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Chapter 1

General Introduction and Aims

A layer of articular cartilage lines each of the synovial joints. This tissue transmits
loads and forces between the skeletal elements, absorbs peak stress events, and
assures frictionless joint movement. The key to these mechanical functions lies in the
structure and composition of articular cartilage. In mature organisms, this tissue con-
sists predominantly of intercellular material. The extracellular matrix, which consti-
tutes 98 per cent of the tissue mass, is maintained and remodelled by an exceedingly
small population of chondrocytes (representing 2 per cent of the tissue mass), which
are organized in a highly characteristic anisotropic manner. Articular cartilage is
aneural, avascular and alymphatic. Having only a limited access to the immune sys-
tem via the synovial fluid, it is immunologically privileged.

The articular cartilage layer is highly susceptible to structural lesioning, which can be
occasioned either traumatically, or pathologically during the course of osteoarthritis
(a prevalent disease affecting aging Western populations). If these lesions are con-
fined to the articular cartilage layer, they do not heal spontaneously. Indeed, the le-
sioning process is exacerbated with time, leading to extensive destruction of the sur-
rounding tissue. If the lesion penetrates the sanginous bony compartment, then a
spontaneous repair response is mounted. However, the tissue formed is structurally
and functionally inferior to native cartilage: it is unstable and degenerates after a
short time.

In the field of tissue engineering, many research groups are engaged in attempts to
improve the quality and functionality of the repair tissue laid down within articular car-
tilage defects. Most approaches involve the implantation of a matrix bearing growth
factors and/or a homogenous population of potentially chondrogenic cells. The unify-
ing principle behind the different strategies is the desire to restore the native, highly
anisotropic structure of adult articular cartilage, which is crucial for its functional com-
petence.

It is the aim of this thesis to address various issues relating to the repair of articular
cartilage tissue.

In Chapter 1, the postnatal development of the adult structural architecture of mam-
malian articular cartilage is analyzed from a mechanistic point of view. The mecha-
nism is based on a continuous process of tissue neoformation, stemming from the
very surface of the articular cartilage layer. This process is coordinated with a like-
wise continuous process of cartilage resorption, which is mediated by the degrada-
tive activity of cathepsin-K-producing osteoclasts (mineralized tissue) and mono-
cytes/macrophages (unmineralized tissue).

In Chapter 2, the potential and limitations of available articular cartilage treatment
strategies are scrutinized. This review article brings to light the generally poor clinical
outcomes of current surgical approaches, thereby underlining the need for consider-
able improvements in cartilage repair techniques.

In Chapters 3-5, the structure of normal mammalian articular cartilage is analyzed. In
Chapter 3, the structural organization of knee-joint cartilage in adult humans is
evaluated quantitatively. The baseline data presented in this study represents the
ideal towards which any tissue-engineering approach is aimed. In Chapter 4, the
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mechanism underlying the postnatal evolution of an immature, isotropic articular car-
tilage structure into a mature, highly anisotropic one is evaluated. A knowledge and
understanding of this physiological mechanism is important in guiding cartilage-
engineering approaches in a fruitful direction. In Chapter 5, the heterogeneity of ar-
ticular cartilage structure within different regions of the adult human knee joint is re-
vealed. Of all human joints, the knee is the most susceptible to traumatic or patho-
logical lesioning. The analysis undertaken in this study serves as an important basis
for a topographically-orientated approach to tissue engineering, which is required to
yield optimal repair results.

In Chapters 6-8, the use of growth factors in articular cartilage repair is dealt with. In
Chapter 6, the local biological conditions that must be satisfied for an optimal growth-
factor-induced repair response are elucidated. Growth factors are highly versatile
signalling molecules, which can have opposing effects above and below a critical
threshold concentration. This threshold level will be influenced not only by the total
dose administered, but also by the rate of drug delivery (temporal release profile) and
by the local environment within which the agent is acting. One adverse effect to be
avoided within a cartilaginous environment is an induction of bone formation. Chap-
ters 7 and 8 deal with alternative measures that can be adopted to physically (Chap-
ter 7) or functionally (Chapter 8) impede the upgrowth of osseous tissue from the
bony into the cartilaginous compartment of full-thickness defects.

