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Ligament injuries occur frequently, substantially hindering
routine daily activities and sports participation in patients.
Surgical reconstruction using autogenous or allogeneic tis-
sues is the gold standard treatment for ligament injuries.
Although surgeons routinely perform ligament reconstruc-
tions, the integrity of these reconstructions largely depends
on adequate biological healing of the interface between
the ligament graft and the bone. We hypothesized that local-
ized ultrasound-mediated, microbubble-enhanced therapeutic
gene delivery to endogenous stem cells would lead to signifi-
cantly improved ligament graft integration. To test this
hypothesis, an anterior cruciate ligament reconstruction
procedure was performed in Yucatan mini-pigs. A collagen
scaffold was implanted in the reconstruction sites to facilitate
recruitment of endogenous mesenchymal stem cells. Ultra-
sound-mediated reporter gene delivery successfully trans-
fected 40% of cells recruited to the reconstruction sites.
When BMP-6 encoding DNA was delivered, BMP-6 expres-
sion in the reconstruction sites was significantly enhanced.
Micro-computed tomography and biomechanical analyses
showed that ultrasound-mediated BMP-6 gene delivery led
to significantly enhanced osteointegration in all animals
8 weeks after surgery. Collectively, these findings demonstrate
that ultrasound-mediated gene delivery to endogenous
mesenchymal progenitor cells can effectively improve liga-
ment reconstruction in large animals, thereby addressing a
major unmet orthopedic need and offering new possibilities
for translation to the clinical setting.

INTRODUCTION
Ligament injuries are commonly encountered in orthopedic clinical
practice; they account for substantial patient morbidity, particularly
in the young active population.1,2 The anterior cruciate ligament
(ACL) of the knee is one of the most commonly injured soft-tissue
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structures. Approximately 100,000 ACL reconstructions are per-
formed in the United States each year.3,4 ACL reconstruction requires
the implantation of autologous or allogeneic tissue into bone tunnels
drilled in the tibia and femur. These procedures are associated with a
prolonged period of rehabilitation,3 persistent knee instability, and
abnormal functional outcomes.5 In one study, only 63% of patients
who received ACL reconstruction returned to their pre-injury level
of sports participation and 44% were able to return to competitive
sports.6 In addition, up to 25% of patients undergoing ACL recon-
struction suffer secondary injuries within 2 years of returning to
sports.7 These outcomes are especially devastating because some of
these patients are young and physically active and must face long-
term disability, repeated surgeries, loss of working days, and consider-
able health care costs.

Successful soft-tissue graft reconstruction requires adequate and
timely graft integration at the ligament-bone interface. An accelerated
healing process could reduce the risk of graft failure and enable faster
return of patients to physical activity.8 However, the early healing
process is believed to be hampered by loose bone-graft attachment
and hypoxic conditions at the attachment site.9 This may lead to tun-
nel widening and increased graft laxity, limiting patients’ rehabilita-
tion and return to activity.10 Currently, knee ligament reconstructions
are performed using either autogenous or allogeneic tissues. These
grafts can be composed of soft tissue or a composite of soft tissue
and bone. Soft-tissue grafts are the most commonly utilized graft
source in the United States as well as worldwide, with up to 79% of
patients undergoing ACL reconstruction receiving hamstring tendon
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Figure 1. ACL Reconstruction Model in Yucatan

Mini-Pig Knee Joints

(A) During surgery, the ACL is transected at its tibial and

femoral attachments and excised (denoted by arrow).

(B) The tibial and femoral tunnels are drilled (arrows), and

the required graft length is assessed. (C) The allograft is

truncated to the appropriate length and prepared using a

running lock suture at each terminus. (D) The allograft

(arrow) is inserted into the drilled bone tunnels and tied

using sutures to anchor it to cortical screws.

www.moleculartherapy.org
grafts.11–14 Integration of allograft ACL reconstructions takes longer
than that of autograft reconstructions;15,16 however, autograft har-
vesting is associated with higher rates of morbidity, which negatively
impacts postoperative rehabilitation17 and makes autograft recon-
struction less appealing for clinical use. Considering this, the develop-
ment of new therapeutic interventions with the ability to enhance and
accelerate allograft osteointegration would have a tremendous clinical
impact.

