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BONE AND JOINT DISORDERS: PREVENTION AND CONTROL

Orthopaedic tissue engineering: from laboratory to the clinic

IN THE PAST DECADE, much has been learnt about the
regeneration and repair of skeletal tissues. Regeneration
involves slow replacement of tissues with identical tissue. It
occurs readily in the embryo, hardly at all in neonates, and is
never observed in adults. This may be because of the
relatively high proportion of undifferentiated progenitor
cells found in embryos and their scarcity in adults (1 in
10 000 mesenchymal cells in a newborn compared with 1 in
2x10° mesenchymal cells in an 80-year-old adult).! In
contrast, repair is a more rapid process and is probably
designed for survival. It involves the usual inflammatory cell
cascade, followed by matrix deposition and then a remodel-
ling process which attempts, in part, to regenerate damaged
tissues in the adult. A now extensive knowledge base of both
repair and regeneration in “orthopaedic tissues” has enabled
the development of orthopaedic tissue engineering.

Tissue engineering involves the use of cells coupled with
biological or artificial matrices, or “scaffolds”, which guide
the cells during tissue repair or regeneration. These cells can
be “driven” by specific bioactive molecules, ex-vivo gene
transfer and other physical factors to form neotissues . vitro
for future reimplantation i vivo. Alternatively, the cells and
special matrices, which can include bioactive molecules such
as growth factors, can be combined i vivo to attempt to
enhance tissue repair. An example is human articular carti-
lage repair using the patient’s own autologous chondrocytes
retrieved at arthroscopy. These are expanded in vizro before
reimplanting them into full-thickness articular cartilage
defects covered with a sutured and fibrin-glued periosteal
patch. Such articular cartilage repair has been shown to be
clinically effective and durable up to 7 years.?

Here I will cover recent applications of tissue engineering to
the repair of components of the knee joint, and compare this
repair with normal tissues. I will also briefly address how
tissue-engineering concepts have enhanced orthopaedic
repair outcomes.

I will not describe the use of gene technology, as, to date,
none of this technology has been applied in humans. How-
ever, there are many examples of the exciting use of genetic
engineering in enhancing orthopaedic tissue repair in ani-
mals. Also, I will not discuss the use of embryonic stem cells.

Bone repair

In recent years the isolation of growth factors such as
transforming growth factor-B> and its analogues, such as the
bone morphogenic proteins (BMPs) BMP-2¢ and BMP-7
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ABSTRACT

Tissue engineering involves the use of cells (either adult,
mesenchymal or embryonic stem cells) coupled with
biological or artificial matrices or scaffolds which guide the
cells during repair or regeneration of the tissue.

Recently discovered and isolated growth factors can
promote either adult or stem-cell growth and differentiation
along selected pathways to re-form and repair skeletal
tissues in adults.

Bone repair enhancement and replacement is now possible
with the use of tissue-engineering technologies.

It is now possible to repair articular cartilage using the
patient’s own articular chondrocytes retrieved during
arthroscopy, and expanded in vitro. Clinical results of this
technique are very satisfactory.
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(OP-1),> has led to their being used clinically to enhance
and accelerate bone repair, and also to replace bone. Bone
induction to assist and enhance bone deposition and repair
was first introduced by Marshall Urist in 1965,° and led to
the isolation of the BMPs, which could stimulate osteogenic
precursor mesenchymal stem cells (MSCs) to form bone.
Human cDNA BMP-7 (OP-1) was cloned in 1990. Recom-
binant human OP-1 (thOP-1)7 followed, and was shown to
induce bone formation in animals by stimulating osteogenic
precursor MSCs.

In 2002, it was shown that injecting recombinant human
OP-1 into a bone non-union site resulted in healing of the
non-union after 30 months.® OP-1 acts by recruiting adult
osteogenic precursor MSCs to repair the bone defects (Box
1). In an Australian study of 163 consecutive patients,
including 113 patients with long bone fracture and in whom
non-union occurred, OP-1 was used at a mean of 23.2
months after injury, with a follow-up of 19 months. Clinical
bone union was achieved in 70% of patients, and radiologi-
cal bone union in 65%; 35% of these patients had previous
failed bone autografts. No significant adverse reactions were
attributed to the OP-1 implant. There was also a decreased
incidence of osteomyelitis at the surgical site, and bone
donor site pain was eliminated, as reflected in decreased use
of postoperative analgesia.’

