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ORIGINAL ARTICLE

Modulation of digital flexor tendon healing by vascular
endothelial growth factor gene transfection in a chicken model

WF Mao'?**, YF Wu'“, QQ Yang', YL Zhou', XT Wang?, PY Liu® and JB Tang'

A major challenge in tendon injury is the weak intrinsic healing capacity of tendon that may cause rupture of the repair after
surgery. Growth factors are believed to be critical during tendon healing. This study aimed to investigate the effects of vascular
endothelial growth factor (VEGF) genes delivered by adeno-associated virus (AAV) vectors on tendon healing and molecular events
involved in a chicken model. A total of 128 deep flexor tendons in the long toes of chickens were completely transected and
injected with 2 x 10° particles of AAV2-VEGF or saline before surgically repaired. At postoperative 4, 6 and 8 weeks, the gliding
excursions of tendon were recorded and adhesions around the repair site scored. At 2, 4, 6 and 8 weeks, the ultimate strengths of
the healing tendons were tested. Terminal deoxynucleotide transferase dUTP nick end labeling assay were performed to detect
cellular apoptosis and immunofluorescence staining to detect type Ill collagen and matrix metalloprotease-2 (MMP2) expression in
tendon tissues. The gliding excursion and adhesion score were similar between AAV2-VEGF-treated tendons and the control
tendons. Delivery of AAV2-VEGF significantly increased ultimate strength of the healing tendons at postoperative 4, 6 and 8 weeks

(P < 0.05). Apoptotic reaction was inhibited from postoperative 2 to 8 weeks in tendon core area or surface area. Type Il collagen
expression was enhanced at 2, 4, 6 and 8 weeks and MMP2 expression enhanced at 2 and 4 weeks after AAV2-VEGF transfection. The
current study confirms the therapeutic efficacy of AAV2-VEGF in improving healing strength of tendon without aggravating adhesion
formation after tendon injury, shedding light on the application of molecular therapy in modulating tendon healing.
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INTRODUCTION

Tendon is a kind of tissue that has weak intrinsic healing capacity
if injured, causing deficiency in strength gain during healing
period, especially in the early period after tendon surgery.'
Therefore, gap formation or re-rupture of the repaired tendon can
occur when performing postoperative movements. The poor
healing capacity of tendon may be largely because of low cellular
activity, disruption of nutrition from blood vessels or synovial
fluid after injury and supply—demand imbalance of growth
factors critical to tendon self-repair.? Approaches aiming to
improve ultimate strength of tendon are generally based on two
aspects: surgical repair and biological modulation. The former
includes increasing the number of core sutures, performing
peripheral repair, setting a proper core suture purchase
and tension and so on.>* These methods could strengthen
tendon repair to a certain extent but their effects on tendon
healing in vivo have yet to be thrashed out. In recent years,
biological modulations of injured tendon have been demon-
strated to yield encouraging results and have proven to be
promising.

Many efforts have been made to improve tendon healing by
delivering exogenous growth factor genes to injured tendons.
Tang et al.’> reported that transfection of basic fibroblast growth
factor gene by adeno-associated viral vector-2 (AAV2) could
significantly increase the healing strength of flexor tendon
without increasing adhesion formation in a chicken model.
Suwalski et al.® proved that platelet-derived growth factor gene

delivery with mesoporous silica nanoparticles significantly accel-
erated Achilles tendon healing in rat. Transfecting insulin-like
growth factor-I complementary DNA by ultrasound-targeted
destruction significantly increased the maximum load, stiffness
and ultimate stress of wounded Achilles tendon in rat, indicating
enhancement in tendon regeneration.’

