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Abstract

Tendon rupture is a common injury. Inadequate endogenous
repair often leaves patients symptomatic, with tendons
susceptible to re-rupture. Administration of certain growth
factors improves tendon healing in animal models, but
their delivery remains a challenge. Here we evaluated the
delivery of TGF-B1 to tendon defects by the implantation
of genetically modified muscle grafts. Rat muscle biopsies
were transduced with recombinant adenovirus encoding
TGF-B1 and grafted onto surgically transected Achilles
tendons in recipient animals. Tissue regenerates were
compared to those of controls by biomechanical testing as
well as histochemical and immunohistochemical analyses.
Healing was greatly accelerated when genetically modified
grafts were implanted into tendon defects, with the
resulting repair tissue gaining nearly normal histological
appearance as early as 2 weeks postoperatively. This was
associated with decreased deposition of type III collagen in
favour of large fibre bundles indicative of type I collagen.
These differences in tendon composition coincided with
accelerated restoration of mechanical strength. Tendon
thickness increased in gene-treated animals at weeks 1 and
2, but by week 8 became significantly lower than that of
controls suggesting accelerated remodelling. Thus localised
TGF-B1 delivery via adenovirus-modified muscle grafts
improved tendon healing in this rat model and holds promise
for clinical application.
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Introduction

Tendon ruptures are common sporting injuries (Schepsis
et al., 2002). Such injuries have a certain ability
to heal spontaneously via endogenous biological
processes that occur during three overlapping phases:
inflammation, regeneration, and remodelling coupled to
maturation. During the first two phases, inflammatory
and then mesenchymal cells enter the lesion where they
proliferate, differentiate into tenocytes and lay down a
collagenous matrix (Kajikawa ef al., 2007). Initially, this
matrix contains a high proportion of type III collagen,
characterised by small, poorly cross-linked fibrils that
provide limited mechanical strength. During remodelling
and maturation, these are replaced by larger, highly cross-
linked fibres of type I collagen that provide considerable
tensile strength. Although a functional tendon regenerate
forms within 6-8 weeks of rupture, complete regeneration
of the tendon is never achieved, leading to re-rupture in
up to 10 % of cases (Longo et al., 2009; Majewski et
al., 2002). Advances in the treatment of tendon rupture,
such as percutaneous suturing (Ma and Griffith, 1977)
or functional treatment (Thermann et al., 1995) have
improved outcomes, but it has become increasingly clear
that further improvements in the healing of tendon ruptures
will require the implementation of novel, biological
approaches (DeFranco et al., 2004; James et al., 2008;
Rees et al., 2009). It is particularly important to accelerate
the initial stages of healing, as re-rupture of repaired
tendons normally occurs early in the healing process.

A number of different growth factors have been
shown to promote one or more of the biological processes
involved in tendon healing (Evans, 1999; Molloy ef al.,
2003). These include fibroblast growth factor-2 (FGF-
2) (Chan et al., 2000), platelet-derived growth factor
(PDGF) (Thomopoulos et al., 2007), bone morphogenetic
protein (BMP)-12 (growth and differentiation factor
(GDF)-7; cartilage-derived growth factor (CDGF)-3)
(Louetal.,2001), BMP-13 (GDF-6; CDMP-2) (Forslund
and Aspenberg, 2001), BMP-14 (GDF-5; CDMP-1)
(Rickert ef al., 2001), and transforming growth factor-3
(TGF-P) (Kashiwagi et al., 2004). Problems in delivering
proteins to sites of tendon injury in a sustained fashion
restrain clinical application of such growth factors. Gene
transfer provides the basis of a strategy for obviating this
limitation (Evans et al., 2004; Hildebrand et al., 2004). In
principle, the transfer to the injury site of cDNA encoding
appropriate factors could lead to their sustained, local,
endogenous production, thereby eliminating the problems
associated with the exogenous delivery of proteins.
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Data from several previous experimental studies
confirm the merit of this approach for delivering potentially
reparative cDNAs to injured tendons. Relevant genes
include those encoding BMP-12 (Lou ef al., 2001;
Majewski et al., 2008), BMP-14/GDF-5 (Basile et al.,
2008; Bolt et al., 2007; Rickert et al., 2005), FGF-2 (Tang
et al.,2008), interleukin-10 (Ricchetti e al., 2008), TGF-$1
(Hou et al., 2009b), insulin-like growth factor-1 (Schnabel
et al., 2009), vascular endothelial growth factor (Hou et
al.,2009a), and PDGF (Suwalski ef al., 2010). Most such
studies have used viral vectors for gene transfer because
of their high efficiency. These vectors can be used by
direct, in vivo application or in an indirect, ex vivo fashion.
Although promising data have been reported following in
vivo delivery (Bolt et al., 2007; Lou et al., 2001; Ricchetti
etal.,2008; Rickert et al., 2005; Suwalski et al., 2010; Tang
et al., 2008) tendons have low cellularity, a circumstance
that limits opportunities for in vivo gene transfer. Moreover,
in vivo gene transfer raises greater safety concerns when
clinical application is considered.

