CHAPTER 3

Tendon Tissue Engineering
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Summary

he successful healing of tendon injuries depends on numerous factors, including anatomical location,
vascularity, skeletal maturity and the amount of tissue loss. Although spontaneous healing can
occur, this often results in the formation of scar tissue which is morphologically, biochemically and
biomechanically different from healthy tendon tissue. This ultimately affects the functionality of the
repaired tissue. Tendon tissue engineering aims to induce self-regeneration of the tendon tissue in
vivo, or to produce a functional tissue replacement in vitro which can then be implanted into the
body. The production of tendon tissue which is both viable and functional requires the generation of
a uniaxially orientated matrix. The production and orientation of this matrix can potentially be
altered by both biochemical and physical factors, and the combination of these two factors in a dose
and time-dependent manner is potentially the key to successfully engineered tendons. This chapter
reviews current strategies for tendon tissue engineering and the future challenges associated with

this field.
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INTRODUCTION

In the UK the National Health Service (NHS) treats thousands of damaged tendons each year, ranging
from repetitive strain injuries (RSIs) to complete ruptures. Tendon injuries are difficult to manage and
although spontaneous healing can occur this often results in the formation of scar tissue.
Problems arise because the structure of scar tissue differs from healthy tissue which affects both
the functionality of the repaired tissue, its movement and its strength [1]. Many tendon injuries occur
in athletes and active people and the effect of having tendon tissue with reduced functionality can be
devastating to their everyday lives. Current treatments, both conservative and surgical have shown limited

success [2], which demonstrates the need for tendon tissue engineering.

STRUCTURE AND FUNCTION

Tendon tissue is a type of connective tissue which physically binds muscles to skeletal structures
[3] permitting locomotion and enhancing joint stability [4]. Tendon has a multi-unit hierarchical
structure of collagen molecules, fibrils, fibre bundles, fascicles and tendon units [4] designed to
resist tensile loads [5]. The organisation of the extracellular matrix (ECM) molecules of tendon
at the micrometer and nanometer levels are the principal determinants of the physiological
function and the mechanical strength of the tissue [4].

Microscopically, tendon has a crimped, waveform appearance which plays an important
role in its mechanical properties [4]. The angle and length of the “crimp pattern” depends on the
type of tendon, its anatomical site within the body and its location within the tendon tissue. The
differences in the “crimp pattern” affect tendon's mechanical properties, and fibres which have a

small crimp angle are mechanically weaker than those with a larger crimp angle [6].

MOLECULAR COMPOSITION

Proteoglycans in the extracellular matrix enhance the mechanically properties of the tissue.
Aggrecan helps to retain water within the ECM, increasing the tissues resistance to compression
[7]. Decorin is thought to facilitate fibrillar slippage during mechanical deformation [8]. The
concentration of proteoglycans varies within the tissue, and depends on the mechanical loading
to which the tendon is exposed [9]. The proteoglycan content is higher in the areas which are

subjected to compression, given the role of proteoglycans in resisting compression [7, 10].
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Tendon tissue contains also glycoproteins, including fibronectin and tenascin-C.
Fibronectin, an adhesive glycoprotein located on the surface of collagens [11], is involved the
regeneration and repair of tendon [12]. It may also play a role in cell attachment to prevent cell
removal due to gliding friction during tendon movement [13]. Tenascin-C is thought to be
involved in the ECM network formation which contributes to the mechanical stability of the
ECM in tendon tissue by interacting with both the collagen fibrils and the proteoglycan decorin
[14]. Tenascin-C is not widely expressed in healthy musculoskeletal tissues, but almost
exclusively at the sites subjected to heavy mechanical forces or requiring elastic properties, and
is an elastic protein [15]. Tendon tissue also contains elastin, which comprises approximately 2%
of the dry weight of tendon tissue [16].

The most abundant molecular component in tendon tissue is collagen type I. It constitutes
approximately 60% of the dry mass of the tendon, and about 95% of the total tendon collagen
content [17-19]. The remaining 5% of collagens consist mainly of collagens type III and V [4],
with collagens type II, VI, IX, X and XI present in trace quantities [20]. Collagen type I
molecules self assemble into highly organised fibrils which form collagen fibres [21, 22].
Collagens in the matrix are cross-linked, conferring them a high tensile strength and providing
mechanical strength to the tendon tissue [23]. Collagen type III also forms fibrils, but these are
smaller and less organised [24].

