have shown that the
loss of the chondrocyte phenotype occurred priorhéovest at passage O
especially with the enormous (~1000x) up-regulatadncollagen type | gene
expression immediately after digestion of the ge matrix. The inclusion of
values of gene expression obtained for cellsitu as the initial starting values
rather than those obtained at passage 0 signifjcahnges any description of
the pattern of gene expression during culture.s Thespecially so with the initial

up-regulation of collagen types | and Il expressidgrich is not evident if thén
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situ values are excluded. The up-regulation of mRNAlewf collagen type Il in
chondrocytes immediately following matrix digestiennot entirely unexpected
because it is reasonable to suggest that an atemgypair involving mechanisms
of collagen type Il production would be made by te#ls once they have been
removed from their matrix. Similarly, it is not wasonable to suggest that the
subsequent inability to create a recognizable watrithe unfamiliar culture
conditions would continue to affect gene expressbreollagen type Il. This
initial up-regulation is an important finding andust be included in any
description of development in cultured cells anderapts to re-establish
chondrocyte genotype.

Traditionally, a combination of the production afllagen type Il and an
absence of collagen type | has loosely definedrisugar chondrocyte once it is
removed from its native matrik It is thought that the production of collagen
type | is detrimental to the formation of durableC&*® which contains
predominantly collagen type Il in normal conditidhsWhile the tensile strength
and fibril diameter of collagen type | is compamld collagen type 3% it is
thought that the poor integrity of fibrocartilagepair tissue (consisting of mainly
collagen type 1) is likely due to the inability obllagen | to interact and retain
aggrecan in the same manner as the native collggen!l within the matris.
The presence of collagen type | would lead to aedesed hydrostatic effect and a
loss of the tissue’s compressive modulus.

It is interesting to compare the patterns of gexgression of collagen

types | and Il during culture and consider whas tould represent in relation to
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specific cells. In this respect, the level of protion of collagen type | in cultured
cells appears to increase upon release of the feefis their surrounding matrix
and then remains constant during subsequent pagsagicontrast, the levels for
collagen type Il decline steadily after their iaitup-regulation without a parallel
increase in collagen type | production. By necgsdhe results of this study
describe average values for the cell populationrartdvalues for individual cells
and while population values might change, valuesirfdividual cells might be
different. Several possible explanations exigxplain the changes in population
gene expression levels. These results suggesivtiiie some cells commence
production of collagen type | following releaserfrahe matrix, other cells reduce
collagen type Il production but do not commencedpation of collagen type |I.
This suggestion is supported by the limited nundferells seen to be exhibiting
collagen type | (fluorescence staining) and thgdanumber of cells with no
fluorescence. It is not clear whether a single catl produce both collagen types
| and Il simultaneously but these results suggestamd provides information
important for consideration for re-differentiatiolh.is entirely possible that two
separate populations of cells are establishedviiig release from the AC matrix
with some cells producing collagen type | while et simply stop producing
collagen type Il. Perhaps these cells should datsd from each other and only
those producing collagen type Il should be useidcessful implantation is to be
achieved. Of course, it might be more advantagexesall if methods were
developed to preserve chondrocyte phenotype vety gaculture, even during

initial matrix digestion, so that collagen type p-tegulation is prevented
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especially if the up-regulation is irreversible. hi§ problem provides much
thought for future work.
The results of this study have also emphasizedttigaturrent definition

"0 heeds to be revisited.

of a chondrocyte as “being the only cell withintdage
While useful in the past, this limited definitiomraot be applied to cells once
they have been removed from their matrix becaus& tharacter changes so
quickly and dramatically. Other groups have atterdpgb define cells in culture

obtained from AC based loosely on the expressioa lohited number of matrix

components, mainly collagen type Il, aggrecan atatk of collagen type | gene
expressiolf!? but any such definition remains inadequate feeaech studies

designed to develop cells for implantation at siteAC injury. A much broader,

expanded definition which includes a combinationgehomic, proteomic and
metabolic parameters that can standardize cellrigéiso between research
groups needs to be established if significant @sgis to be made.

Over a decade ago it was written “that cartilagesdnot yield its secrets
easily and that inducing cartilage to heal is riaipge”. Unfortunately, this
lament continues to hold true today. There remairssgnificant amount about
chondrocyte biology that remains unknown and liesoming increasingly clear

that for greater progress to be made understaraidgcommunication within the

field must be improved so that apples are not beorgpared to oranges.
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Gene Size (bp | Strand Sequence(t-3")
Type I 257 F GACAATCTGGCTCCCAAC
Collagen
R ACAGTCTTGCCCCACTTAC
Type | 10t F AGGTGCTGATGGCTCTCC
Collagen
R GGACCACTTTCACCCTTG
Aggrecal 85 F TCGAGGACAGCGAGGC(
R TCGAGGGTGTAGCGTGTAGAG/
GAPDH 18¢ F TGGTATCGTGGAAGGACTCATGAC
R ATGCCAGTGAGCTTCCCGTTCAG!

Table 3.1. Primers for RT-PCR.
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Collagen |

—e— Patient 1
—=— Patient 2
—< Patient 3

Relative Change in Gene Expression (2 ")

Passage

Figure 3.1. The relative change in gene expressicollagen type | in each of
the three patient subjects. Note that in each t&se is an immediate up-
regulation of gene expression which is maintaifedugh all passages.
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Figure 3.2. Microscope images illustrating collagemmunofluorescence. A)
Light microscope image of passage 0 chondrocytemamolayer culture. B)
Fluorescence micrograph of the same cells depintédage A. Note that only a
portion of the cells have expressed collagen tymad that its distribution is
variable as demonstrated by differences in theedegff fluorescence. C & D)
These images represent similar micrographs butiboblilast cells acting as
controls. The fluorescence is present in everlyared is much more uniformly

distributed (Bar = 50pum).
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Collagen li
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o
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Passage

Figure 3.3. The relative change in gene expressiaollagen type Il in each of
the three patients. Notice that overall there wdgnsient increase in collagen
type Il expression followed by a down-regulationeafpression which continued
with subsequent passages. In each case the mRAssion of collagen type |l
has decreased significantly to be below that ofrihetu expression by passage 2.
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Figure 3.4. A typical expression profile for agege during chondrocyte
expansion. Note that there is a gradual declirtle @ach passage.
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CHAPTER FOUR

THE EFFECTS OF HIGH DENSITY CULTURE ON
CHONDROCYTE PHENOTYPE
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The effects of high density culture on chondrocytgenotype.
4.1 Introduction

Articular cartilage (AC) is an avascular tissue¢hwpoor healing potential
following injury. The natural AC repair mechanismesult in the formation of
sparse tissue with poor functional characteridéesling to eventual deterioration
and osteoarthritis (OA) formatidfi  The challenge involved with development
of AC repair techniques has turned out to be suahbatawith several different
methods currently being employé€d Biological approaches are still viewed as
holding the most promise for the formation of adtional and long lasting repair
but much work is still required.

Arguably the current standard for focal AC defegpair is autologous
chondrocyte implantation (AC1) This process involves the removal of a small
portion of normal AC from a non-weight bearing @ygiof the joint during an
initial surgical procedure, harvest and expansibthe chondrocyte numben
vitro, followed by implantation of the expanded chondrecgbpulation into the
AC defect under cover of a membrane or with assistaf a matrix carriét.
Despite criticisms of this technigtre'cartilage repair procedures have been
performed in this manner for over a decade withlisgi suggesting real patient
benefif. It is, however, recognized that improvementsrarpired to make this
technique more reliable, durable, and applicablarger defects*

One of the problems associated with ACI is thattilizes chondrocytes
which have been expanded in monolayer culture tiegulin loss of the

differentiated chondrocyte phenotypé’. This process, termed de-
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differentiation, is characterized by the changeexpression of matrix-forming
collagen type Il to the fibrocartilage-forming @jen typef. In an attempt to
overcome this problem, several culture systems Hze@en developed which
attempt to reverse this alteration in phenotypehis Tprocess, described as re-
differentiation, is unfortunately unable to retuhe chondrocytes fully to thein
vivo functional state once the chondrocytes have bekuared in monolayer. In
particular, once mRNA for collagen type | is proddcno method appears to be
able to completely eliminate it.