Ex vivo delivery strategies often use mesenchymal
stem cells (MSCs) as vehicles (Hou et al., 2009a; Hou et
al., 2009b; Schnabel ef al., 2009), but in a clinical setting
such manipulations are cumbersome, expensive and
invasive. In response to these considerations, we have been
interested in developing expedited ex vivo gene delivery
technologies that can be accomplished conveniently in a
single operative session (Evans et al., 2007). One such
approach involves the genetic modification of autologous
muscle biopsies (Evans et al., 2009; Evans et al., 2007). As
well as providing a convenient tissue for expedited gene
transfer, muscle contains progenitor cells with the potential
to contribute to tendon healing (Pelinkovic ef al., 2003).

In previous experiments we have used a recombinant
adenovirus vector to deliver BMP-12 ¢cDNA to muscle
biopsies that were then sutured to sites of Achilles tendon
rupture in a rat model (Majewski et al., 2008). BMP-12 was
selected as a morphogen that promotes the differentiation
of progenitor cells into tenocytes (Violini et al., 2009;
Wang et al., 2005). In the present experiments, we have
used adenovirus to deliver TGF-B1 cDNA as a growth
factor that promotes a different component of the healing
process, the deposition of a collagenous matrix.

Materials and Methods

Study design

We used 133 adult male Sprague-Dawley rats, each
weighing 400-425 g. Each experimental group consisted
of 40 rats. The first group of 40 animals (surgical control)
received no muscle graft after transection and suturing of
the tendon. The second group (muscle control) received
a muscle graft without modification by recombinant
adenovirus. The third group (Ad.TGF-B1 group) received
a muscle graft transduced with a recombinant adenovirus
carrying TGF-B1 ¢cDNA (Ad.TGF-B1). Ten rats per
timepoint were sacrificed after 1, 2, 4 and 8 weeks. For
each time-point, 7 animals were used for biomechanical
testing and 3 animals for histological examination. Four
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additional rats were used for muscle harvesting and 9 rats
were used to test for transduction after 1, 3 and 7 d in vitro.
Approval for all procedures was obtained beforehand from
the local Institutional Animal Care and Use Committee
(Boston, MA, USA).

Vector preparation

A first generation (E1/E3-deleted), serotype 5, recombinant
adenoviral vector carrying the cDNA for human TGF-$1
(Ad. TGF-B1) was constructed by Cre-lox recombination
as described earlier (Hardy et al., 1997). The transgene,
under transcriptional control of the human cytomegalovirus
immediate early promoter, was inserted into the El
domain. Recombinant adenoviruses were propagated in
293/Cre8 cells. High-titer preparations were generated by
amplifications in 293 cells, purification on CsCl gradients,
and dialysis against 4 % sucrose with 10 mM Tris-HCI (pH
7.8), 150 mM NaCl, and 10 mM MgCl..