Although the overall cell content in tendon tissue is low [25], two main types of cells
coexist, the tenocytes and the tenoblasts. Both types of these cells have mesenchymal origin.
Tenoblasts are immature tendon cells, they are spindle shaped, and have numerous cytoplasmic
organelles which reflect their high metabolic activity. These are the predominant cell type in
tendon, and often appear in clusters within a localised pericellular region, devoid of collagen
fibre anchorage. Tenoblasts mature into tenocytes, which have a fibroblastic morphology and
have a much lower nucleus-to-cytoplasm ratio and a lower metabolic activity [26]. Tenocytes
are terminally differentiated with a very limited proliferative capacity and are distributed
throughout the tissue attached to collagen fibres [27]. Different populations of tenocytes have
been identified in tendon tissue, based on their morphologies [28, 29]. However, these cell types
have not yet been characterized and their exact function remains unclear [28]. Other types of
cells present in tendon tissue are progenitor cells [30], endothelial cells, synovial cells and

chondrocytes, although these are much less predominant [31]. There is also a subpopulation of
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myofibroblast-like, contractile cells present in normal tendon tissue. They are thought to be

involved in the modulation of the contraction-relaxation of the muscle-tendon complex [32].

REQUIREMENT FOR TENDON TISSUE ENGINEERING

There are approximately 2 x 10> tendon and ligament repairs performed annually in the U.S.
[33]. These can occur through injury and trauma, commonly in the workplace and in sport, but
also through overuse and ageing. The most commonly injured tendons are the Achilles and the
patellar tendons, with pathology ranging from calcifying tendinopathy, partial tears, to complete
ruptures [34, 35]. Injuries which present with pain, swelling, bruising and tearing of the tissue
usually occur when the tendon has been under tensile load. Tendons typically affected in this
way are the patellar tendon, long head of the biceps, and Achilles tendon. Tendon ruptures can
also occur with no episode of a serious injury and little swelling. In these cases, pain and/or
inability to play sports will be the major presenting complaint. These injuries often occur in the
rotator cuff, extensor carpi radialis brevis or posterior tibial tendon [36]. Tendon injuries are
difficult to manage, due to impaired healing, and frequently result in long-term pain and
discomfort, which places a chronic burden on health care systems [1].

Successful healing of tendon injuries depends on numerous factors, including anatomical
location, vascularity, skeletal maturity, and the amount of tissue loss. Although in most tissues
the repair process involves the infiltration of blood cells, mature tendons are poorly vascularised
[37-39], and tendon nutrition relies on synovial fluid diffusion rather than vascular perfusion
[40]. Although spontaneous healing can occur, this often results in the formation of scar tissue
which is morphologically, biochemically and biomechanically different from healthy tendon
tissue. This ultimately affects the functionality of the repaired tissue [25]. Severe tendon injuries
are difficult to manage because repair rarely results in tissue with fully restored function.
Another problem which can occur is the imperfect integrative healing at tendon-tendon or
tendon-bone interfaces which can compromise the mechanical properties of the tissue. One
reason for this is the formation of fibrous adhesions [19]. Fibrous adhesions occur between the
healing tendon and the surrounding tissues, and interfere with tendon gliding. This limits tendon
excursion and reduces the functionality of the repaired tendon [41].

The organisation of the collagen fibre crimp pattern determines the mechanical strength

of the tissue. Although both normal tissue and tissue formed at a repair site have highly aligned
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collagen fibres and a relatively low cell number, morphologically these two types of tissue are
quite different. The crimp pattern observed in normal tissue is smaller in length in repaired
tendon compared to normal tendon tissue [42]. Also, the diameter of the collagen fibres is
significantly smaller in the repaired tissue [43]. These differences in collagen fibril size and
alignment result in a tissue which is mechanically weaker and the mechanical properties of the
wound repair site are 40-60% of normal tendon levels [44]. These altered structural properties
are also thought to contribute to reduced joint stability, degenerative changes, compromised

functionality and an increased possibility of re-rupture [45].