Vascular endothelial growth factor (VEGF) is a potent mediator
of angiogenesis, with direct mitogenic activity on cells of
endothelial origin. Administration of exogenous VEGF in the
transfected Achilles tendon significantly increased the tensile
strength of the repaired tendon at postoperative 1 and 2 weeks
when plantaris tendon was preserved® A local injection of
VEGF-111 significantly increased the healing strength at days 15
and 30 in rat Achilles tendons after a surgical section.’ These
studies, however, used VEGF protein solution directly in tendon
at repair site. Little is known regarding the effect of VEGF gene
transfection on tendon healing in vivo. In the current study we
transferred VEGF gene by AAV2 vectors to injured flexor tendon
of chicken toes to investigate its effects on tendon healing
and adhesion formation up to 8 weeks after surgery. Biomecha-
nical tests of gliding excursion and ultimate strength of the
healing tendons were performed. Tendon healing status was
observed and adhesion scores recorded. Cellular apoptosis and
expression of type Ill collagen and matrix metalloprotease-2
(MMP2) were detected by immunofluorescence staining. In
addition, the effect of double-stranded AAV2 (dsAAV2) vectors
was also compared.
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RESULTS

Animal grouping

A total number of 128 long toes of 64 chickens were included
(Table 1). The flexor digitorum profundus (FDP) tendons in the
toes were transected completely and subdivided to different
groups. First, 82 toes were divided into the AAV2-VEGF (38 toes)
and control groups (44 toes). The gliding excursion of tendon and
adhesions around the tendon repair site were recorded at
postoperative 4, 6 and 8 weeks. The ultimate strength of the
healing tendon was tested at 2, 4, 6 and 8 weeks. After the
biomechanical tests, the tendon samples were harvested for
terminal deoxynucleotide transferase dUTP nick end labeling
(TUNEL) assay and immunofluorescence staining of type |llI
collagen and MMP2. Meanwhile, dsAAV2-VEGF was also included
in the current study. We tried to find out whether this kind of
vector is superior to the AAV2 vectors in our chicken tendon injury
models. Thus, the other 46 toes were divided into the dsAAV2-
VEGF group (28 toes) and AAV2-VEGF group (18 toes). The
ultimate strength was tested at 1, 2 and 3 weeks. The AAV2-VEGF-
treated samples at 2 weeks here were obtained from the first part.

Tendon gliding excursion

At postoperative 4, 6 and 8 weeks, the gliding excursions of the
tendons at the pulling force of 15N were measured. Compared
with the control group, AAV2-VEGF-treated tendons had relatively
greater gliding excursions at these time points (Table 2). However,
there were no significant differences in the gliding excursion
between the AAV2-VEGF and control group (P> 0.05).

Tendon healing status and adhesion score

After testing the gliding excursion, we carefully dissected the toes
and observed the healing status and adhesion formation. In the
control tendons, the adhesions gradually occurred around the
healing tendons and became severe with time (Figure 1).
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At 2 weeks, the adhesions were loose and limited to the repair
site. After 4 weeks, the adhesions were moderately dense and
extended over the repair site. The healing tendons seemed bulky
because of the adhesions. At 6 and 8 weeks, dense and rigid
adhesions formed around the tendons. The FDP tendon seemed
to inosculate with the surrounding fibrous tissues, especially with
the dorsal periosteum.

The tendons treated with AAV2-VEGF had a relatively lower
adhesion score than the control tendons (Table 2). However, no
significant differences were found between these two groups at 4,
6 and 8 weeks. After separating the adhesions from the tendon,
we observed that most of the tendons treated with AAV2-VEGF
had a relatively smoother surface. The control tendons, in contrast,
had a rough healing surface (Figure 1). At 8 weeks, new blood
vessels formed around the healing tendon treated with AAV2-
VEGF in some toes (Figure 1).

AAV2-VEGF improves healing strength of tendon

Finally, the tendons were separated from the surrounding tissues
and the ultimate strength of tendon was tested. The healing

Table 2. Gliding excursion and adhesion score of AAV2-VEGF and
control groups

Gliding excursion (mm) Adhesion score (point)

AAV2-VEGF Control AAV2-VEGF Control
4 Weeks 71+1.1 6.8+1.4 3.7+0.8 3.8+0.5
6 Weeks 8.1+2 7.2+1.3 3.7+0.8 4.0+0.5
8 Weeks 8.6+1.8 8.1+24 3.6+0.7 3.9+0.7

Abbreviations: AAV2, adeno-associated viral vector-2; VEGF, vascular
endothelial growth factor.