Transduction of muscle graft

Skeletal muscle tissue was harvested with a round punch
of 4 mm diameter from a donor rat 1 d before Achilles
tendon surgery. To transduce the muscle discs, 5 x 10"
Ad.TGF-B1 particles were dropped onto the surface of
the muscle, and the grafts were incubated for 30 min at
37 °C and 5 % CO, without further dilution to enhance
muscle cell modification. After this incubation, the muscle
grafts were cultured in 1 mL DMEM medium containing
5 % foetal bovine serum in 24-well plates for 1 d in an
incubator with 37 °C and 5 % CO,. To confirm transgene
expression, additional muscle grafts were transduced as
described above, and conditioned media samples were
tested after 1, 3 and 7 d for TGF-B1 secretion by ELISA
(R&D Systems, Minneapolis, MN, USA).

Surgical procedure

Rats were placed under general anaesthesia by the
administration of isoflurane using a precision vapouriser.
The animals then received intramuscular injections of 20
mg/kg cefazolin (antibiotic) and 0.06 mg/kg buprenorphine
(analgesic) into the left thigh. Each animal’s right hind
leg was shaved and disinfected with Betadine®-Scrub 3x
using aseptic techniques and rinsed with 70 % alcohol.
Subsequently, it was transferred to a heated surgery table
and covered with a sterile surgical drape such that only the
prepared limb was exposed.

To generate the tendon defect, a 3 cm incision was first
made above the right Achilles tendon and the superficial
Achilles tendon was exposed. The peritendon was opened
and the tendon transected with a no. 15 scalpel blade
perpendicular to the collagen fibres, creating a gap 5 mm
proximal to the calcaneal insertion of the tendons. The
plantar tendon was transected to prevent an internal splint
phenomenon. After transection, the Achilles tendon was
sutured back together with PDS II 0-2 with a Kessler-
Kirchmeyer stitch. The muscle graft for groups 2 and 3 was
placed with two single stitches with PDS II 0-5 around the
side of tendon injury after end-to-end suture repair. The
subcutaneous layer and the skin were closed by continuous
suture technique with Prolene 0-4.
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Post-operative treatment

The animals woke up on a heating pad to aid the return
to normal body temperature. During the next three days,
animals received 20 mg/kg i.m. injections of cefazolin and
0.06 mg/kg i.m. injections of buprenorphine, each twice
per day. For the duration of the experiment, all animals
were monitored for signs of pain and infection. After the
operation, no cast or dressing was applied. The animals
were allowed unrestricted cage movement and provided
rat chow and water ad libitum.

Euthanasia

Groups of animals were euthanised after 7, 14, 28 and
56 d by CO, asphyxiation under general anaesthesia
and subsequent bilateral thoracotomy. Muscle—Achilles
tendon—bone units were harvested by transection of
the middle part of the gastrocnemius muscle and of the
calcaneus.

Mechanical testing

The muscle-tendon-bone units were wrapped in cotton
gauze soaked in lactated Ringer’s solution and stored at
-20 °C before testing. On the day of testing, the specimens
were thawed in Ringer’s solution for 4 h. Before testing,
tendon thickness was measured with a precision calliper at
the former site of tendon repair. The muscle-tendon-bone
units were fastened in the clamping device by freezing the
muscular segment between the cryo-jaws and by fixing the
bony segment between the copper clamp (Wieloch et al.,
2004). The clamping device was attached to an electro-
hydraulic materials testing machine (Fa. Zwick, Einsingen-
Ulm, Germany). The tendons were not preconditioned
or cyclically stretched prior to tensile testing. The room
temperature was kept constant at 25 °C. To prevent the
specimens from dehydrating they were kept moist with
Ringer’s solution. Both reservoirs of the cryo-jaws were
filled with liquid nitrogen. The experiment was started as
soon as the expansion of the freezing-zone reached the
border of the metal clamp but did not extend into the tendon
substance or into the repair site (registered manually with
a metal-needle). The displacement rate was set at 1000
mm/min. Force-displacement curves were recorded and
transferred to an IBM-compatible computer for subsequent
data analysis. Load to failure (N, peak of the curve) and
stiffness (N/mm) were measured. Load values were not
corrected for area of tendon.