CURRENT TREATMENTS

Currently, the management of tendon injury usually follows two routes, conservative or surgical.
Conservative management involves rest and pain relief, and can include injection of a variety of
drugs, including corticosteroids and physiotherapy. However, given the limited capacity of
tendons for self-healing, this type of treatment can result in prolonged treatment times, possible
weakness in the affected area, recurrent injury, and partial loss of function [46]. Where natural
tissue regeneration does occur, despite remodelling, the biochemical and mechanical properties
of the healed tendon may never match those of intact tendon [1]. This often requires extensive
and intensive rehabilitation [12].

Mechanical conditioning can be used as a treatment for enhancing tendon healing.
Mechanotransduction is the process of a cell converting mechanical stimuli into biochemical
signals. Cells able to sense the mechanical signals are described as being mechanosensitive. In
theory, all eukaryotic cells are capable of being mechanosensitive. In vivo, tendons are exposed
to numerous types of strain due to everyday movement. Tendon responds to mechanical forces
by adapting its metabolism and structural and mechanical properties [4]. Immobilization of
tendon decreases the total weight of the tendon, and reduces its stiffness and tensile strength
[47], demonstrating the importance of mechanical forces on tendon homeostasis.

Several factors affect the magnitude of mechanical force applied to tendons during
normal locomotion, including the rate and frequency of the applied load [48, 49]. The anatomical
location of the tendon in the body also determines what level of mechanical load they are
subjected to [50]. This is demonstrated by the Achilles tendon, which withstands higher tensile

forces than those of the tibialis anterior [51, 52]. The greater the cross-sectional area of the
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muscle attached to the tendon, the higher force it produces and the larger stress a tendon
undergoes [53].

Tendons have the ability to adapt to alterations in the mechanical load being applied by
changing their structure and composition. The cells in the tendon are responsible for the tendon's
adaptive response. These respond to mechanical forces by altering their gene expression patterns,
protein synthesis, and cell phenotype [50], which can be used to aid the healing process.
However, the duration, frequency, magnitude and type of mechanical stimulation applied to a
tendon greatly affect the outcome of the loading regime. Therefore, the amount of loading
necessary to improve and/or accelerate the healing process without causing damage to the
healing tissue remains unclear [54, 55].

An alternative treatment which is frequently considered in serious injuries is surgical
intervention. Surgery can be performed using either percutaneous or open techniques, and, when
damage is extensive, tendon grafts may be required [56]. However, these are associated with
numerous drawbacks. Artificial implants for tendon repair are relatively successful in
reconstructive surgery, but they have a finite lifetime, as their mechanical properties degrade
over time. Another drawback with artificial materials are increased inflammatory responses,
antigenic reactions, failure at the fixation sites, and lack of long-term biocompatibility [57-59].
One of the most notable drawbacks with synthetic grafts is that they fail to achieve the
adaptability demonstrated by functional tendon tissues in vivo [2]. Allografts are not widely
available, can be expensive and carry the risk of rejection [60]. Autologus grafts are
immunologically suitable, but are often associated with some degree of donor morbidity [61].

The management of tendon injuries with either conservative or surgical approaches may
have limited success. The equine model has demonstrated the successful repair of tendon tissue
with cell therapeutics [62], which suggests a possible route of investigation for tendon tissue

engineering.

SCAFFOLDS FOR TENDON TISSUE ENGINEERING

Tissue engineering is an ever expanding field aiming to develop biological substitutes to restore,
maintain or improve tissue function [63]. Tissue engineering aims to induce self-regeneration of
the tissue in vivo, or to produce a functional tissue replacement in vitro which can then be

implanted into the body [2]. Tendon tissue is a highly organised 3-dimensional (3D) structure.
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One strategy for tendon tissue engineering involves combining cells capable of forming tendon
with a 3D scaffold to produce a construct which can then implanted into the injury site with the
aim that new tissue formation will take place. This strategy relies on an effective cell source and
suitable scaffold.

For clinical uses, scaffolds must have specific characteristics because they are exposed to
numerous biological and mechanical factors when implanted into the body. Demonstrated
biocompatibility of the scaffold material is essential. Scaffolds should not elicit inflammatory
response or demonstrate immunogenicity or cytotoxicity [64]. The degradation rate of scaffolds
undergoing biodegradation in vivo must be compatible with the growth rate of neotissue; by the
time the injury site is healed, the scaffold should be totally degraded [65]. The rate of
degradation of scaffold material is affected by numerous factors including structure, crystallinity,
molecular weight, morphology, porosity and site of implantation [66]. The material must be
bioresorbable, so that its by-products are eliminated through natural metabolic pathways in the
human body. This results in total elimination of the initial scaffold material with no residual side
effects [67]. The scaffold has to have appropriate surface chemistry to enable cellular
attachment, proliferation and differentiation, and possess a highly porous structure to permit the
diffusion of nutrients throughout the implant [68] and enable tissue integration [69, 70]. In vitro,
scaffolds should have sufficient mechanical strength to withstand any loading regimes applied,
and should also match the mechanical properties of functional tissue when implanted in vivo
[71].