Gliding excursion

Adhesion score

Ultimate strength
— Apoptotic index
MMP?2 and type III collagen

!

Ultimate strength

Abbreviations: AAV2, adeno-associated viral vector-2; dsAAV2, double-stranded AAV2; MMP2, matrix metalloprotease-2; VEGF, vascular endothelial growth

Table 1. Sample sizes and measurements in each group
AAV2-VEGF Control
2 Weeks 10? 10
4 Weeks 8 10
6 Weeks 10 12
8 Weeks 10 12
dsAAV2-VEGF AAV2-VEGF
1 Week 10 10
2 Weeks 10 10°
3 Weeks 8 8
# These samples are from the same tendons.
factor.
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Figure 1. Healing status of the injured tendons in the AAV2-VEGF and control groups at postoperative 4, 6 and 8 weeks. The AAV2-VEGF-
treated tendons had a smoother healing surface than the control tendons. The picture of the AAV2-VEGF-treated tendon at 8 weeks showed

new vessel formation around the repair site.

strength of the AAV2-VEGF-treated tendons was significantly
increased at postoperative 4 weeks (124+6.7 vs 57+1.1N,
P=0.037), 6 weeks (464+11.2 vs 27.1+88N, P=0.006) and
8 weeks (73.5+£15.1 vs 50.6+14.6 N, P=0.012) as compared with
that of the control tendons (Figure 2).

AAV2-VEGF decreases cellular apoptosis

When all the biomechanical tests were finished, a 1.5cm long
tendon segment centered by the cut site was harvested. The
tendon samples were processed to TUNEL and immunofluores-
cence staining. The apoptosis index of the AAV2-VEGF-treated
tendon was decreased compared with that of the control tendons
at all the observed time points (Figure 3). In the tendon surface
area, the apoptosis index was significantly lower in the AAV2-VEGF
group than in the control group at 2, 4 and 6 weeks (P < 0.05). In
the tendon core area, the apoptosis index was significantly lower
in the AAV2-VEGF group than in the control group at 6 and
8 weeks (P < 0.07).

AAV2-VEGF influences expression of type Ill collagen and MMP2

Immunofluorescence staining showed continuous increase in type
Il collagen expression of the control tendons from 2 to 8 weeks
(Figure 4). With treatment of AAV2-VEGF, the tendons showed
obviously stronger positive staining of type Il collagen at all the
time points that reached the highest level from 4 to 8 weeks.
MMP2 expression in the control tendons peaked at 2 weeks and
decreased thereafter (Figure 5). After being treated with AAV2-
VEGF, MMP2 expression was notably enhanced at 2 and 4 weeks.
Both groups showed very weak or no positive staining at 6 and
8 weeks.

dsAAV2-VEGF is not superior to AAV2-VEGF

The healing strengths of tendon were similar between dsAAV2-
VEGF- and AAV2-VEGF-treated tendons at 1 week (7.6+0.8 vs
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Figure 2. Ultimate strength of the healing tendons in the AAV2-

VEGF and control groups at postoperative 2, 4, 6 and 8 weeks.
Significant differences existed between these two groups at 4, 6 and
8 weeks (P < 0.05)

7.8+2.0N), 2 weeks (8.1+1.8 vs 8.8+2.3 N) and 3 weeks (9.5+2.9
vs 10.5+2.5N; P>0.05).

DISCUSSION

Molecular methods have been used to modulate tendon healing
in basic research.>'° Previous in vitro and in vivo studies
demonstrated that growth factor gene transfer could effectively
improve flexor tendon healing. Exogenous platelet-derived
growth factor or VEGF genes delivered by plasmids significantly
increased the expression of type | collagen and transforming
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Figure 3. Apoptosis index (Al) of the tendon tissues in the AAV2-VEGF and control groups at postoperative 2, 4, 6 and 8 weeks. The tendon
surface and core areas were observed separately. The Al of the AAV2-VEGF-treated tendon was decreased compared with that
of the control tendons at all the observed time points. In the tendon surface, the Al was significantly decreased in the AAV2-VEGF
group at 2, 4 and 6 weeks (P < 0.05). In the tendon core, the Al was significantly decreased in the AAV2-VEGF group at 6 and 8 weeks

(P <0.01).