Much of the work attempting to restaresitu chondrocyte phenotype has
involved passaging the cells three or more time&sthan modulating the cellular
environment with techniques such as restoratiorthef rounded chondrocyte
shapé® medium supplementation with biomolecdfesalteration in oxygen
tensioi®?,, or growth in high-density culturés Although groups have been
successful in up-regulating collagen type Il gexpression, they have been
unable to eliminate the detrimental production olflagen type | which appears
during culturé®?® 1t is this production of collagen type | which thought to
contribute to the formation of de novo matrix that lacks the appropriate
biomechanical properties and long term durabilityfrhe poor integrity of this
fibrocartilage repair tissue is likely due to thealility of collagen type | to
interact and retain aggrecan in the same manndneagative collagen type |
within the matrix’.

Our previous work has demonstrated that collagee tyis rapidly up-

regulated when the cells are released from thdivenanatrix. In addition,
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previous studies have been unable to fully revédriseup-regulation after the cells
have been passaged suggesting that this may benampent genetic modification
which occurs early in culture. This study atterdpte prevent early phenotypic
alterations affecting collagen type | expressionpbgcing chondrocytes in high
density cultures immediately following digestioit. was hypothesized that cells
placed in a high density environment favoring a enesounded shape and
increased cell-cell interactions would result ie fireservation of collagen type Il

and an inhibition of collagen type | gene expreassio

4.2 Methods

Normal human AC was collected from cadavers (Hum@rgan
Procurement and Exchange; HOPE program) with psfamdrom the University
of Alberta Hospital ethics committee. Chondrocytesre harvested from each
patient, plated in monolayer and either expandeoutih to passage 7 or left at
confluence. Messenger RNA was extracted from #lis in situ, at each passage
and weekly from the confluent cells and analyzadgigeal time PCR (RT-PCR).
Collagen | protein expression was detected with umofluorescence in the

passage 0 cell population. The methods are detagdw.

4.2.1 Chondrocyte isolation and culture
Chondrocytes were obtained from normal human Adectdd from the
weight bearing region of the femoral condyles.ipgStof full-thickness cartilage

(~1cm wide) were removed from the subchondral bonstrips using a sterile



102

scalpel. The strips were digested for 6 hours78C3in collagenase type 1A
(Sigma C-9891) (1mg/ml) in serum free DMEM-F12 dnahl of the solution was
utilized for each gram of cartilage. The chondtesywere collected through
centrifugation at 400xg for 5 minutes and the pelllet was washed twice with
serum-containing medium. Chondrocytes were thexte@l in monolayer and
passaged (1:2) when approaching confluence. Ah gmssage chondrocytes
were released by trypsinizing with 0.25% TrypsiEBTA (Lonza). Half of the
cells were pelleted and stored at -80°C to awailyars while the remainder were
carried through to the next passage until passagevad completed.
Simultaneously, chondrocytes were seeded at atgleniil8 000cells/crhon
seven 60mm tissue culture dishes. These cells allerged to growab libitumat
high density and one plate from this group was ésted weekly and stored at -
80°C. All cells were grown at 37°C and 5% £Qn Chondrocyte Growth

Medium (CGM) (Lonza) which was changed every 3-¥sda

4.2.2 RNA isolation and real time polymerase ghraaction (RT-PCR)

RNA was extracted from the chondrocyte cell linékzing the SV Total
RNA Isolation System (Promega) according to the ufasturer’s specifications.
RNA isolation from the cartilage tissue requiredttthe tissue be ground into a
powder in liquid nitrogen with the Spex® SamplegPfieezer mill (model 6770).
The ground cartilage was processed with the TokA Ratty and Fibrous Tissue
Pack (Bio-Rad) according to the manufacturer’s gjgations with the following

modification. In the initial step, instead of 10§n®0mg of tissue was added to 1
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ml of PureZol® because this was found to signiftbaimcrease RNA yields. The
purity and quantity of RNA was determined by usoa@ans using the QB2so0
ratio.

cDNA was generated from all samples with the Sugrgasiil 1st-strand
synthesis system (Invitrogen) according to the rfaturers specifications. The
reagents for the RT-PCR were taken from the QuantiBYBR Green PCR kit
(Qiagen). The primers utilized are recorded iml&ad.1. Quantification and
analysis for each of the reactions was carriedusirig the MYiQ single-color
real-time PCR detection system (BioRad). The PGRiitions were as follows:
94°C for 15 seconds, annealing (GAPDH and Aggres&fic; Collagen | and I
58°C) for 20 seconds, 72°C for 10 seconds for 48esy The comparativetC

method was utilized to provide a relative quardificn of gene expression.

4.3 Results
4.3.1 Collagen Type |

Expression of collagen type | geimesitu was limited but in the time
between chondrocyte digestion and harvest at passagweek 1 there was a
substantial increase in collagen | expressiof)(<his up-regulation of genetic
expression was substantial and maintained throlighlasequent passages.
Although there was variability between patientdwéspect to the degree of
genetic expression up-regulation, the pattern esrdtwas consistent for all
iterations of the experiment in both the passagedcanfluent cells (Figure 4.1).

It is important to note that in the cells left anfluence the level of collagen type
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| gene expression failed to return to the levelmtbto be expresseaa situwhich

were undetectable.

4.3.2 Collagen Type Il

In both the passaged cells and those left at gende the relative gene
expression of collagen type 1l was up-regulatetbi@ing digestion prior to being
harvested at passage 0 or week 1, similar to theesaeen for collagen type I.
However, this up-regulation was not consistent wé@mparing the passaged and
confluent cells at all time points. In those ceallsich were passaged, the gene
expression decreased following passage 0, waslgltesdowin situlevels by
passage 4, and by passage 7 the level of collggenlttranscript had decreased
even further (Figure 4.2).

In contrast, for those cells left at confluencewecndifferent pattern of
gene expression was observed following passade ese cells collagen type Ii
gene expression was up-regulated'{}-But there was not the rapid decline to
baseline levels like that observed in the cellscwiwere passaged. In the cells at
high density there was an overall increase in gehatype Il gene expression and
the level of expression was maintained ahiav&tu levels at all time points and
was significantly higher than the levels seen mgghssaged cells by week

4/passage3 (Figure 4.2).
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4.3.3 Aggrecan
The pattern of relative expression of aggrecanwash less variable. In
both groups there was a gradual but progressiveedse in aggrecan gene

expression from the levels foundsitu through all time points (Figure 4.3).

4.4 Discussion

This study was designed to determine the effecksgdf density culture on
chondrocyte genotype. This is an important isseeabse the most successful
technique being employed currently to repair AC (A@volves implanting
cultured chondrocytes into AC defects at high dessi It has become evident
that chondrocytes quickly lose their genotype wi#flssaging during culture. We
have demonstrated that immediately upon releasm fiee AC matrix, the
chondrocyte population alters the ratio of productof collagen type | and I
with collagen type | becoming the major product. hds been speculated that
implantation of cultured chondrocytes at high deesiduring ACI results in re-
differentiation of the implanted cef|sbut this work demonstrates that this may
not be the case. Consequently, during ACI fibreblike cells are most likely
being implanted and, not surprisingly, a matrix teamng collagen type | is
produced that can ultimately break down.