Scaffolds fall into two general categories, natural and synthetic. Natural scaffolds tested
to date include collagens and chitosan [46]. Collagen plays a central role in tendon tissue
engineering, because collagen type I is responsible for more than 60% of the dry weight of
tendon [2]. Its hierarchical organisation into fibrous bundles provides most of the mechanical
strength attributed to tendon tissue. Cell seeded collagen gels have been used in numerous in vivo
studies [72, 73]. The implantation of a collagen gel seeded with mesenchymal stem cells into an
Achilles tendon defect in rabbits improved the biomechanics, structure, and potentially the
function of the tendon after injury [74]. However, currently no tenocyte-collagen constructs have
been able to achieve sufficient mechanical properties for long term in vivo use and the complex
architectural structure observed in native tendon tissue is never fully reproduced [2]. Another

disadvantage of collagen gels is that collagen contributes to most, but not all, of the mechanical
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properties of tendon. Other ECM molecules such as proteoglycans, as described earlier,
contribute to the mechanical properties of the overall structure [75] and a scaffold incorporating
more of the ECM components of tendon may provide a more promising approach. Collagen
hybridised with synthetic polymers has also demonstrated enhanced mechanical properties, and
improved the migration of tendon cells [76].

Chitosan-based hyaluronan composite fibre scaffolds have been used to repair rabbit
tendons defects. Fibroblast-seeded scaffolds achieved better collagen type I production and
mechanical properties after 12 weeks compared to acellular scaffolds and controls, and the
tensile strength of the in situ fibroblast-seeded scaffolds were significantly greater than non-
fibroblast-seeded scaffolds and the controls at 12 weeks [77]. However, this technique was used
for repairing rotator cuff injuries in rabbits, and may not be suitable for tendon injuries in
humans.

Synthetic biodegradable polymers are often preferentially used due to their reproducible
mechanical and physical properties and the control of material impurities. These materials are
advantageous because they can be fabricated into various shapes with variable pore frequency
and morphology. Several saturated poly-a-hydroxy esters are FDA approved, and the most
common polymers used in tissue engineering include polylactide (PLA), polyglycolide (PGA)
and poly(lactide-co-glycolide) (PLGA) copolymers [64].

PGA fibres seeded with tenocytes have been used to repair 4-cm hen tendon defects.
After 14 weeks, histological analysis revealed cell and collagen alignment similar to native
collagen and total degradation of the PLGA fibres. The mechanical properties of the repaired
tendon after 14 weeks was approximately 80% that of native tendon [78]. However, although this
is adequate for some patients, numerous patients with tendon injuries are athletes in whom
repaired tendon tissue with sub-optimal functionality is not ideal.

Tissue grafts have also been used as scaffolds. An example is the acellular porcine small
intestinal submucosa that was used in ligament replacement in an animal study [79]. The graft
was compared to a patellar tendon autograft, and comparable failure forces were found after 12
months. However, the submucosa underwent a dramatic decrease of its biomechanical properties
three months after implantation, demonstrating mechanical instability which may not be suitable

for use in human tendon repair.
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NANOTECHNOLOGY

Nanotechnology can be applied to tendon tissue engineering to produce a biomimetic structures
to replicate the native architectural structure of tendon ECM. The ECM of tendon has a highly
interconnected porous microstrucutre composed of collagen fibres which are formed
hierarchically by nanometer-scale multifibrils. Cells attach and organise themselves around these
fibres with diameters smaller than the diameters of the cells. The ECM has a profound influence
on tissue regeneration. Biomimetic scaffolds which mimic this structure are a promising
approach to tissue engineering [80].

A novel, biodegradable nano-microfibrous polymer scaffold was produced by
electrospinning PLGA nanofibers onto a knitted PLGA scaffold to provide a large biomimetic
surface for cell attachment. Bone marrow stromal cells seeded onto the novel scaffolds
demonstrated increased cell proliferation and higher expression of collagen I, decorin, and

biglycan genes compared to co-knitted PLGA scaffolds [81].