Histology

For each group 3 specimens were examined per time point
per group, with 5 sections for each specimen, giving a total
of 15 sections per time point per group. The tendons were
immediately fixed in 4 % buffered formalin (pH 7.4) for 24
h, dehydrated and embedded in paraffin wax. Longitudinal
sections (5 um) at the mid-substance of the tendon were
stained with haematoxylin and eosin. Collagen III was
specifically detected using the primary rabbit anti-rat
collagen type I1I polyclonal antibody (1:300, AbD Serotec,
Dusseldorf, Germany) and visualised with biotinylated
goat anti-rabbit IgG antibodies (1:50, B6648, E8386,
Sigma, Hamburg, Germany) and extavidin peroxidase.
Collagen staining was quantified using a digital image
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analysing software (Image-Pro Plus, Media Cybernetics,
Silver Spring, MD, USA). The results are expressed as
percentage of the total area staining for type III collagen.
Additional immunohistochemical staining for TGF-p1
(rabbit polyclonal; Santa Cruz, CA, USA) was performed.

Cross polarisation microscopy

For cross polarisation microscopy, the same number of
sections was used as for histology (15 per time point per
group). 5 um sections were stained for 1 h in picrosirius
solution (0.1 % solution of Sirius Red F3BA in saturated
aqueous picric acid, pH 2) according to the method of
Junqueira (Junqueira et al., 1979). The sections were
washed for 2 min in 0.01 N HCI, dehydrated, cleared
and mounted in synthetic resin. To analyse collagen
ratios, tissue samples were observed under polarised light
microscopy. Thicker mature collagen fibres, including type
I collagen fibres, appeared red-orange, whereas thinner
collagen fibres, including type I1I collagen appeared pale-
green (Junqueira et al., 1978).

For each sample 5 regions (centre of tendon, left
border, right border, 2 mm above tendon centre, 2 mm
below tendon centre) within the interface (400x, area
100 um x 100 um) were captured by a digital camera
(Olympus C-3030, Hamburg, Germany). Collagen ratios
were obtained by measuring the area of thicker mature
red-orange versus thinner pale-green using a digital image
analysing software (Image-Pro Plus, Media Cybernetics,
Silver Spring, MD, USA).

Semiquantitative histological analysis

For additional objective information, histological sections
were analysed with a scoring system based on the Bonar
score, validated by Maffulli et al. (Maftulli et al., 2008).
Sections were evaluated for tenocyte appearance (0
= normal to 3 = large round nucleus with abundant
cytoplasm), collagen ordering (0 = normal to 3 =
separation of fibres with complete loss of architecture)
and number of cells. Two blinded investigators performed
the evaluation. Mean tenocyte appearance and collagen
ordering, as well as mean cell count divided by ten were
averaged to give a score for each time point.

Statistics

The Mann Whitney test was used to test for statistically
significant differences between the cohorts. The level of
significance was set to p < 0.05.

Results

Consistent with previous findings (Evans et al., 2009;
Majewski et al., 2008), the muscle biopsies were efficiently
transduced with the adenovirus vector. When maintained
in tissue culture, muscle discs secreted nanogramme
quantities of TGF-B1 into the medium for at least one
week (data not shown). Sutures of the operated tendons
had not yet resorbed completely by the time of mechanical
testing. Mechanical testing revealed that defects treated
with TGF- ¢cDNA had a much higher maximum load to
failure than controls after 1 week. Indeed, at the 1 week
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Fig. 1. Effect of TGF-B1 cDNA delivery on the mechanical properties of the rat Achilles tendon at progressive
times after transection. (A) Maximum load to failure and (B) stiffness were determined using explanted muscle-
tendon-bone units. For each plot, the thick horizontal bars within each box indicate the median, the top and bottom
of each box indicate the upper quartile and the lower quartile, and the outer bars show the highest and lowest values
that were measured. Statistical significance is indicated by an asterisk. Range of normal tendon is indicated by the

black bar on the y-axis.