In this study, it was thought that by allowing thells to be in close
contact during culture, a microenvironment condecito chondrocyte re-
differentiation would be achieved early in cultuvdath resultant genotype

maintenance. This was accomplished with regardsuels of collagen type I
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MRNA as noted by the initial increase that was naamed as long as the culture
was maintained at confluence. Conversely, in theufations of cells that were
simply passaged, a smaller initial increase inagah type Il mRNA levels
occurred but this quickly decreased to levels betbose foundn situ. While
these results were encouraging they were countbyedhe upregulation of
collagen type | mRNA. Immediately following releafom the AC matrix, the
chondrocyte populations in both the passaged anfiuemce situations increased
their levels of collagen type | mRNA expression dnese increased levels were
maintained throughout the experiment in a pargétern. While the results for
the levels of mRNA for collagen type Il were encging as an indicator for
maintenance of normal chondrocyte genotype duriogflaence culture, the
results related to mMRNA levels of collagen type érev discouraging. Thus,
collagen type | upregulation may represent the maljstacle facing chondrocyte
culture in preparation for more successful trangjaligon at sites of AC injury.
One intriguing aspect of this study was the prodacpattern of collagen
types | and Il. There was an immediate increasenRNA levels for both
collagen types | and Il among the cell populati@xperiencing passaging or
remaining at confluence following release from &@ matrix. It is important to
note that this increased level of collagen typeRINW\ remained elevated but did
not increase further as the experiment proceededontrast, the mRNA levels
for collagen type Il in the same cell populatiomereased initially but then
decreased although at different rates. It is @stng to note that this decrease in

MRNA levels for collagen type Il was not associangth an equivalent increase
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in production of collagen type | which suggesteat the cells did not switch from
producing collagen type Il to producing collagepey. From this information, it
is plausible that not all the cells behave the saftex release from the AC matrix.
It must be realized that measurements of mMRNA tevepresent populations of
cells and not individual cells. Therefore, it i3spible that some cells responded
by starting to produce mRNA for collagen type le(tmRNA levels for collagen
type | are at zero in normal AC) while other caimply reduce their levels of
MRNA production for collagen type Il. There wast mosimple switch from
producing mRNA for collagen type Il to producing iR for collagen type | or
there should be a consistent relationship in nedatalues between the respective
productions of mMRNA shown in the results. This dasion was supported by
our previous research that used immunofluorescema=monstrate that during
passage 0, not all cells obtained from normal A@nsdd the presence of collagen
type | and that its distribution differed widely thin even the cells that stained
positively. Of course it is also possible that sorells are producing mRNA for
both collagen types | and Il but it is also evidenat not all the cells are
producing mRNA for the unwanted collagen type IhisTsuggested that if the
cells that produce mRNA for only collagen type dluéd be isolated from those
that produce mRNA for collagen type |, then beteccess at maintaining the
chondrocyte genotype might be achieved during caillttesulting in more
appropriate cells for implantation.

To date, a review of the literature has failed dentify any technigue

capable of completely eliminating production of m&Nor collagen type |
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among cells demonstrating its presence. Thisnsapr obstacle to increasing
cell number through culture for the ACI techniqu&ther an appropriate method
needs to be found or the production of mRNA forlazg#n type | needs to be
prevented at the outset if successful repair teghes involving cultured cells is to
be achieved.

Throughout this paper it has been difficult to discadequately the cells
under discussion. By definition a chondrocyte isell found in cartilage and in
the context of this work, a chondrocyte is a celirfd in AC. Initially, this
definition seems to be far too simple to be us#&futesearch especially as the
genotype is so dynamic and responds quickly to ggsim the microenvironment
of the cell. This ability to change genotype sadily suggests that a more
complex definition of a chondrocyte might be futilEhe ever-changing genotype
provides a moving target as far as a precise dieimis concerned unless the
parameters of the microenvironment are specifiedvary fine detail and all
components of the genotype are included which isart impossible.
Expressions such as ‘chondrocyte-like’ (implyingoguction of mRNA for
collagen type Il) and ‘fibroblast-like’ (implyingrpduction of mMRNA for collagen
type ) are useful in a very limited sense buthpes, are misleading in relation to
the overall picture of cell behavior. It may be mmoaccurate that future
descriptions of cell characteristics restrict thelwss to accurate genotype
parameters with a description of cell origin betagtured under the expression of

‘chondrocyte’ as simply indicating the tissue frarhich it was obtained.
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This work also highlighted other aspects of theentr cartilage literature
which warrant comment. The terms de-differentrattmd re-differentiation have
become ubiquitous in the chondrocyte literature,dam be misleading and could
be viewed as misnomers. Alterations in geneticgesgion through modulation of
the cellular environment early in culture are imgorespects reversible and may
not represent an actual change in differentiakestait instead an environmental
modulation of chondrocyte phenotyfie However, this work demonstrated that
some of the early changes seen may not be reve(gibimarily the up-regulation
of collagen type 1) and may represent an actuahgdan cellular differentiation
resulting in an inability to completely recover thesitu matrix-forming potential.

It is also possible that both types of change maydcurring during culturing.
More precise methods are required to identify gmgenetic changes that may be
occurring as cells differentiate and distinguiskeseén from the environmental
modulation of chondrocyte phenotyfie

The effectiveness of a cartilage repair procedsreddapendent upon the
quality of the cells utilized for the repair. Besa others have observed an up-
regulation of collagen type Il during attempts hbrdrocyte re-differentiation,
we have been deluded into believing that we araglbetter than we really are.
The results of this study have demonstrated thtadraoeeds to be taken early in
chondrocyte harvest to prevent what appears tlmbaeversible detrimental up-
regulation of collagen type I. It is clear thatther work is required to elucidate
the mechanisms responsible for the early changeeme expression including

methods to monitor any epigenetic changes which Ingagccurring. In this way
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we will be better equipped to generate chondrocywhih will form a more

functional and longer lasting repair.
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ATGCCAGTGAGCTTCCCGTTCAG!

Gene Size (bp Strand Sequence(t-3°)
Type Il Collager 257 F GACAATCTGGCTCCCAAC
R ACAGTCTTGCCCCACTTAC(
Type | Collager 10t F AGGTGCTGATGGCTCTCC
R GGACCACTTTCACCCTTG’
Aggrecat 85 F TCGAGGACAGCGAGGC(
R TCGAGGGTGTAGCGTGTAGAG/
GAPDH 18¢ F TGGTATCGTGGAAGGACTCATGAC
R
R

Table 4.1 Primers for RT-PC
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Collagen | Gene Expression in Passaged Cells
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Figure 4.1. A) A graph demonstrating the changecallagen type | gene
expression in passaged cells. Note that there isnanediate up-regulation in
gene expression in passage 0 and that this is awmalt in all passages. B) A
graph demonstrating the expression of collagen type cells at confluence.
Despite being maintained in a high density envirenimthere is a pattern of
collagen type | gene expression similar to the gges cells.
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Collagen Il Gene Expression in Passaged Cells
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Figure 4.2. A) A graph outlining the gene expressad collagen type Il in
passaged chondrocytes. Note that there is an mamigasing gene expression
initially followed by a rapid down-regulation to &sline levels by passage 3.
This trend continues and the expression is welbwethat foundin situ by
passage 7. B) A graph showing the gene expressiarollagen type Il in
confluent cultures. Note that there is an up-ragoh of collagen type Il early as
is seen in the passaged cells but in the high tewmsitures this increased
expression is maintained above baseline at all poets.
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Aggrecan Gene Expression in Passaged Cells
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Figure 4.3. A) A graph showing the change in aggmegene expression in
passaged chondrocytes. B) A graph showing the ehangaggrecan gene
expression in the cells left at confluence. Nditat tthere is little difference
between the two groups.
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CHAPTER FIVE

THE DEVELOPMENT OF OSTEOBLASTS FROM STEM
CELLS TO SUPPLEMENT FUSION OF THE SPINE DURING
SURGERY FOR AIS
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The development of osteoblasts from stem cells tagplement fusion of the
spine during surgery for AlS.