Intraoperative adult stem cell-based technologies are being
developed to enhance repair of bone, especially in patients with
delayed fractures or non-union of fractures.”'® The basis of
this work is that about 1 in 23000 cells of adult bone marrow
are osteogenic precursor cells. These cells can be separated
from other adult haemopoietic stem cells by selective cell
adsorption. This can be done in the operating theatre, making
viable cell implants immediately available for surgical use. In
theory, the use of adult osteogenic precursor stem cells in
adequate numbers, combined with a suitable scaffold or
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1: Treatment of non-union and bone defect in the arm of a 34-year-old patient

X-rays of the radius and ulna, which were internally fixed (plates and screws to both the radius
and ulna).

(c) X-ray at 30 months —
strong ulnar union is evident.

(a) Four months after the injury,
avascular fragments were
removed and bone morpho-
genic protein-7 (OP-1) was
injected into the defect (arrow).

(b) X-ray at 6 months —
new bone deposition can
be observed.

Images courtesy of Mr A Shimmin, Consultant Orthopaedic Surgeon, Melbourne Orthopaedic Group.

2: lllustration of autologous chondrocyte implantation (ACI) technology,
based on Brittberg et al'®
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The articular cartilage defect is debrided (dashed line at margins of articular cartilage defect),
which may kill adjacent chondrocytes down to the calcified layer of articular cartilage (white
line at base of defect). A periosteal patch with the “cambium” layer of osteoprogenitor cells
facing down into the defect is carefully sutured onto the top of defect (end to side) with about
1mm interrupted 6/0 sutures and sealed with fibrin glue to ensure the chondral-periosteal
compartment is “watertight”. Chondrocytes, which were retrieved at arthroscopy 3 weeks
previously and proliferated at high density (1 010° cells/mL in vitro), are then injected carefully
into the “contained” defect at a cell density similar to that of the native cartilage from which the
cells were intially obtained. These cells settle, adhere and proliferate, and also lay down new
cartilage .

Bone marrow capillary loop
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matrix, may be better than using a con-
ventional bone autograft. This is because
the transplanted osteogenic stem cells
can immediately begin to proliferate and
lay down a bone neomatrix without the
necessity of removing the “old matrix”
present in conventional bone autografts.
The use of an established canine spinal
fusion model has partially confirmed the
above hypothesis of the efficacy of an
enriched bone matrix composite graft
plus an enriched cellular composite.!°
Such cell-based technologies may result
in decreased use of conventional bone
banks, which use “dead” bone to induce
new bone formation in patients with loss
of normal bone volume.

Bone replacement

Researchers have recently replaced an
avulsed thumb distal phalanx with a tis-
sue-engineered bone construct.!! The
avulsion resulted from a traumatic injury
involving both dorsal thumb skin and the
whole of the distal phalanx of the thumb.
The dorsal thumb skin was reconstructed
using a pedicular abdominal flap. The
distal phalanx was replaced with autolo-
gous osteogenic precursor cells (that had
been harvested from the distal radius
periosteum during abdominal flap sever-
ance) and expanded in virro for 9 weeks.
At 10 months after the cell implant, only
5% of the implant was new bone, and at
28 months there was some proximal sub-
luxation of the distal phalangeal implant.
This was the first clinical attempt at
such whole-bone tissue engineering, and
initially appears to have succeeded. The
results are very encouraging, but there
are no recent follow-up data as to how
the patient’s new thumb is performing.

Tendon and ligament repair

Attempts have been made to repair ten-
dons and ligaments using type I collagen
gels and MSCs. This approach has not
yet been used clinically. Injecting anti-
sense decorin oligonucleotides (a com-
plex that blocks DNA transcription)
into a repairing ligament segment has
shown that large collagen fibrils respon-
sible for the high tensile strength of
tendons can be re-formed in the injected
areas and the tensile strength of these
ligaments also improved.'>!> However,
this research is has not yet been trans-
ferred to the clinical setting. The ability
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3: Autologous chondrocyte implantation (ACI) to treat a large osteochondral defect in a young man

(c) MRI at 2 months. Note excellent filling of the defect, with the
edges of the defect still apparent, and the deep signal of the neo-
matrix of the defect not matching that of the normal cartilage.

(b) Periosteal flap carefully sutured into the defect with interrupted
sutures and sealed with fibrin glue just prior to ACI.
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(d) MRI at 12 months. Note excellent fill and even “overfill" (arrow),
with almost normal MRI signal. Note reciprocal responses in the
subchondral bone marrow of both the tibia and the femur. The black
triangle on the right is the anterior horn of the medial meniscus.

MRI = magnetic resonance imaging.

Orthopaedic Surgery, St Vincent's and Mercy Private hospitals, Melbourne.