2 Weeks 4 Weeks 6 Weeks 8 Weeks
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Figure 4. Immunofluorescence staining of type Il collagen at postoperative 2, 4, 6 and 8 weeks. Positive staining of type Il collagen was
stronger in the AAV2-VEGF-treated tendons.

2 Weeks 4 Weeks 6 Weeks

o - - -
o - -

Figure 5. Immunofluorescence staining of MMP2 at postoperative 2, 4 and 6 weeks. MMP2 expression in the AAV2-VEGF-treated tendons was
enhanced at 2 and 4 weeks compared with that in the control tendons. There was almost no positive staining in both groups at 6 and

8 weeks.
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growth factor-B genes of cultured rat tenocytes.'""'? With a more
efficient delivery vehicle, AAV2, basic fibroblast growth factor
gene has been successfully transferred to cultured rat intrasyno-
vial tenocytes and injured flexor tendon of chicken.>'® These
studies showed that AAV2 basic fibroblast growth factor
significantly increased the expression of type | and Il collagen
genes of cultured tenocytes and enhanced the healing strength of
injured tendons.

VEGF was chosen currently because tendon is insufficient in
vascular supply and VEGF is regarded as an angiogenic marker
that may be particularly essential in the healing process of tendon
and ligment.'*"® Our results showed that VEGF gene transfection
significantly increased healing strength of tendon at 4, 6 and
8 weeks and AAV2-VEGF-treated tendons healed with a relatively
smoother surface than the control tendons. An unexpected
finding is that new vessels formed around the tendon repair site
in some toes at 8 weeks after VEGF gene transfection. All these
indicated enhancement of tendon healing by introduction of
exogenous VEGF genes. However, the tendon gliding and
adhesion formation were not significantly affected although
AAV2-VEGF-treated tendons showed a slight downward trend in
adhesion score and upward trend in gliding excursion. The
superior healing status has not been reflected in the biomecha-
nical function of tendon gliding. The main cause may be that
elimination of adhesions around the healing tendons as well as
recovery of gliding function is a lengthy process.'” It would be a
long term (far more than 8 weeks) before VEGF gene transfer
could have noticeable beneficial effects on adhesion formation
and then tendon gliding.

The visual observations and biomechanical evaluations led us to
further investigate the mechanisms behind the modulation of
AAV2-VEGF in tendon healing. Cellular apoptosis were first
detected because apoptotic reaction has been proven to be an
indispensable event lasting the whole process of tendon
healing.'®2° Apoptotic peak during the early period of tendon
healing was thought to be associated with the acute trauma and
inflammatory reactions. High level of apoptosis in the late period
was found to be responsible for eliminating extra cells and
restoring cell-to-matrix ration in tendon remodeling. We sepa-
rately observed the tendon surface and tendon core because
these two areas react differently after tendon injury. Previous
studies proved that cells from tendon surface are more reactive
after tendon injury and these cells can track into the cut site and
displace into the core substance in the early period of tendon
healing.?' At present, the apoptotic reactions were notably lower
in the AAV2-VEGF-treated tendon than in the control tendons. We
speculate that VEGF gene transfer inhibited apoptosis of
tenocytes, especially those in the tendon surface area, that
somehow benefits cellular growth and migration. It may ultimately
improve tendon healing.