5.1 Introduction

Adolescent idiopathic scoliosis (AlS) is repregehtas an abnormal
curvature of the spine with unknown aetiology. Mostmmonly, AIS occurs in
children under the age of 16 years with an inciédeat 1-2 % in the general
population. Typically, the clinical course for Akshows a progressive lateral
curvature of the spine that becomes aggressive wihen patient enters
adolescence. Extreme cases (>45-50° Cobb angle)uswally treated by
deformity correction, spinal instrumentation andnéofusion of the curved
segment.

Successful surgical correction of AIS requiresdable bone fusion of the
involved segmental spine to prevent progressighefeformity and improve the
long-term prognosis for the patient. lliac crestoguaft has long been the “gold
standard” for bone graft material. However, thiafgis associated with increased
morbidities and has important limitations. Morbielst include excessive blood
loss, pain, scarring, and deformity at the hansgst A major limitation is the
amount of graft available. Since most patients wAtB are children and spinal
deformation involves several segments of the spwmdtebrae, iliac crest
autografts frequently provide insufficient bone farccessful fusions. For these
reasons, there is intense interest in developingraltive bone generating
materials for spinal fusion to facilitate more @@nd robust bone fusion with

less morbidity.
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In recent years, tissue engineering approaches b@en used to enhance
bone healing and fusion. This has involved the afesynthetic matrices,
supplementary cells and bioactive molecules or ralg€® 1112131415 gome of
these biomaterials have been used successfulheiglinic for treatment of bone
defects and as delivery systems for osteogenidautss.

Bone marrow-derived mesenchymal stem cells (BM3@grar to be an
attractive source for autologous bone-forming cellone tissue engineering.
BMSCs can be isolated from small volumes of aspitabone marrow and
expanded to a relatively large populatiex vivousing cell culture techniqué.
BMSCs represent a phenotypically and functiona#lyelnogeneous population of
mesenchymal stem cells which contribute to multlples of haemopoietic cells,
bone, cartilage, adipocytes, myocytes and othés @etonnective tissu€s?. It
is anticipated that a combination of BMSC-derivedteogenic cells with
appropriate biomaterials could prove a novel alitwe to bone graft by
providing osteoconduction and osteoinduction cdjtiesi. The use of autologous
BMSCs combined with synthetic biomaterials would emome the
immunogenecity of allogenic bone grafts and makis #pproach far more
attractive for a wider clinical application.

While the ultimate goal is to develop a means blyictv BMSCs
accompanied by an appropriate matrix can be intteduo the site of surgery
during a spine fusion to aid in healing (for exammuring instrumentation for
AlS), this project focuses on the acquiring, isolat expansion and

characterization of BMSCs from femoral reaming &issa step.
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5.2 Methods
5.2.1 Isolation and Expansion of hMSCs

Intramedullary reamings were collected from paseunmdergoing total
hip arthroplasty. Cells were isolated from themeas using a 100um cell
strainer (BD Falcon) in the presence of heparirhe Bone chips were washed
with warm PBS (C& and Md" free) and the liquid phase of the wash was again
passed through the cell strainer and collectede ddne chips were treated with
0.05% trypsin and 0.1% EDTA solution prepared inSP&d incubated for 5
minutes at 37°C. The suspension was passed tmtbegcell strainer, the liquid
portion collected and the bone chips discardednside gradient centrifugation
utilizing Histopaque-1077 (Sigma) was employed épasate samples. The
fraction at the plasma-Histopaque interface wakectdd. Viability was assessed
and the cells were plated to a density of 600B/ceff in monolayer culture with

DMEM plus 10% FBS and 5ng/ml FGF2 at 37°C and 5%.CO

5.2.2 Immunophenotyping by Flow Cytometry

Cell surface antigens from passage 3 cells werdyzsth with flow
cytometry. Cells were fixed with cold 1% formalgele, washed with PBS, and
then stained with the primary antibodies outlined Tiable 5.1. The cell
population was analyzed on the FACS Calibur (BDsBiences, Mississauga,

Ontario) using Cell Quest Pro software and comptodhle isotype control.



122

5.2.3 MSC Differentiation

For osteogenic differentiation cells were allowed lhecome 70%
confluent and treated with osteogenic selective iomed (R&D Systems)
according to the manufacturer's specifications.r &dipogenic differentiation,
cells were grown to 95% confluence and treated vaithipogenic selective
medium (R&D Systems). For chondrogenic differama cells were
encapsulated in alginate beall® . The beads were placed in a 100mm culture
dish with 15ml of Chondrocyte Differentiation Mediu(CDM; Cambrex) at
37°C and 5% C® The medium in all cases was changed every 3y4 &a
21days. Following differentiation the cells weraateld in monolayer culture in

CGM at 37°C and 5% CLOn preparation for subsequent analysis.

5.2.4 Immunofluorescence (IF) and Histology

IF for the adipogenic and osteogenic lines wasiedrout as per the
manufacturer’s protocol utilizing primary antiboslito fatty acid binding protein
4 (FABP4; R&D) and osteocalcin (R&D) respectively. For IF of the
chondrogenic line, cells were fixed with 100% Me@htl blocked with 5% milk
in PBS. Primary antibody consisting of either aOD:Milution of Anti-Collagen
Type Il IgG (Calbiochem) or a 1:25 dilution of A#itAggrecan (R&D Systems)
was utilized. Secondary antibodies included a 1diiftion of CY-3 conjugated
goat anti-rabbit 1IgG (Jackson Immunoresearch) arid180 solution of Alexa
Fluor anti-sheep 1gG (Molecular Probési) the collagen and aggrecan treatments

respectively. Slides were mounted with aqueous ntiog medium (R&D
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Systems). Negative controls consisted of cell mapas incubated without
primary antibody. For histological assessmentgedsffitiated tissues were stained
directly on the tissue culture surface. For thpagenic line, Oil red O (ORO;
Sigma) was employed to detect the intracellulad lgroplets *” The osteogenic
line was stained for mineralization with Alizarire® " Osteogenic cells were
then stained for alkaline phosphatase with the Sidskaline Phosphatase Kit

according to the manufacturers specifications.

5.2.5 RNA Isolation and Real Time Polymerase iCR&action (RT-PCR)

RNA was extracted from the chondrogenic cell lined athe
undifferentiated MSC control utilizing the SV Tot&NA Isolation System
(Promega). cDNA was generated with the Supersdiliptst-strand synthesis
system (Invitrogen) according to the manufactusgrscifications. The reagents
for the RT-PCR were taken from the QuantiTect SYBRen PCR kit (Qiagen).
Primers utilized are recorded in Table 5.2. Qui@ation and analysis for each of
the reactions was carried out utilizing the MYihgle-color real-time PCR
detection system (BioRad). The PCR conditions vwasdollows: 94°C for 15
seconds, annealing (GAPDH and Aggrecan 60°C; Cetidgand 11 58°C) for 20

seconds, and 72°C for 10 seconds for 45 cycles.
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5.3 Results
5.3.1 Isolation, Expansion and CharacterizatidrCell Isolates

Within 5 days following application of cells to tlealture dishes, adherent
fibroblast-like cells were observed and confluem@s achieved by 14-21 days.
Cells were detached with 0.25% trypsin-EDTA (Gibtreptment, split 1:2 and in
subsequent passages the cells rapidly became eonfluithin 7 days. Cell
surface antigens on the adherent fibroblast-likds ceere analyzed by flow
cytometry. It was noted that these cells did ngiress the negative stem cell
markers, CD45 or GlycoA, making a hematopoietigioriess likely. The cells
did express CD13, CD29, CD44, CD54, CD90, and CDddlbsurface antigens,

consistent with a MSC immunophenotype.