CELL SOURCE

There are different opinions on what is the best type of cell to use for tendon tissue engineering.
Short term studies in rabbits have demonstrated that there are numerous sources of tendon
progenitor cells within the body. Kryger et al. [82] compared tenocytes, bone marrow derived
mesenchymal stem cells, adipose tissue-derived mesenchymal stem cells, and tendon sheath
fibroblasts. Each cell type was seeded into acellularised tendon tissue and implanted in vivo into
a flexor tendon defect. Histological analysis six weeks after implantation revealed viable cells
within the architecture of the tendon for all four cell types. It is unclear, however, which cell type
resulted in the most mechanically stable tissue, a most important property of the regenerated
tissue. In principle, the primary sources of human cells for therapeutic repair are autologous or
allogenic tenocytes, autologous or allogenic adult stem cells, cord blood stem cells (CBSCs) or
embryonic stem cells (ESCs) [46].

The use of autologous or allogenic tendon cells can be very problematic. Donor site
morbidity is an obvious problem. Another problem is the low number of cells obtained from the
explanted tissue because tendons are relatively acellular, containing few tenocytes [46]. The
isolation of low cell numbers requires the extended proliferation of tendon cells prior to

implantation in vivo. Tenocytes do not proliferate for long during in vitro culture systems, and
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with increasing passage number there is a decrease in cell density. During this period, tenocytes
de-differentiate and lose their characteristic tenocyte morphology [83]. This can affect the
resultant cell phenotype. The expansion protocol necessary to achieve an appropriate cell number
is lengthy, thus increasing the patients waiting time [2]. However, recent studies by Bi et al. [30]
isolated a unique cell population in individuals aged between 8 and 12 years old which they
termed ‘tendon stem/progenitor cells’. These were shown to be multipotent and may represent a
promising cell source for tendon tissue engineering strategies [30].

Adult stem cells, cord blood cells or ESCs all vary in their ability to form different cell
lineages. The hierarchy runs from the pluripotent ESCs to the potentially pluripotent CBSCs to
the multipotent MSCs [46]. Although much research has been carried out involving the
differentiation of CBSCs and ESCs along numerous lineages, there is little evidence of the in
vitro capacity of these two cell types to differentiate into either tenocytes or tendons. Scleraxis
(Scx) is a transcription factor, specifically expressed in tendons and ligaments, and is involved in
the activation of the proal(1) collagen gene in tendon fibroblasts [23]. The isolation of Scleraxis-
expressing progenitor cells from partially differentiated ESC represents is a promising approach
for generating tendon lineage cells [46].

Adult MSCs have been shown to be tendon-capable. However, these descriptions
originate almost entirely from animal model studies involving rat, rabbit and horse [5, 84, 85].
Autologous MSC therapeutics can enhance tendon tissue repair in a horse model, but at present
the methodologies for the differentiation of human MSCs into tenocytes or tendon tissue remain
unclear and unproven [46]. Despite the lack of evidence, MSCs have a broadly assumed capacity
to differentiate along the tenocyte lineage [86, 87]. Although horse tendon injuries are already
being treated with autologous bone marrow-derived MSCs [62], studies with rabbits have
demonstrated that MSCs alone may not be adequate to regenerate fully functional tendon tissue.
Awad et al. [84] implanted autologous adult MSCs into a surgically induced patellar tendon
defect in rabbits. This improved some of the biomechanical properties of the lesion, but did not
improve the tendon’s microstructure.

Although there is a potential for all of the discussed cell types to form tendon-capable
cells, or tendon itself, the lack of data makes conclusions regarding the most suitable source of
cells for tendon repair difficult. More research is required with respect to the optimal conditions

for the in vitro expansion and differentiation of tendon cells and their progenitors [46]. Gene
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therapies, genetically modifying the MSCs prior to implantation, may present a possible

improvement to the success of these strategies and will be discussed later.

ENHANCING TENDOGENESIS

Tendon cells are capable of mechanotransduction, and the application of mechanical forces to
tendons and tendon cells in vitro has been shown to have positive effects. Skutek et al. [88]
demonstrated that application of 5% stretch, at a frequency of 1 Hz to human tendon fibroblasts
increases the secretion of the transforming growth factor beta (TGF-f), basic fibroblast growth
factor (bFGF) and platelet derived growth factor (PDGF). The increases in expression as a result
of the loading regime were dependent on the number of loading cycles, again demonstrating that
the type of loading regime used is crucial to achieve a positive effect. Mechanical stretch also
influences human tendon fibroblast proliferation [55].