Chapters 9 and 10 deal with surgical steps that can be injurious to articular cartilage
repair. Before a construct is implanted within an articular cartilage defect, it is cus-
tomary to smooth and level the fibrillated, irregular surfaces of the lesion floor and
walls. This procedure involves the surgical removal of articular cartilage tissue. In
Chapter 9, the surgical removal of articular cartilage tissue is shown to be associated
with the loss of healthy chondrocytes from the wound edges. And in Chapter 10,
even simple surgical suturing is shown to be associated with the loss of viable chon-
drocytes from the walls of the channels thereby created. Furthermore, these chan-
nels widen and elongate with time. This finding indicates that the surgical suturing of,
for example, a tissue flap to articular cartilage (to secure an implanted construct)
should be avoided if possible. Alternative modes of tissue securance should be
sought.

The concluding Chapter 11 deals with the planning and execution of tissue-
engineering approaches, and with the choice of appropriate parameters to gauge the
quality and quantity of the repair tissue formed. Many investigations are marred by a
faulty experimental design, which renders the biological meaningfulness and the va-
lidity of the data questionable. This article points out the common pitfalls and their
remedies.

The following specific questions were addressed in this thesis:

1. What is the current status of articular cartilage repair in experimental laborato-
ries and clinical practice?

2. On a quantitative and topographic basis, how is the articular cartilage layer of
the human knee joint structured?

3. By what physiological mechanism does the immature, isotropic structure of
mammalian articular cartilage evolve into the mature, highly anisotropic archi-
tecture during postnatal development?
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4. lIs it possible to induce the repair of articular cartilage without surgically trans-
planting cells or tissue, viz., can local populations of stem cells be recruited to
repair a defect merely by applying an appropriate growth factor?

5. Can current open or arthroscopic surgical techniques be applied without en-
dangering healthy articular cartilage, and thus without exacerbating the exist-
ing condition?
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The Structural Organization of Articular Cartilage Tissue as a Fun-
dament for Repair

Chapter 3

Quantitative structural organization of normal adult human articular cartilage [Hun-
ziker EB, Quinn TM, Hauselmann HJ. Osteoarthritis Cartilage, 2002, 10(7): 564-572]

Chapter 4

The structural architecture of adult mammalian articular cartilage evolves by a syn-
chronized process of tissue resorption and neoformation during postnatal develop-
ment
[Hunziker EB, Kapfinger E, Geiss J. Osteoarthritis and Cartilage, 2007, 15(4): 403-
413]

Chapter 5
Variation of cell and matrix morphologies in articular cartilage among locations in the
adult human knee

[Quinn TM, Hunziker EB, Hauselmann HJ. Osteoarthritis Cartilage, 2005, 13(8): 672-
678]
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Chapter 6

Growth-factor-induced healing of partial-thickness defects in adult articular cartilage
[Hunziker EB. Osteoarthritis Cartilage, 2001, 9(1): 22-32]

Chapter 7

Structural barrier principle for growth factor-based articular cartilage repair
[Hunziker EB, Driesang IMK, Saager C. Clin Orthop Rel Res, 2001, 391S: 182-189]

Chapter 8

Functional barrier principle for growth-factor-based articular cartilage repair
[Hunziker EB, Driesang IMK. Osteoarthritis Cartilage, 2003, 11(5): 320-327]
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Chapter 9

Surgical removal of articular cartilage leads to loss of chondrocytes from cartilage
bordering the wound edge

[Hunziker EB, Quinn TM. J Bone Joint Surg (Am), 2003, 85A: 85-92]

Chapter 10

Surgical suturing of articular cartilage induces osteoarthritis-like changes
[Hunziker EB, Staehli A, Kapfinger E. Ostearthritis Cartilage, 2008: in press]
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Chapter 11

Tissue Engineering: Translation from research to applications
[Hunziker EB, Spector M, Libera J, Gertzman A, Woo S L-Y, Ratcliffe A, Lysaght M,
Coury A, Kaplan DL, Vunjak-Novakovic G. Tissue Engineering: Translation from re-

search to applications, 2006, 12(12): 3341-3364].
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Summary and Conclusions

A critical analysis of the current literature and of our own experimental findings re-
veals the need for considerable improvements in the field of articular cartilage repair.
The hyaline-like qualities of the repair cartilage must be bettered to enhance its dura-
bility and its functional competence. However, several tissue-engineering approaches
being currently developed have yielded promising results, which bode well for their
future utility in clinical practice.