5.3.2 In Vitro Differentiation into Adipocytessteocytes and Chondrocytes
Osteogenic differentiation was successful wheanaited on passage 3
cells utilizing osteogenic selective medium. Affdr days the cells demonstrated
a distinct increase in monolayer density, formingttice like appearance. Tissue
harvested at this time demonstrated evidence df BoP and mineralization as
demonstrated by Alizarin Red staining. IF for ost&cin was also positive.
Adipogenic differentiation was also performed asgage 3 cells using
adipogenic selective medium. During differentiatiipid droplets were evident
after 7 days in a portion of the cells and this hamincreased as the cells were
cultured up to 21 days. At this time the lipid imsibns stained positive with ORO

and IF demonstrated the presence of FABP4 .
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Chondrogenic differentiation was successful witlsG4 at passage 3.
Differentiated cells were removed from the threemehsional alginate
environment and IF for collagen Il in monolayertau¢ was positive while IF for
aggrecan was only weakly positive. Real time P@Realed an increase in
Collagen Il transcription compared to the pre-ddfgiated MSC population.
There was negligible change in expression of GAPRHousekeeping gene,
which was used as a standard. Both collagen lagggecan also demonstrated
little change in expression when comparing the t&th populations. This was
expected in the collagen | population but largetgxpected for aggrecan. This is
likely due to the relatively short differentiatiomme of 3 weeks and it is
hypothesized that as the differentiation time isréased increases in aggrecan
upregulation will also be seen. The marked ineeascollagen Il production

indicates expression of a chondrogenic phenotype.

5.4 Discussion
In the present study then vitro isolation of MSCs from femoral

intramedullary reamings collected intraoperativedy reported. Cells were
separated using density gradient centrifugationsatelcted based on their ability
to adhere in monolayer culture and rapidly expamdhe presence of serum.
These cells expressed the surface antigens CD139 QID44, CD54, CD90, and
CD105 which are characteristic of a MSC immunopligoe. The cells did not
possess the cell surface antigens CD45 and Glycbishware characteristic of

cells from a hematopoeic lineage. However, the imophenotype alone is not
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sufficient to define a MSC population. Therefotlee multilineage potential of
the cell population through differentiation towardesodermal lineages was
established. Osteoblasts, adipocytes, and chong®dyom passage 3 of the
MSC population were successfully derived and tpaenotypes confirmed with
cell stains, fluorescent antibodies and RT-PCR.

Mesenchymal stem cells represent an easily aajuagologous cell
source capable of being differentiated into a warief different mesodermal
lineages. The study demonstrates the ability ®ofamoral reamings to isolate,
expand, and characterize successfully MSCs thatprawide cells for future
research. This is a necessary first step towardfithe goal, which is the
development of autologous osteogenic syntheticudistd supplement spinal

fusion.
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Anti -Human Dilution Fluorochrome Source
CDA1-= 3/5C PE-Cy5 Caltag Laboratories
CD2¢ 3/5C PE-CY5 Caltag Laboratories

Fluorosciene isothiocyanate Santa Cruz
CD44 1/1C (FITC) Biotechnologies
CD4kE 3/5C Phycoerythrin(PE) Caltag Laboratories
CD54 1/5C FITC Caltag Laboratories
CD9C 1/5C PE BD Biosciences
CD10E 3/5C PE Caltag Laboratories

Table 5.1. Antibodies for characterization of cell surfaceigans.
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Gene Size (bp Strand Sequence(t-37)

Collagenl 257 F GACAATCTGGCTCCCAAC

R ACAGTCTTGCCCCACTTAC
Collagen 105 F AGGTGCTGATGGCTCTCCT

R GGACCACTTTCACCCTTGT
Agg recal 85 F TCGAGGACAGCGAGGCC

R TCGAGGGTGTAGCGTGTAGAGA

GAPDH 189 F TGGTATCGTGGAAGGACTCATGAC
R ATGCCAGTGAGCTTCCCGTTCAGC

Table 5.2. Primers for RT-PCR..
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CHAPTER SIX

ISOLATION OF A SUBPOPULATION OF
MESENCHYMAL STEM CELLS WITH ENHANCED
CHONDROGENIC POTENTIAL
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Isolation of a subpopulation of mesenchymal stem ti& with enhanced
chondrogenic potential.

6.1 Introduction

The introduction of supplementary cells into a oegiof diseased or
damaged tissue is becoming a viable treatmentegitain many areas of
medicine. Indeed, tissue engineering techniqueslving implantation of either
autologous or allogenous cells along with supperseaffolds are being widely
investigated at the current tiffe One area of tissue engineering which has
generated much interest recently is the field oficalar cartilage (AC)
regeneration because damaged AC has and the sebs@gteoarthritis has such
significant physical and economic impact. AC cevéte ends of long bones
forming diarthrodal joints and appears to be a #nmigsue but in fact it possesses
a complex set of biomechanical properties allowirtg resist large compressive
forces while maintaining a nearly frictionless swd”. Unfortunately, AC also
has a poor inherent healing capacity which resalgs inability to form adequate
repair tissue following injuy’. This leads to progressive deterioration of the
joint surface and the eventual formation of dedilitg osteoarthritis (OAJ™*
Attempts to prevent this detrimental progressiowehizd to the development of
myriad different repair techniqu¥és® but none has proven completely successful
in replicating the complex nature of AC and effegta long term solution.

One technique of AC repair that is arguably theremir standard is
autologous chondrocyte implantation (ACI) which Hazsen used for over a
decad®?! This technique involves thex vivo expansion of chondrocytes

harvested at an initial surgery followed by a secaurgery to implant the
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cultured cells beneath a periosteal patch or aceaied by a scaffofd.
Although this technique has demonstrated some rgdbenefit, it is recognized
that there is still much room for improvem&rif. For example, ACI requires two
operative procedures and also must violate a noared of AC to obtain the
initial cartilage biopsy required for chondrocyteolation. Perhaps more
importantly, the ex viveexpanded chondrocytes are known to lose their
chondrocyte phenotype rapidly during monolayer wrelt resulting in the
implantation of a population of fibroblast-like t=khat produce predominantly

collagen type %%

rather than collagen type Il which is the main staonent of
the AC matrix. Perhaps it is not surprising ttet tesultant repair tissue lacks the
necessary mechanical integrity and is prone tarf.

In an attempt to solve the deficiencies inhererA@, mesenchymal stem
cells (MSCs) have been introduced as a viablergltese to mature chondrocytes
for the repair of AE>° MSCs are particularly attractive because th@yesent
an autologous, easily isolated, rapidly expandamileltipotent cell source with
known chondrogenic capacify Their use would improve upon ACI because it
would obviate the need for an initial arthrotomylamould also provide sufficient
cell numbers because the MSCs would theoreticalynain capable of
differentiating towards the chondrogenic phonotydespite multiple cell
divisions.

Unfortunately, MSCs are also not without their sbomings. MSCs

represent a heterogeneous and dynamic populatiocells, comprised of a

mixture of multi- and bi-potent progenitors, lineagestricted precursors, and
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fibroblast8® and it is doubtful that each will function in tseme manner. In an
attempt to enhance the therapeutic potential ofMI%C population, othe?s*®
have tried to identify subpopulations of cells lwhsen specific biological
properties within the mixed MSC population. Altlgbuthese groups have been
successful in identifying a subpopulation of cellsich appear to have enhanced
neurogenic capabilities, no group to date has ssfaky identified a relationship
between a MSC subpopulation and the multipotenggmaors responsible for
generating cartilage. Towards this end this stistyated a subpopulation of
MSCs displaying markers considered to enhance dthendrogenic potential. It
was thought that by generating a more uniform patr of cells the potential
for AC tissue repair would be improved.