Next, we examined the changes of type Il collagen and MMP2
expression in tendon tissues. Type Il collagen is the major
collagen in healing tendon and is associated with granulation
formation during the proliferative stage of tendon healing. After
tendon injury, the cut site is initially bridged by granulation tissues
composed primarily of type Ill collagen that is later remodeled to
more organized, mature type | collagen that makes up the
majority of tendon structure during homeostasis."?> MMP2 is one
of the members of MMPs family that have been found to play
crucial roles in extracellular matrix (ECM) degradation and tissue
remodeling.?® Loiselle et al?* investigated the role of MMP2
during tendon healing and suggested that MMP2 facilitated the
transition from early granulation tissue to a more organized
collagen structure. As such, expression of type Il collagen and
MMP2 are important for characterizing remodeling of tendon
substance as well as the synthesis and degradation of ECM. Our
results showed that both type Il collagen and MMP2 expression
were enhanced after AAV2-VEGF transfection. The increase in type
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Il collagen production may make up for the loss of collagen after
tendon injury and aid in the resynthesis of ECM. The increased
level of MMP2 may benefit not only cell migration, but also
collagen deposition and rearrangement. The combined effect of
the above two aspects would conduce to the enhancement of
tendon healing.

Finally, the efficiency of dsAAV2 vectors was investigated in this
study. The dsAAV vectors have been reported to achieve a more
robust and stable transgenic expression than the AAV vectors.>>%°
We had expected a faster gene transfection and an earlier effect of
VEGF on tendon healing. However, we did not see any superiority
of dsAAV2 transfection over AAV2 during the first 3 weeks in our
animal model. We did not observe a longer therapeutic effect of
dsAAV2-VEGF because the postoperative 3 weeks is critical for
tendon healing, during which tendon repair is vulnerable and easy
to rupture.?’~?° After that, tendon healing accelerates and healing
strength gains rapidly. Therefore, we look more favorably upon an
earlier or faster efficiency of the transfection vehicle. In addition,
we do not know the effect of direct application of VEGF protein on
tendon healing, as demonstrated by previous studies.®® It would
be better to compare the effect of VEGF gene transfection with
that of VEGF protein, and this seems to be a limitation of the
current study. We also understand a number of recent efforts
in enhancing tendon healing strength or decreasing the adhe-
sions have not been proven effective in pre-clinical or clinical
studies.>>* Enhancing surgical repair strength remains the major
approach in decreasing the repair rupture of the repaired
tendons.>*3® More efforts in optimizing the dosage and method
of delivery of the genes to the tendons would be necessary before
we proceed to clinical trails.

In summary, flexor tendon repairs treated with AAV2-VEGF
exhibited an increased healing response, with greater healing
strength and smoother healing surface of tendon. The cellular and
molecular events behind may include: (1) inhibition of cellular
apoptosis, (2) improvement of ECM component expression, such
as type Il collagen, (3) increased activity of protease responsible
for ECM degradation and remodeling such as MMP2 and
(4) formation of new vessels. Currently, the AAV2-VEGF treatment
has no significant bearing on gliding function of tendon
and adhesion formation during the observed time points.
Nevertheless, the long-term effects of VEGF gene transfer remain
to be assessed. Our study highlights the potential mechanisms of
VEGF gene transfection and provides insight into the molecular
modulation in tendon healing.

MATERIALS AND METHODS

This study was approved by the experimental animal care committee of
our university. White Leghorn chickens, weighing ~1.5 kg, were used
because of the similarity of flexor mechanism between chicken toe and
human finger.3%4°

AAV2-VEGF construction and production

Single-stranded and dsAAV2 vectors were used. AAV2-VEGF vector plasmid
was constructed using a method similar to that used for production of
PAAV2-bFGF reported in previous study.>'®> Human VEGF gene (Gene bank
accession no. AF486837) that encodes human VEGF 165 isoform was
inserted into pAAV-MCS (Stratagene, La Jolla, CA, USA). The final
production of both AAV2-VEGF vectors was finished by Vector BiolLabs
(Philadelphia, PA, USA).