The specific questions posed in the General Introduction to this thesis can be an-
swered as follows:

1. What is the current status of articular cartilage repair in experimental laborato-
ries and clinical practice?

None of the biologically-based repair-induction strategies currently imple-
mented in surgical practice yield a result that is superior to that elicited by a
spontaneous (injury-induced) stimulation of the bone marrow. Several promis-
ing strategies are still at an experimental stage of development; but as yet, the
ideals towards which they aim are a long way from realization in a clinical set-
ting.

2. On a quantitative and topographic basis, how is the articular cartilage layer of
the human knee joint structured?

The structural organization of human knee-joint cartilage is highly specific. The
numerical cell density is extremely low — much lower than in any other mam-
mal that has been investigated — and the macromolecular organization of the
extracellular matrix is extraordinarily complex. Furthermore, the architecture of
the articular cartilage layer differs according to its topographic location within
the knee joint. To be therapeutically successful in the long-run, a repair strat-
egy must take into account this latter circumstance.

3. By what physiological mechanism does the immature, isotropic structure of
mammalian articular cartilage evolve into the mature, highly anisotropic archi-
tecture during postnatal development?

The structure of mature mammalian articular cartilage is achieved by a proc-
ess of tissue resorption and replacement, not by one of internal remodelling
and reorganization. Hence, engineered constructs with a chaotic (unphysi-
ological) organization are unlikely to remodel into the mature anisotropic struc-
ture after implantation within an articular cartilage defect. Tissue-engineering
approaches must therefore aim to re-establish the mature native organization
from the onset, or within a very short time of implantation. Once the construct
is in situ, the postnatal growth process will not be recapitulated. In the light of
our finding, investigators must now reconceive their notions of an optimal tis-
sue-engineering approach for articular cartilage repair.

4. Is it possible to induce the repair of articular cartilage without surgically trans-
planting cells or tissue, viz., can local populations of stem cells be recruited to
repair a defect merely by applying an appropriate growth factor?
Partial-thickness defects in small mammalian species can be successfully re-
paired using such a growth-factor-based strategy. However, the agent cannot
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be directly injected into the joint. The growth factor must be introduced into the
defect via a space-defining matrix within which it is entrapped both in a free
form, for immediate release, and in a liposome-encapsulated one, for slow de-
livery. Such a system generates the critical local concentrations at timely junc-
tures to induce, sequentially, the recruitment and proliferation of synovial mes-
enchymal stem cells and their subsequent differentiation into chondrocytes,
which then remodel the matrix into a cartilage-specific one. This system must
now be optimized to elicit the repair of more voluminous defects in large
mammalian species.

Can current open or arthroscopic surgical techniques be applied without en-
dangering healthy articular cartilage, and thus without exacerbating the exist-
ing condition?

Surgery is always associated with iatrogenically-induced trauma. But our in-
vestigations have revealed that even simple trimming procedures and suturing
could have a deleterious effect on healthy chondrocytes at the edges of an ar-
ticular cartilage defect. To minimize this damage, care must be exercised in
the choice of surgical instruments, and alternative modes of tissue securance
should be sought.
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Samenvatting

Samenvatting en conclusies

Een kritische analyse van de beschikbare literatuur gecombineerd met onze onder-
zoeksresultaten toont de noodzaak aan om op het gebied van herstel van het articu-
lair kraakbeen tot aanzienlijke verbeteringen te komen. De hyalien-achtige eigen-
schappen van het reparatie kraakbeen dienen verbeterd te worden om functie en
levensduur te waarborgen. Recentelijk heeft een aantal onderzoeken op het gebied
van tissue engineering veelbelovende resultaten laten zien die verbeteringen voor-
spellen bij toekomstig klinisch handelen.

De specifieke onderzoekvragen die gesteld zijn in de inleiding van dit proefschrift
kunnen als volgt worden beantwoord:

1)

2)

3)

Wat is de huidige status van articulair kraakbeen genezing in experimentele
laboratorium opstellingen en in klinisch gebruik?