The marker selected to isolate the subpopulatiaets$ in this study was
the CD44 cell surface antigen which is a singlespa®mbrane glycoprotein
expressed by chondrocytes and binds to hyaluromithe AC extracellular
matrix**. It is an important mediator in cell-matrix irdetions and plays a vital
role in cartilage matrix assembly and homeostasis While CD44 has also been
identified on other cells and is used as a gemeaaker for MSC®“° it is seldom
present on all of the cells in the mixed MSC milieBased on this information it
was postulated that a purified subpopulation of MSiSolated based on the
CD44 cell surface antigen, would have enhanced aiogenic capacity when
compared to the native heterogeneous MSC populafi¢tms would represent an
important first step in identifying a better podiwda of cells for implantation

during AC repair surgery.
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6.2 Methods
6.2.1 Isolation and Expansion of MSCs

Marrow aspirates were collected from patients ugolieg harvest of iliac
crest bone graft. A large-bore angio-catheter wgesl to collect the marrow and
1000 Units of heparin was added to the syringef@ry milliliter of aspirate. In
the laboratory, 3ml of the marrow suspension wagerld over 3ml of
Histopaque-1077 (Sigma) in a 15ml conical tube emutrifuged at 40§ for 30
minutes. The fraction at the plasma-Histopaquerfate was collected, washed
twice with PBS, and plated in monolayer culturermilesenchymal Stem Cell
Growth Medium (MSCGM) (Lonza) at 37°C and 5% £OAfter 48 hours in
culture the non-adherent cells were removed andemmainder of the cells were
passaged 1:2 when approaching confluence untilete of passage 5 was

reached.

6.2.2 Immunophenotyping by Flow Cytometry

To determine the phenotype of the cell monolayer,distribution of cell
surface antigens from passage 5 cells was analybdfiow cytometry. Cells
were fixed with cold 1% formaldehyde (BDH Laborgt@upplies) and washed
once with PBS. They were labelled with the primangibodies outlined in Table
6.1. The cell population was analyzed on the FATHbur (BD Biosciences,
Mississauga, Ontario) using Cell Quest Pro softvesn@ compared to the isotype

control.
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6.2.3 Cell Separation

Following trypsinization the passage 5 MSCs wesslved twice in PBS
and then resuspended in PBS + 2mM EDTA at a fioatentration of 2.5X10
cells/ml. The cells were labelled with the CD44-Elconjugated antibody (Santa
Cruz Biotechnologies) which was utilized at a 1dildtion. The labelled MSCs
were sorted using Fluorescence-Activated Cell 8grtFACS) (Beckman Coulter
EPICS Ultra-High Speed Cell Sorter), generating éxperimental populations of
cells, one being CD44+ and the other CD44-. A sspaaliquot of MSCs was
subjected to the same treatment as outlined ahaiverds not sorted using FACS,
thereby generating a third group that was esséntihké native mixed MSC

population which acted as a normal control.

6.2.4 Chondrogenic Differentiation

Each of the three groups of cells, (CD44+, CD4#4d ahe mixed
population) were differentiated towards the chogdroc lineage using
previously outlined techniqu&s Briefly, aliquots of each of the MSC
populations (5.0X105 cells in 100ul of medium) weipetted onto dry 6.5mm,
0.4um pore size transwell membranes and spun iB4-aell plate centrifuge
(20Qg for 5 min.). Culture was then carried out in avdlt plate with 0.5ml of
MSC Chondrogenic Differentiation Medium (Lonza) vitOpg/ml TGB3 added
to the lower well which submerged the membranegdiin was change every 2
days and the differentiation was carried out atC3@hd 5% C@ In each group

differentiations were carried out in triplicate.
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6.2.5 Adipogenic and Osteogenic Differentiatiod &taining

Adipogenic and osteogenic differentiation was gdedormed to confirm
the multipotent nature of the three MSC populationsFor osteogenic
differentiation, the cells were allowed to becon@%/confluent and treated with
osteogenic selective medium (R&D Systems) accordinghe manufacturer’s
specifications.  For adipogenic differentiation, llxewere grown to 95%
confluence and treated with adipogenic selectiveliom (R&D Systems). In
both protocols the medium was changed every 3-4sdly 21 days.
Immunofluorescence for the adipogenic and ostecgkmes was performed as
per the manufacturer’s protocol utilizing primanmytiaodies to fatty acid binding
protein 4 (FABP4) (R&D Systems) and osteocalcin [R&ystems) respectively.
Negative controls included cell preparations whidd been incubated without
primary antibody. Slides were viewed using fluocesge microscopy and digital

images were collected for analysis.

6.2.6 RNA Isolation and Real Time Polymerase CRaiaction (RT-PCR)

RNA was extracted from the three differentiated 3AShondrogenic cell
lines and the undifferentiated MSC population mitlg the SV Total RNA
Isolation System (Promega). cDNA was generatetl ¢ Superscript Il 1st-
strand synthesis system (Invitrogen) according toe tmanufacturers
specifications. The reagents for the RT-PCR wakert from the QuantiTect

SYBR Green PCR kit (Qiagen). Primers utilized sgeorded in Table 6.2.
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Quantification and analysis for each of the reastivas carried out utilizing the
MYiQ single-color real-time PCR detection systemiof®ad). The PCR
conditions were as follows: 94°C for 15 secondsneafing (GAPDH and
Aggrecan 60°C; Collagen | and Il 58°C) for 20 setzyri72°C for 10 seconds for
45 cycles. All PCR was performed in quadruplicalée comparative £method
was utilized to provide a relative quantificatioh gene expression with the

undifferentiated MSC population acting as the basel

6.2.7 Statistical analysis
The experiment was performed in triplicate andadatere
compared within each group and between groups wsisgvay ANOVA and the

software package SPSS.

6.3 Results
6.3.1 MSC Isolation, Immunophenotyping and CqtlaBation

A population of cells was isolated which was aéheéto the tissue culture
surface and expanded rapidly to fill the platesowFcytometry revealed that the
isolated cell population possessed an immunophprotpnsistent with other
previously established human MSC populations (Fagbirl). FACS was able
separate the CD44+ and CD44- populations. Of thele that stained positively
for CD44, only the 82.1% that fluoresced most iatdn were included in the

CD44+ population and used for subsequent analysis.
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6.3.2 Osteogenic and Adipogenic Differentiation

Cells in each of the three experimental groupfeihtiated towards the
osteogenic and adipogenic lineages (as well as drhoytes), confirming
multipotent ability (Figure 6.2). In each of thhede separate groups of cells there
was no apparent difference in pattern or numbaetiffdrentiated osteogenic and

adipogenic cells.

6.3.3 Chondrogenic Differentiation and Real Tin@RPAnalysis

Real time PCR carried out on the CD44+, CD44- anidedh cell
populations revealed that the relative level oflag®n type Il gene expression
increased in all groups. However, statistical gicemce was only seen when
comparing the relative increases in the CD44+ dred rhixed cell population
(Figure 6.3) where it was found that the level ollagen type Il gene expression
was significantly higher in the CD44+ populatior=Qp006). The difference in
the increase of collagen type Il gene expressiolc¥4- population did not
reach statistical significance when compared toeeithe CD44+ (p=0.690) or the
mixed populations (p=0.330).

The average increase in aggrecan gene expressiowdd a pattern
similar to that seen in collagen type Il. An inase was seen in all three
experimental populations but statistical significanwas only seen when
comparing the CD44+ and the mixed population regiifigure 6.4) where there
was more aggrecan gene expression seen in the Cpdgdation (p=0.020).

There was no statistical significance reached wkemparing the CD44-
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population to either the CD44+ population (p=0.580)the mixed population
(p=0.183).

The relative levels of increase in collagen typgehe expression also
increased approximately 6 fold in all groups (F®Wd.5) with no significant

difference being found between any of these values.

6.4 Discussion

Despite several decades of study and their palefdr widespread
therapeutic use, the exact nature of MSCs has emt lvell defined. The basic
biological properties of this mixed population ae well characterized although
attempts have been made to identify different spbfagions of MSCs based on
classes of regulatory protetis Notwithstanding these recent advances and great
interest in the role of MSCs in cartilage regeneratto date no group has been
able to identify any subpopulation of progenitogsponsible for differentiation
towards the chondrogenic lineage. With this in dnithe CD44 cell surface
protein was selected for use in this study becauisepresent on the surface of
chondrocytes and has a specific role in bindingy@uronin within AC which is
important in AC matrix generation and homeostasi$44 is also known to be
present on a portion of the cells within the geh&&C population and was
therefore selected as a target regulatory protéiichwmay have the potential to
identify those cells with greater chondrogenicidbs.