time point, the strength of defects treated with TGF-3
cDNA was already well within the normal range of 60-80
N (Fig. 1A). Defects treated with TGF-f cDNA also had
much greater stiffness at weeks 1 and 2 (Fig. 1B) and were
within the 30-85 N/mm range of normal tendon at 2 weeks.
Genetic delivery of TGF-f also increased tendon thickness
at weeks 1 and 2, after which time thickness declined. By 4
weeks, there was no significant difference from controls. At
8 weeks, the regenerate formed in response to the TGF-f
cDNA was less thick than the healing controls, although
it was still thicker than normal tendon (Fig. 2).
Histological examination of the repair tendon tissue
showed that by 2 weeks delivery of TGF- cDNA led to
the formation of well-organised, tendinous tissue with
large collagen fibres. Control specimens, in contrast,
showed more tissue with a disorganised matrix and greater
cellularity (Fig. 3). Scoring of the histological slides
displayed better scores for the TGF group from 2 weeks
onwards (Fig. 4). Quantitative immunohistochemistry (Fig.
5) confirmed that delivery of TGF-f cDNA suppressed
the expression of type III collagen that is associated with
repair tissue. The collagenous components of the matrix
were further investigated by polarised light microscopy in
conjunction with sirius red staining (Fig. 3). Two weeks
post-operatively the majority of the collagen fibres in
the defects treated with TGF-f cDNA stained orange,
indicating the presence of large fibres indicative of type
I collagen. The fibres of control defects, in contrast,
contained a considerable proportion of smaller fibres
staining green, indicative of type III collagen (Fig. 6).
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Fig. 2. Effect of TGF-B1 cDNA delivery on the thickness
of the repair site in the rat Achilles tendon. Thickness of
the explanted tendons was measured in mm. The thick
horizontal bars within each box indicate the median, the
top and bottom of each box indicate the upper quartile
and the lower quartile and the outer bars show the
highest and lowest values that were measured. Statistical
significance is indicated by an asterisk. Range of normal
tendon is indicated by the black bar on the y-axis.
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H&E sections: Compared to untreated lesions (Control) and lesions receiving untransduced muscle (Muscle), the
TGF-B1 group (TGF-B1) showed larger collagen bundles in a parallel orientation, generally reduced number of
cells between the collagen bundles and less scar tissue. Sirius Red sections under polarised light: large collagen
fibres stain orange-red and small fibrils stain green. Remodelling of the matrix was much slower in untreated lesions
(Control) and lesions receiving untransduced muscle (Muscle) than in the TGF-f1 group (TGF-B1), as indicated by
the greater fraction of thinner, green-staining fibrils relative to red-orange fibres. Immunohistochemical staining for
TGF-B1: the TGF-B1 group displays the greatest amount of stained TGF-B1 compared to untreated lesions (Control)
or lesions receiving untransducted muscle (Muscle). Black and striped bars in the H&E images represent 200 um,
whereas black and striped bars in the sirius red and immunohistochemical images represent 100 pm.
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Fig. 4. Semiquantitative scoring of histological slides. Fig. 5. Effect of TGF-B1 cDNA delivery on the
Semiquantitative scoring for tenocyte appearance, amount of collagen type III within the tendon defect.
collagen organisation and cell count was performed Quantitative immunohistochemistry was used to
for all histological slides. Mean values are displayed determine the percentage of type III collagen within
for each time point and group. the collagenous matrix of the defects. Collagen staining

was calculated using a digital image analysing software.
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Fig. 6. Ratio of collagen I to collagen III as measured
with Sirius red and polarised light microscopy. The
ratio of thick fibres (stained red-orange under sirius
red-polarised light microscopy) to thin fibres (stained
green under Sirius red-polarised light microscopy)
was calculated at each time point. The analysis was
performed using a digital image analysing software.