Geen van de in de huidige klinische praktijk geimplementeerde genezing-
inducerende behandelstrategieén laat resultaten zien die superieur zijn aan de
resultaten van behandelingen gericht op spontane (wondgeinduceerde) stimu-
latie van het beenmerg. Verschillende veelbelovende behandelstrategieén zijn
nog steeds in een experimenteel stadium en de verwachting is dat we nog ver
weg zijn van de klinische toepassing ervan.

Hoe is in kwantitatieve en topografische zin het articulair kraakbeen van de
humane knie gestructureerd?

De structurele organisatie van het kraakbeen in de humane knie is heel speci-
fiek voor dit type kraakbeen. De celdichtheid is extreem laag, veel lager dan in
elk ander zoogdier dat ooit hierop is onderzocht, en de macromoleculaire or-
ganisatie van de extracellulaire matrix is uitermate complex. Verder zien we
dat de architectuur van de verschillende lagen van het articulair kraakbeen
verschilt afhankelijk van de locatie binnen het kniegewricht. Om therapeutisch
succesvol te kunnen zijn moet een behandelstrategie rekening houden met
deze specifieke gelaagde opbouw van het kraakbeen.

Volgens welk fysiologisch mechanisme ontwikkelt de premature isotrope
structuur van het humane articulair kraakbeen zich gedurende de postnatale
ontwikkeling in de anisotrope architectuur die daaruit ontstaat?

De structuur van volgroeid humaan articulair kraakbeen ontstaat door een
proces van weefselresorptie en -vervanging. Het is de verwachting dat door
tissue engineering gevormde constructies met een niet-fysiologische (chaoti-
sche) organisatie, na implantatie in een kraakbeen defect, niet zullen remodel-
leren in de anisotrope structuur die we zien bij volgroeid gezond kraakbeen.
De fysiologische mechanismen hiervoor ontbreken. De benadering vanuit tis-
sue engineering moet gericht zijn op het direct of snel na het aanbrengen van
het construct laten ontstaan van een anisotrope structuur zoals we die kennen
bij gezond en volgroeid kraakbeen. Als het transplantaat is aangebracht zal
het postnatale groeiproces niet meer plaatsvinden. In het licht van de resulta-
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4)

5)

ten van ons onderzoek behoeft het onderzoek op het gebied van de behande-
ling van articulair kraakbeen van de knie mogelijk een andere benadering.

Is het mogelijk om de reparatie van articulair kraakbeen te induceren zonder
cellen of weefsels te transplanteren? Anders gesteld kunnen specifieke stam-
cellen worden gestimuleerd door een passende groeifactor te appliceren?

Partial thickness defecten in kleine zogdieren kunnen op een succesvolle wij-
ze genezen door een op groeifactoren gebaseerde behandel strategie te vol-
gen. De factoren kunnen echter niet direct in het gewricht worden gespoten,
maar dienen ingebracht te worden middels een space defining matrix waar-
binnen ze opgesloten zitten in een vrije vorm voor onmiddellijke afgifte of op-
gesloten in liposomen voor een vertraagde afgifte. Een dergelijk systeem ge-
nereert kritische locale concentraties op verschillende tijdsintervallen om zo
over een langere periode de proliferatie van synoviale mesenchymale stam-
cellen te stimuleren. Deze cellen kunnen differentiéren tot chondrocyten die
vervolgens de matrix remodelleren tot een specifieke kraakbeen matrix. Dit
systeem moet verder geoptimaliseerd worden om toegepast te kunnen wor-
den in defecten van een fors volume in grotere zoogdieren.

Kunnen de huidige open of gesloten arthroscopische chirurgische technieken
worden toegepast zonder het gezonde articulair kraakbeen in gevaar te bren-
gen, ergo zonder de bestaande situatie te verergeren?

Chirurgie wordt vaak geassocieerd met een iatrogeen geinduceerd trauma.
Ons onderzoek heeft uitgewezen dat zelfs een eenvoudige shave en hecht-
procedure een negatief effect kan hebben op gezonde chondrocyten aan de
randen van een kraakbeendefect. Om dit effect zo klein mogelijk te houden
moet naar een minimaal invasief instrumentarium gezocht worden alsook naar
alternatieven voor de huidige hechttechnieken.
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