This study demonstrated that there were differerinegene expression

when comparing a CD44+ purified subpopulation of@4Sand the native, mixed
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MSC population following chondrogenic different@ii. The CD44+ population
displayed a larger relative increase in both tHiagen type Il and aggrecan gene
expressions. These proteins are the predominanpaoents of the AC matrix
and are essential if new hyaline cartilage is t@beerated. While these results
represent a promising first step towards our ult@ngoal of providing more
appropriate cells for implantation they need to dmproached with caution.
Although these differences were found to be sta#ily significant, the
differences were quite small (~1 fold) and wereaot#d using a small sample
size. As such, they may not represent a clinicgitipificant difference in matrix
production if these cells were placed in the appab@ environment and allowed
to generate de novomatrix.

It is also important to note that the levels ofllagen type | gene
expression were increased in all three populatiohscells explored when
compared to the undifferentiated MSC populatioie Ppresence of collagen type
| represents a significant hurdle which must bepassed because it is not a
component of normal AC. Indeed, one of the argumegainst using mature
chondrocytes for AC tissue engineering is that ttagydly loose their phenotype,
producing increased amounts of collagen type Iditeato formation of non-
durable fibrocartilage. In fact, the gene expmsgrofiles observed by the MSC-
derived chondrocytes in this study resemble clogelge of dedifferentiated early
passage chondrocytes observed in previous works ddmin leads to questions

regarding the nature and definition of a chondrecyt
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Traditionally, a combination of the production afllagen type Il and an
absence of collagen type | has loosely definedrisugar chondrocyte once it is
removed from its native matriX If this definition is utilized, the cells genésd
in this study, even those in the CD44+ populatioold only be viewed as
chondrocyte-like at best because they produce tathgen type | and collagen
type Il. Further work is certainly required to thuer elucidate the mechanisms
responsible for the unwanted genetic upregulatich@ collagen type | gene and
ways to decrease its expression. Additionally, use of the term chondrocyte
when describing cells simply on the basis of cd@tadype Il production needs to
be reconsidered.

It is also possible that the subpopulations stlidiere not sufficiently
purified and still represent heterogeneous cellufetns to some extent. This
could explain the consistent collagen type | gexggession observed in all limbs
of the experiment while there was still variability the expression of collagen
type Il and aggrecan. It is possible that a groupells responsible for producing
the majority of the collagen type | was not remodedng the sorting process and
were present in all of the experimental subpoporeti This stresses the need for
additional markers in order to further purify theSR population to achieve a
more chondrocyte-like cell line in the future.

There are those who may speculate that purificattd the MSC
population is not required and may be a lessoruiiity. It may be said that
these cells are in a constant state of flux anéicseriitly plastic that they can

rapidly change their regulatory proteins and subsetly their phenotype in
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response to their environment despite being pdrifieindeed, groups have
demonstrated that different isolation schemes dinda a variety of epigenetic
and genetic chang®s Unfortunately these changes are just as likelyirnit
plasticity and greatly affect the cells’ therapeutotential. It is for these reasons
that standardized isolation and culture techniquesd to be established if we
hope to ever compare and reproduce experimentaltsesThis will enable us to
continue to better isolate and characterize MS@apblations which will greatly

improve their disease-specific potential and enbdheir therapeutic effect.
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Anti-Human Dilution Fluorochrome Source
CD1: 3/5C PE-Cy5 Caltag Laboratorie
CD2¢ 3/5C PE-CY5 Caltag Laboratorie
CD44 1/1C Fluorosciene isothiocyana Santa Cru:

(FITC) Biotechnologies
CD34 1/50 FITC BD Bioscience
CD4E 3/5C Phycoerythrin(PE Caltac Laboratorie
CD9cC 1/5C PE BD Bioscience
CD10- 3/5C PE Caltag Laboratorie

Table 6.1. Antibodies for characterization of cell surfaceigenms.
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Gene Size (bp Strand Sequence(t-37)
Collagen | 257 F GACAATCTGGCTCCCAAC
R ACAGTCTTGCCCCACTTAC(
Collagen 10t F AGGTGCTGATGGCTCTCC
R GGACCACTTTCACCCTTG
Aggrecat 85 F TCGAGGACAGCGAGGC(
R TCGAGGGTGTAGCGTGTAGAG/
GAPDH 18¢ F TGGTATCGTGGAAGGACTCATGAC
R ATGCCAGTGAGCTTCCCGTTCAG!

Table 6.2 Primers for RT-PCR.
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Figure 6.1. Flow cytometry results for the MSC plapion. The population did

not possess the CD45 and CD34 cell surface antigemsuld be expected. The
population was positive for the other antigens Whare considered positive
markers of MSCs. Note that not all of the cellshie population were positive for

CD44.
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A) )

Figure 6.2. A) Representative fluorescence micipg@emonstrating staining for
FABP4 within the cytoplasm of the MSC-different@dteadipocytes. B)

Representative fluorescence micrograph demongratktracellular staining for
osteoacalcin in the MSC-differentiated osteocytes.
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Relative Change in Collagen Type Il Gene Expression

Fold Increase (2")

CD44+ Mixed

Population

Figure 6.3. Graph comparing the relative differeimceollagen type Il gene
expression between the CD44+ subpopulation anddvigé population.
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Relative Change in Aggrecan Gene Expression

Fold Increase (2")
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Figure 6.4. Graph comparing the relative differeimcaggrecan gene expression
between the CD44+ subpopulation and mixed cell fztjoun.



150

Relative Change in Collagen Type | Gene Expression
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Figure 6.5. Graph comparing collagen type | genpression in the three
experimental groups. Note that there was a sinmiarease in all three groups
and that there were no statistically significarfiteslences between the groups.
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CONCLUSION
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7.1 Conclusion

OA is a disease which is ubiquitous in all popolst and has significant
individual, social, and economic impact worldwide Although there are many
etiologies leading to joint deterioration and tivergual development of OA, one
potentially treatable cause is the acute artictéatilage injury”’. These injuries
are common and have a poor inherent healing cgfaciOnce a significant AC
defect (>1cm) is generated, abnormal cartilage ih@pdccurs, resulting in
progressive cartilage loss such that eventuallgelaareas of full thickness
cartilage damage occurs. In an effort to repair iAfdries and preserve joint
function many different treatment strategies hagerbdeveloped but none have
proven to be completely succes$tul

Studies of tissue-engineering strategies sugpastiie most potential for
success involves introduction of autogenous orgatous cells to the site of
injury, either alone or embedded within a suppertscaffold. These strategies
are designed to encourage creation of a new matitk the appropriate
characteristics of normal AC which would be abléntworporate into the adjacent
native tissug*®. However, development of a successful repair atethas
proven difficult. The complex structural and biarhanical properties of normal
AC are not easy to replicate, an expandable cellceowith the appropriate
functional characteristics has not been identifiaag the problem of effective
incorporation of a repair construct into the hasgue remains unresolved.