Discussion

These data suggest that ex vivo delivery of TGF-B1 cDNA
to sites of tendon rupture using muscle biopsies accelerates
the early repair response of rat Achilles tendon. This was
seen as an early recovery of mechanical strength which, in
turn, is likely to reflect the precocious deposition of type |
collagen and the attenuated deposition of type I1I collagen.
Histologically, the matrix showed greater organisation,
lower cellularity and an emerging crimp pattern. A rapid
increase in mechanical strength is important clinically,
because re-rupture of a tendon commonly occurs early in
the repair process.

Although we did not measure the duration of TGF-$1
transgene expression in vivo, genetically modified muscle
continued to express high levels of TGF-B1 for at least
one week in vitro. This suggests that TGF-1 expression
persists locally within the lesion during the critical early
stages of healing, which is consistent with the early gains
in mechanical strength and thickness noted here. Under
in vivo conditions, first generation adenovirus vectors
typically express transgenes at high levels for about 2
weeks. In this context, it is worth noting that no adhesions
were observed at the time of explantation in the treatment
group. Adhesions form as a result of prolonged exposure to
TGF-B1. If exposure to TGF is short, as is likely to be the
case here, it may improve biomechanical stability without
increasing adhesion formation. Exposure to TGF-f1
during this time-frame would also explain the rapid
increase in thickness of the genetically-treated regenerate,
accompanied by increases in stiffness and strength. By 8
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weeks these differences have largely disappeared, probably
due to tapering of TGF-B1 expression and catching up by
the innate healing process. The important point, however,
is the dramatic early increase in these properties, during
the time when the tendon is most liable to re-rupture.

These data are in qualitative agreement with those of
Hou et al. (Hou et al., 2009a), who employed adenovirus
to deliver TGF-p ¢cDNA in an ex vivo fashion to injured
rabbit Achilles tendon using MSCs. Like us, they found that
TGF-p cDNA accelerated healing, based upon histology,
collagen analysis and mechanical strength. In a subsequent
study, the same group (Hou et al., 2009b) confirmed that
delivery of TGF-B ¢cDNA promoted the synthesis of type
I collagen and improved the ratio of type I to type III
collagen. In these studies, TGF-f3 expression was detected
up to 56 d. In the present study, TGF-f expression in
transfected muscle was measured for a period of 7 d and
might be increased beyond this time point. However,
immunohistochemical staining for TGF-f confirmed its
elevated presence only in the first week.

Compared to the genetic delivery of BMP-12 in this
model, which we examined in an earlier study (Majewski
et al., 2008), TGF-f gives a larger increase in mechanical
strength during the first week, but in other respects
the results are strikingly similar. Given that BMP-12
and TGF-B are likely to act on different components
of the healing process, they have the potential to act
synergistically when co-administered. This possibility
has not yet been examined experimentally. Alternative
isoforms of TGF-f also remain to be evaluated. Transfer
of cDNAs encoding BMP-14/GDF-5 (Bolt et al., 2007;
Rickert et al., 2005), PDGF (Suwalski et al., 2010), and
FGF-2 (Tang et al., 2008) have also shown promise in
treating animal models of tendon damage, but differences
in the models, methods of gene delivery, and other variables
preclude direct comparison with the present work.

The precise mechanisms through which TGF-f
expression accelerates healing in our model are unknown.
From what is known about the properties of TGF-f we
can suggest that it enhances collagen synthesis and the
differentiation of mesenchymal progenitor cells. Muscle
is a rich source of such cells, and could thus provide
progenitors to the healing tendon. Histology did not
provide evidence for this, but it should be a subject of
future research.