Operative procedure

We anesthetized the chickens by intramuscular injection with pentobarbi-
tal (12mgkg™" of body weight) and applied Elastic bandages as
tourniquets on chicken legs. The operation was performed in a sterile
surgical condition. The area between the proximal and distal interpha-
langeal joint of the long toes was our ideal operation region that
corresponds to zone 2 flexor tendons of the human digits. A zig-zag
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incision was made in the plantar skin and the sheath was opened
longitudinally for 1.5 cm in length to expose the flexor tendon system. We
resected the flexor digitorum superficialis tendon for ~1.5cm and
transected the FDP tendon completely. The FDP tendons were injected
with 2x10° particles of AAV2-VEGF or dsAAV2-VEGF (Vector BioLabs)
diluted in 20 pl sterile physiological saline and the control tendons with
saline. After injection, each tendon was surgically repaired with modified
Kessler method with 5-0 sutures (ETHILON; Ethicon, Somerville, NJ, USA).
Peripheral sutures were added with 6-0 sutures and the sheath was not
repaired. The skin was closed surgically and the toes immobilized in semi-
flexed position with sterile gauze and adhesive tape for 3 weeks. They
were released to allow free motion thereafter. An animal care technician
administered postoperative pain and care.

Gliding excursion

The toes were disarticulated at the knee joint and mounted to a
measurement board with K-wires. The proximal phalanx of the long toe,
the metatarsal and the bones of the distal part of the leg were fixed to the
board, whereas the distal three phalanges of the long toe were left
unrestricted. The proximal end of the FDP tendon of the long toe was
connected to the upper clamp of the testing machine (Model 4411; Instron
Corp., Canton, MA, USA) and pulled proximally at a constant speed of
25mmmin~ " until the pulling force reach 15 N. The testing software
(Series IX software; Instron Corp.) measured the load and displacement of
tendon simultaneously and drew the load—displacement curve automati-
cally. The displacement recorded represents the gliding excursion of the
FDP tendons.

Tendon morphology and adhesion scores

We took down the chicken toes from the measurement board and
exposed the FDP tendon through a volar longitudinal incision in the entire
length of the long toe. The tendon morphology and adhesion formation
over the surface of the repaired tendon were observed. Adhesions were
recorded according to established grading criteria.”

Ultimate strength

We carefully separated the FDP tendon from the circumjacent tissues and
adhesions. The FDP tendon connected with the toe tip was fixed in the
testing machine. The proximal end of the FDP tendon was pulled upward
until the tendon ruptured. A sharp decline in the load—displacement curve
represents the ultimate rupture.

TUNEL assay and immunofluorescence staining

Tendon samples were fixed in 4% paraformaldehyde in phosphate-
buffered saline for 24 h at 4 °C followed by gradient alcohol dehydration.
The samples were embedded within paraffin and cut longitudinally to
4 um. TUNEL assay (11684817910; Roche, Mannheim, Germany) was
performed according to the manufacturer’s protocol to detect cellular
apoptosis. Tendon sections were incubated with TUNEL reaction mixture
for 1h at 37°C in a humidified chamber followed by converter-
peroxidase solution for 30 min. The slides were incubated with the
chromogenic substrate 3,3-diaminobenzidine (D-5905; Sigma Aldrich, St
Louis, MO, USA) for 5 min at ambient temperature and counterstained
with Mayer’s hematoxylin. Positive nuclei stained brown and negative
nuclei stained blue. The apoptosis index in tendon surface and core
areas was separately calculated (a percentage of the number of positive
tenocytes divided by the total number of tenocytes). For immunofluor-
escence staining, the sections were incubated with the rabbit anti-
Collagen type Il (1:40, BP8013, Acris Antibodies GmbH, Herford,
Germany) and MMP2 antibody (1:100, ab37150, Abcam, Cambridge,
MA, USA) overnight at 4 °C and then with the fluorescein isothiocyanate-
conjugated goat anti-mouse immunoglobulin G (GGHL-90F; Immunol-
ogy Consultants Laboratory, Newberg, OR, USA) in a 1:200 dilution for
60 min at 37 °C. Subsequently, sections were stained with 50 pl 4'-6-
diamidino-2-phenylindole solution (1 ug ml~") at room temperature for
20 min. In negative controls, the primary antibody was replaced by
nonimmune serum.

Statistical analysis

Results are expressed as mean +s.d. The differences between experiment
and control groups were assessed by two-tailed Student’s t-test. We
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estimated the variation within each group and the variance was similar
between the groups. The level of significance was set at P < 0.05. Statistical
analyses were conducted with SPSS 11.5 software (SPSS, Inc., Chicago,
IL, USA).
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