*This injury is ideal for ACI using two periosteal membranes to separate the bone and chondral compartments. Clinical results of replacing such large articular
osteochondral defects with pins and plugs have proved disappointing, probably because it is impossible for surgeons to obtain exact congruence of the fragment and
normal articular cartilage to within the about 100 um required for normal chondrocyte function with intermittent loading.

Image (a) courtesy of Mr O Deacon, Orthopaedic Surgeon, Melbourne, and images (b), (c) and (d) courtesy of Mr | Henderson, Orthopaedic Surgeon and Director of

to form large collagen fibrils in adults would represent a huge
improvement in anterior cruciate ligament (ACL) reconstruc-
tive surgery and to the longevity and “tightness” of such knee
ACL reconstructions.*

Articular cartilage repair

Articular cartilage is a unique avascular, aneural and
alymphatic load-bearing live tissue which is supported by
the underlying subchondral bone plate. It is unique in
that the extracellular matrix is composed of a complex
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combination of type II collagen fibrils which are specifi-
cally arranged and have bonded to them very large water-
retaining molecules called aggrecan molecules. This com-
bination of molecules gives articular cartilage its unique
ability to resist the repetitive compressive load-bearing
necessary for the activities of daily life without undergo-
ing premature wear.

Articular cartilage damage is common and does not nor-
mally self-repair. Often, young athletes and other patients are
left with defects over 1cm in diameter, experience symptoms
and seek pain relief. Tissue engineering (autologous chondro-
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cyte implantation [ACI]; see Box 2 and Box 3) has been used
to demonstrate the possibility of repairing symptomatic full
thickness hyaline articular cartilage defects in the knee joint
and, more recently, in the ankle joint.>!> In 100 patients with
full-thickness, large (1.5-12.0cm?) chondral defects,? good to
excellent results were found in the isolated femoral condyle
(92%), multiple lesions (67%), osteochondritis dissecans
(89%), patella (65%) and femoral condyle with ACL repair
(75%). Second-look arthroscopy in 53 patients showed good
tissue fill, good adherence to the subchondral bone and
seamless integration with adjacent cartilage, and an arthro-
scopic indentation hardness close to that of normal cartilage.
Histological analysis of 37 biopsy specimens showed a correla-
tion between hyaline-like tissue and good to excellent clinical
results. Complications were minimal, with graft failure of less
than 10% and symptomatic graft hypertrophy in about 7%.2

In Australia, this technology was first used in Melbourne
with encouraging results in 16 patients reviewed at 9 months
after autologous chondrocyte transplantation, showing
reduction of pain and improved function.!®

Similar excellent clinical results have also recently been
reported from Melbourne for both knee-joint and talar
dome lesions. In the knee study, 57 patients with 81
chondral knee lesions were followed up with both clinical
subjective evaluation and magnetic resonance imaging as
well as second-look arthroscopy and core-needle biopsy at
12 months. Significant improvement from before the proce-
dure to 12 months after the procedure was found in both
subjective and knee-function scores. Core-needle biopsies
showed that 70% of lesions were hyaline or hyaline-like
cartilage, with a “seamless” interface with the normal
adjacent cartilage.!”

In Perth the efficacy of cartilage tissue engineering for
repair of articular cartilage defects has also been confirmed.!®

There are other technologies that have been used to repair
articular cartilage, such as microfracture of the subchondral
bone plate and also mosaicplasty (where osteochondral
plugs are removed from normal cartilage and press-fitted
into areas where there is full-thickness, symptomatic loss of
articular cartilage). Findings of recent well-designed studies
suggest that both techniques are less efficacious than auto-
logous chondrocyte implantation.!%?°

Meniscus repair and replacement

Knee-joint meniscal tissue engineering is just commencing,
as it is now widely understood that the knee joint menisci
play a very important role in load-sparing and sharing, thus
protecting the underlying femoral and tibial articular carti-
lage. Complete and partial meniscal loss caused by trau-
matic damage is well known to lead to premature articular
chondrocyte cell death and osteoarthritis, probably as a
result of repeated impact overloading. Hence, the replace-
ment and repair of knee-joint menisci is now recognised as
being vital for long-term articular chondrocyte health.
Long-term studies of meniscal allografting have been
encouraging in terms of tibio-femoral pain relief. Recent
conclusions and recommendations for arthroscopic allograft
meniscal transplantation is that the technique is realistic,
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causes minimal morbidity and should be reserved for
selected symptomatic young patients. The long-term failure
rates are not defined, but all will probably fail with time. In
a study using 40 cryopreserved allografts, an overall failure
rate of 22% at 7-year follow-up has been reported.?!:?2
Recently, a collagen meniscal implant has been accredited in
Australia and North America for use in attempted repair of
meniscal defects and tears rather than debridement.?
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