A limitation of the present study is the use of transected
rat Achilles tendon, which does not accurately reflect
human Achilles tendon tears that arise as a result of
tendinopathy (Lui ef al., 2011). There is a struggle to find
an appropriate model for the human condition, which has
not yet produced satisfying results (Longo ef al., 2011).
However, it is crucial to understand this vastly complex
system of healing on a simplified level, for which precisely
this simplified injury model has been chosen.

A further limitation was that sutures had not dissolved
completely by the time of biomechanical testing. However,
since all tendons were sutured in the exact same way,
differences in load bearing capacity were only due to the
different tissue properties at the site of repair.
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Regardless of the transgene that is used, successful
translation of these concepts into the clinic will require
careful attention to additional matters such as cost, safety
and practicality (Evans ez al., 2007). As noted, ex vivo
delivery using expanded, autologous cells and the in vivo
delivery of most viral vectors are likely to be problematic.
In response to these constraints, Basile ef al. (Basile ef al.,
2008) have developed a technology whereby recombinant
adeno-associated virus (AAV) vectors are freeze-dried
onto allograft tendon, thus forming a construct that can
be implanted into a defect. Because AAV is relatively
stable, such constructs have the potential to provide an
off the shelf product. Proof of principle was demonstrated
in a murine, flexor digitorum longus tendon model with
GDF-5 as the transgene. The muscle biopsy method we
used in the present work provides an additional strategy.
In a clinical setting, the autologous muscle biopsy could be
harvested, genetically modified and implanted in a single
operative session, thereby reducing cost and complexity.
Before contemplating human application, it is necessary to
consider the limitations of rodent models such as the one
used here, and the need for large animal studies (Evans,
2011). Moreover, the use of gene therapy always raises
safety concerns (Evans ef al., 2011).
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Discussion with Reviewers

Reviewer I: The thickness of the TGF-B1 treated tendon
never returns close to normal but is similar to untreated
tendon by week 8, suggesting an inadequate heal. Why
does TGF-B1 not continue to “improve’ the thickness?
This has not been discussed at all. Is TGF-f1 the “wrong”
isoform, and where does TGF-f33 come into play in the
healing process? Do these need to be applied sequentially
to improve the heal further?

Authors: The precise mechanisms through which TGF-3
expression accelerates healing in our model are unknown.
From what is known about the properties of TGF-§3, we
can suggest that it enhances collagen synthesis and the
differentiation of mesenchymal progenitor cells. Muscle
is a rich source of such cells, and could thus provide
progenitors to the healing tendon. Histology did not
provide evidence for this, but it should be a subject of
future research. The literature suggests that all isoforms of
TGF- stimulate the synthesis of types I and III collagen
by tendon fibroblasts to a similar degree. There are a few
in vivo studies in which the ability of the different isoforms
to promote tendon healing has been directly compared.
Such data do not suggest large quantitative or qualitative
differences between the effects of the different isoforms.
However, this matter deserves further experimental
investigation. The sequential application of different
growth factors as healing progresses is an attractive
general concept. However, much more research is needed
to determine which factors to add, how much to add, when
to add them, and how to add them.

Reviewer II: Do the transfected muscle biopsies continue
to produce TGF-f for the duration of the experiment? Are
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there any quantitiative differences in the fibril diameter
and organisation at 8 weeks, between the controls and the
TGF-p transfected biopsies?

Authors: When maintained in tissue culture, muscle
discs secreted nanogramme quantities of TGF-B1 into the
medium for at least one week. The immunohistochemistry
shown in the present article confirms that TGF-f1
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expression persists locally within the lesion during the
critical early stages of healing, which is consistent with
the early gains in mechanical strength and thickness.
The percentage of collagen III did not differ significantly
between the 3 groups after 4 and 8 weeks. Also, after 8
weeks there was no significant difference in fibril diameter
and organisation noted in our semiquantitative analysis.
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