Tendon cells also respond to mechanical forces by orientating themselves in the direction
of the applied force. The application of cyclic tension to lacerated chicken tendon in vitro for 14
days resulted in an increase in the production of newly proliferated fibroblasts, aligned in the
direction of tension and the tissue was thicker than that seen in the non-tension group at the same
time interval. Mechanical stretching also increased the production of collagen [89]. An increase
in the production of collagen has also been demonstrated by Noth ez al. [90], who applied cyclic
stretch to MSCs seeded in a collagen type I matrix for 8 hours per day. This increased the gene
expression of collagen types I and III, fibronection and elastin compared to non-stretched
controls.

Numerous strategies for the enhancement of tendogenesis have used chemical
stimulation. A number of standard mesenchymal lineage differentiation protocols rely on the
inclusion of glucocorticoids in the culture media. Dexamethasone is a synthetic glucocorticoid
which has been used in both osteogenic, chondrogenic and adipogenic protocols [91-93].
However, the administration of dexamethasone to tenocyte cultures in vitro can reduce the
number of viable cells and suppress cell proliferation. It can also reduce the amount of collagen
synthesis [94]. Dexamethasone can also suppress proteoglycan production in cultured human
tenocytes [95].

Bone morphogenetic proteins (BMPs) are a family of highly related molecules which are

members of the TGF-f superfamily [96]. Individually, the members of this subfamily of secreted
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molecules are termed either BMPs, osteogenic proteins (OPs), cartilage-derived morphogenetic
proteins (CDMPs), or growth and differentiation factors (GDFs). Most BMPs have the ability to
induce bone and cartilage formation in animals by inducing the differentiation of mesenchymal
progenitor cells along the cartilage or bone lineage [97]. However, there have been numerous
experiments demonstrating that the GDFs 5/6 and 7 can improve tendon healing and repair [3,
98].

The role of the human homologue of GDF-7 (BMP-12) on the proliferation and
differentiation of human tenocytes has been assessed [94]. The addition of recombinant human
BMP-12 to human patellar tendon fibroblasts increased their proliferation and the expression of
procollagen types I and III. Immunohistological staining of healthy human patellar samples also
demonstrated that BMP-12 is present in the sites of active cell proliferation and procollagen type
I production which suggests that BMP-12 may play a role in the early stages of tendon
regeneration. BMP-12 may also increase the mechanical properties of repaired tendon tissue by
regulating the deposition of the ECM [94]. BMP-13 increases the proliferation of human patellar
fibroblasts and the gene expression of pro-collagen type I [95]. BMP-2 enhances collagen
production in canine tenocytes [99], and can improve tendon-bone integration in canine disease
models [100].

bFGF and PDGF are the major mitogenic agents for fibroblasts [2]. The addition of these
growth factors to rat tenocytes has been shown to increase their cell proliferation in vitro [101].
This effect is maximized when these growth factors are used in combination. PDGF has been
shown to reverse the effects of glucocorticoid injections, which can reduce tendon cell viability,
cell proliferation and collagen synthesis [94]. The addition of bFGF to a patellar tendon gap
wound healing model in rats increased the cell proliferation [102] and collagen type III
production in a dose dependent manner [103].

Growth factors injected directly into the wound site enhance tendon repair. The injection
of bFGF into rat patellar tendon injury resulted in an increase in cell proliferation and collagen
type III production [103]. Interestingly, rather than increase the up-regulation of a particular
growth factor, some strategies are based on the reduction of a particular growth factor in the
injury site. High levels of TGF-B1 are associated with adhesion formation in tendons which can
affect the functionality of the tissue. During the repair process, inflammatory cells around the

injured tendon release large numbers of cytokines and growth factors, including TGF-B which
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promote cellular proliferation, migration and adhesion. Animal studies have demonstrated that

neutralizing the effects of TGF-f} can prevent adhesion formation [104, 105].