In an effort to overcome these obstacles and mdhe understand the

cartilage repair process, this work first focusedlee development and utilization
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of anin vitro human explant model of AC to study the abilityseeded human
chondrocytes to adhere and integrate into an A€aleA human derived model
was employed because animal models have many désatwhich differ
significantly from the human which may affect résul A reproduciblan vitro
model for AC injury was successfully developed &mahd to be viable for up to
28 days in culture. Following seeding of allogemathondrocytes into these
explant defects it was noted that the cells becadierent to injured areas, both
in the experimental defects and also in regionsreviiieere was damage to the
lamina splendens. Once adherent, the seeded duoytels produced a matrix
containing collagen Il but unfortunately the matioxmed was too sparse for this
type of technique to be considered feasible. K wlao noted that despite having
viable cells within the host tissue, presumablyatdg of a paracrine stimulus,
seeded chondrocytes did not migrate into the regfarell death adjacent to the
site of injury. Others have speculated that thgetof cell movement may be
possiblé**’ but a lack of cell migration was observed in owdel despite the
use of osteoarthritic cartilage which represemsoae permissive environment to
cell movements due to the decreased matrix deasitly increased “pore size”.
This work also highlighted the importance of cag# tissue manipulation and the
effects this can have on cell viability within ttissue. Despite the deliberate
minimal use of low pressure and friction to credwe AC defects a zone of cell
loss adjacent to the defect still developed. Tei$ loss has been seen in other
work™® and it is clear that a greater understanding efrtficroenvironment at the

host-tissue interface is essential if effectivestarct integration is to be achieved.
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Following the development of the explant modetraibn was then turned
to the cellular aspects of AC tissue engineeriidie use ofin vitro-expanded
autologous chondrocytes is currently consideredotpigmal cell source for the
repair of AC defectS. Autologous chondrocytes have been used for A€b¥er
a decade and despite criticisms of this technigeeeral studies demonstrate that
it has real patient benefit. However, improvemeats required to make this
technique more reliable, durable, and applicablelarger defect8? One
problem associated with ACI is that it utilizes odoocytes expanded in
monolayer culture resulting in loss of the diffeiated chondrocyte phenotyiie
24 In an attempt to rectify this problem and geteera group of cells with
enhanced cartilage matrix-forming capacity, wet fieught to further characterize
chondrocytes expanded in monolayer. Consequettty pattern of chondrocyte
gene expression frorm situ through to passage 7 focusing on the levels of
collagen type I, collagen type Il and aggrecan geqeession was studied. These
novel results demonstrated that when chondrocytere weleased from their
surrounding matrix there was an immediate and rapahge in gene expression,
so much so that they had lost significant chondmaparacteristics at least by
passage O if not sooner. By the end of passagerte gxpression levels for
collagen type | had risen ~1000x while levels folagen type Il had also risen
but only by ~10x when compared to the levels oleitom chondrocyteis situ.

In contrast, gene expression levels for aggrecahdeaxreased by ~10x in the
same time period. These changes in gene exprelesiels, especially the large

changes associated with collagen type |, suggestedgly that the cultured cells
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can no longer be considered as chondrocytes andldshme seen only as
chondrocyte-like at best. This appears to be tlagomlimiting factor in the
production of a more hyaline-like repair construdt. cultured cells are to be
implanted at sites of injury it would seem appraf®ito suggest that the gene
expression values should be returned to those fousdu when implanted if any
tissue repair is to be eventually successful.

Much of the work attempting to restaresitu chondrocyte phenotype has
involved passaging the cells three or more time&sthan modulating the cellular
environment with techniques such as restoratiorthef rounded chondrocyte
shape, medium supplementation with biomoleculdsration in oxygen tension,
or growth in high-density cultur&?®. Therefore, attempts were made to prevent
early phenotypic alterations affecting collagen etyp expression by placing
chondrocytes in high density cultures immediat@lijofving digestion. In this
study, it was thought that by allowing the cellskie in close contact during
culture, a microenvironment conducive to chondrecgtdifferentiation would be
achieved early in culture with resultant maintersain¢ chondrocyte genotype.
This was accomplished with regards to levels ofagen type Il mMRNA as noted
by the initial increase that was maintained as lasithe culture was maintained at
confluence. Conversely, in the populations ofsc#liat were simply passaged, a
smaller initial increase in collagen type Il mRN&vels occurred but this quickly
decreased to levels below those fouimd situ. While these results were
encouraging they were countered by the upregulatforollagen type | mRNA.

Immediately following release from the AC matriketchondrocyte populations
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in both the passaged and confluence situationgased their levels of collagen
type | mRNA expression and these increased levelg \waintained throughout
the experiment in a parallel pattern. While thgutts for the levels of mMRNA for

collagen type Il were encouraging as an indicator rhaintenance of normal

chondrocyte genotype during confluence culture, rémults related to mRNA

levels of collagen type | were discouraging. Thesllagen type | upregulation

may represent the major obstacle facing chondrocyttire in preparation for

more successful transplantation at sites of ACrynjuro be successful, a method
must be found to either prevent this appearan@@kdgen type | or eliminate its

appearance prior to implantation.

In an attempt to solve the deficiencies encountereen utilizingin vitro
expanded chondrocytes, attention was then turnBtSGs as a viable alternative.
MSCs are particularly attractive because they msapre an autologous, easily
isolated, rapidly expandable, multipotent cell sewvith known chondrocyte-like
capacity’. Unfortunately, MSCs are also not without theimoshortcomings and
represent a heterogeneous and dynamic populatiocells, comprised of a
mixture of multi- and bi-potent progenitors, lineagestricted precursors, and
fibroblastd’. To date no group has successfully identifiedlationship between
a MSC subpopulation and the multipotent progenitesponsible for generating
cartilage. Towards this end a subpopulation of MS@as isolated which
displayed markers considered to enhance chondogetential. It was thought
that by generating a more uniform population ofscéle potential for AC tissue

repair would be enhanced. A CD44+ population disogas isolated and found



162

to display a larger relative increase in both g#latype Il and aggrecan gene
expressions when compared to both the mixed and 4€Dbpulations.
Unfortunately, the levels of collagen type | gerpression were also increased in
all three populations of cells explored when coragato the undifferentiated
MSC population. As mentioned previously, the pneseof collagen type |
represents a significant hurdle which must be ssg@é because it is not a
component of normal AC. Indeed, one of the argumegainst using mature
chondrocytes for AC tissue engineering is that ttagydly loose their phenotype,
producing increased amounts of collagen type Iditeato formation of non-
durable fibrocartilage. In fact, the gene expmsgrofiles observed by the MSC-
derived chondrocytes in this study resemble clogelge of dedifferentiated early
passage chondrocytes observed in previous works ddmin leads to questions
regarding the nature and definition of a chondrecyraditionally, a combination
of the production of collagen type Il and an abseoiccollagen type | has loosely
defined an articular chondrocyte once it is remofverh its native matrix. If this
definition is utilized, the cells generated durthg CD44 purification study, even
those in the CD44+ population, could only be vievasdchondrocyte-like at best
because the population produced both collagenltgpd collagen type Il

This work highlighted many of the complications@sated with repair of
acute articular cartilage defects and made impbaduancements which will aid
us as we work toward a solution to this complexofgm. The development of a
viable human explant model was an important fitsp Sowards this process. An

appropriatein vitro model is essential for the early study of therdéipeu
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interventions so that insight can be gained pt@mrin vivo application. The
explant model was successful for the purpose afwark but it was also clear
that further work is required to generate a modeictv more closely replicates
the intra-articular microenvironment, including é&pment in the areas of
nutrient delivery, oxygen tension and the applaatof a mechanical stimulus.
Further work is also required to elucidate the reaand character of the zone of
cell loss which occurs when articular matrix is @@ed. The successful
integration of any construct will be strongly irgluiced by the native matrix
microenvironment adjacent to the site of injury.

The main cellular therapies being studied and egptiinically were also
addressed in this work. The significant findinggéhrevealed that there is an
increase of collagen type I in both mature chongtexzand MSCs. If we persist
in utilizing cells which produce elevated levelsaufllagen type | to repair AC
defects the only attainable result will be a hyaliike or fibrocartilagenous repair
which lacks the biomechanical durability to affadbng term cure. Further work
is certainly required to further elucidate the nmasubms responsible for the
unwanted genetic upregulation of the collagen tygene and ways to decrease
its expression.  This will undoubtedly involve workith the cellular
microenvironments including appropriate nutrientp@amentation, growth
factors and oxygen tension. What was most cleargh is that classifying a cell
as a chondrocyte based simply on the fact thainitproduce collagen type Il does
not make it a chondrocyte. Much of the work instfield has relied on this

assumption. It will only be through a more thorbwiondrocyte characterization
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and universal definition of what constitutes a dahroeyte that this work will

eventually progress.
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