GENE THERAPY

Gene therapy-based tendon tissue engineering is an attractive new approach to the management
of tendon injuries. For effective tissue regeneration it is important to deliver genes which can aid
in the healing of the tissue to the site of injury. There are two possible strategies for this. The
first one is the in vivo transfer of the gene within a vector which is applied directly to the target
tissue. Lou et al. [106] injected BMP-12 into a complete tendon laceration chicken model. This
resulted in a 2-fold increase in the tensile strength and stiffness of the repaired tendon. The gene
encoding human BMP-14 has been directly applied to the transected and repaired Achilles
tendons of Sprague-Dawley rats. A sham control group received no viral-mediated infection after
repair. Tendons transduced with the BMP-14 gene exhibited less visible gapping, a greater
number of neotenocytes at the site of healing, and a 70% increase in tensile strength compared to
the control tendons two weeks after repair [107]. Insulin-like growth factor I (IGF-I) also
increases the rate of healing in a transected Achilles tendon in rats. Postoperatively, the rats
whose tendon injuries received this growth factor had a significantly decreased time to functional
recovery than rats in the untreated groups, thought to be due to the anti-inflammatory effect of
IGF-1[108].

One major disadvantage with the direct in vivo transfer strategy is the possibility of
transfecting cells adjacent to the target tissue. This risk is further increased by the low cell
concentration in tendon tissue. To achieve maximum transfection efficiency, the vector would
have to have high transgenic activity [109]. Another problem with this approach is the possibility
of an immune response to the vector which can result in lymphocytic infiltration [80].

In the second strategy, cells are harvested from the body, transfected with the target gene
in vitro and, after culture, reintroduced into the target site in vivo. This strategy involves a greater
margin of safety, because modified cells can be tested in vitro before administration, and the
viral DNA is not administered directly to the host tissue. This represents a more promising
approach for in vivo human use [80]. Smads are a group of related intracellular proteins that
transmit TFG-P superfamily signals from ligand-activated cell surface receptors to the nucleus

[19]. Smad-8 is a receptor-regulated Smad (R-Smad) associated with BMP signalling [5].
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Hoffman et al. [5] transfected the Smad-8 gene into an MSC line which co-expressed BMP-2.
When ectopically implanted in mice, the cells differentiated to form tenocytes and resulted in the
regeneration of an Achilles tendon partial defect in rats when implanted in vivo. Histological
analysis demonstrated the formation of dense connective tissue with extensive formation of
collagen fibres characteristic of tendon.

One of the most important uses of gene transfer in the field of tendon tissue engineering
lies, perhaps, in the study of the effects of specific gene expression within mature tendon and
progenitor cells. This can lead to a better understanding of the pattern of gene expression within
tendon and ultimately the regeneration process. The transfer of PDGF-B DNA into tenocytes
increased the expression of collagen type I, suggesting that PDGF is involved in the regulation of
collagen type I in tendons, and demonstrating the benefits of this molecular technique [110].
MSC:s transfected with the BMP-12 gene became elongated, and their processes became thinner
and were interwoven into a network. There were also more organelles in the transfected cells
than in the unaltered MSCs. Transfected cells expressed BMP-12, collagen type I and scleraxis,
but failed to express collagen type III. This research demonstrated that MSCs can be introduced
to differentiate into tenocytes by BMP-12 gene transfection, and bone marrow MSCs may serve

as a suitable seed cell for applications in tendon tissue engineering [50].

CONCLUDING REMARKS

Although spontaneous tendon healing can occur, this often results in neotissue with reduced
functionality. Both allografts and autografts have limited success and availability, and synthetic
grafts fail to meet the long-term stability and mechanical requirements for a successful tendon
replacement. Clearly, another approach is needed to produce functional tissue with biochemical
and biomechanical properties comparable to native tendon tissue. Currently, the majority of
tissue engineered substitutes for tendon have failed to achieve appropriate mechanical properties
required for optimal function in vivo. Tendon tissue is exposed to both biochemical and
mechanical stimuli in vitro, and a strategy which combines a suitable tendon progenitor cell, with
an appropriate scaffold with or without the incorporation of a growth factor and mechanical
stimulation, may provide a tendon substitute with biochemical and mechanical properties more
suitable for in vivo implantation. However, the lack of evidence for the most effective scaffold

material, cell type, loading regime or in vitro culture conditions for the production of a
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successful tendon substitute determines that the main goals for present tendon tissue engineering

strategies must be to define the optimal parameters for each of these research areas within the

field of tendon tissue engineering.
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