Several biological approaches have been proposed to enhance liga-
ment-bone integration.4 These strategies include delivery of osteoin-
ductive growth factors or platelet-rich plasma, viral transduction of
genes encoding bone morphogenetic protein (BMP) or cyclo-oxygen-
ase 2, and cell-based therapies.3 However, growth factors need to be
injected repeatedly due to their short half-lives and can be very expen-
sive. Viral vectors may be immunogenic and tumorigenic, and
implantable cell therapies require complex ex vivo manipulation
and would likely necessitate a prolonged regulatory and approval pro-
cess. These disadvantages would likely prevent the widespread clinical
translation of these therapeutic approaches.

An attractive alternative would be nonviral delivery of osteogenic
genes to the site of the graft-bone junction. Although viral vectors
are considered more efficient for gene delivery than most nonviral
methods, the efficiency of in vivo nonviral gene delivery can be
enhanced using a short pulse of energy.18 Such a method induces
formation of transient nano-sized pores in the membranes of cells,
enabling improved DNA uptake and subsequent transgene expres-
sion. We previously showed that targeted ultrasound-mediated
gene delivery could be successfully used to transduce endogenous
progenitor cells using a two-step procedure. We first implanted a
biodegradable scaffold to recruit endogenous stem cells and then
used microbubble-enhanced DNA sonoporation to deliver the
BMP gene to the recruited cells. When BMP-6 gene was used, the
treatment resulted in complete regeneration of critical-size tibia
bone fractures in a mini-pig model.19 In the present study, we hy-
pothesized that microbubble-enhanced, ultrasound-mediated gene
delivery of a BMP gene would lead to enhanced integration of an
implanted ACL graft in a clinically relevant, large-animal (porcine)
model. Multiple molecular, structural, and biomechanical parame-
ters were used to demonstrate the feasibility of this therapeutic
approach.
RESULTS
Sonoporation Leads to Reporter Gene Expression in

EndogenousProgenitorsRecruited to ACLReconstruction Sites

Six mini-pigs underwent surgery, during which each animal’s native
ACL was resected and an allograft was implanted into drilled tibial
and femoral bone tunnels (Figure 1). A collagen scaffold was im-
planted at the two ends of the allograft tissue within the bone tunnels.
The bone tunnels were treated with microbubble-enhanced ultra-
sound-mediated gene delivery 14 days after surgery. Plasmid DNA
encoding GFP, mixed in microbubbles, was transcutaneously injected
into the reconstruction site in all animals, whereas half of the animals
were randomly allocated to subsequent treatment with ultrasound
(Figure 2). Flow cytometry, performed on day 19 post-scaffold im-
plantation, revealed that approximately 15% of cells collected from
within the reconstruction drill sites were positive for mesenchymal
stem cell (MSC) markers CD29, CD44, and CD90 (Figure 3).

Next, the efficacy of ultrasound-mediated gene delivery was as-
sessed. Flow cytometry analysis performed on day 5 post-transgene
delivery showed that 45% of isolated cells from the reconstruction
sites were GFP positive in animals treated with ultrasound (“US”
group), three times more than observed in untreated animals (“no
US” group; p < 0.05; Figure 4A). GFP-expressing cells from recon-
struction sites in ultrasound-treated animals were also twice as fluo-
rescent as cells from reconstruction sites in animals not subjected to
ultrasound (p < 0.05; Figure 4B). Interestingly, among transfected
cells in the ultrasound-treated group, significantly more cells ex-
pressed the MSC markers CD29, CD44, and CD90. An examination
of GFP-positive cells in the ultrasound-treated group demonstrated
that 15% were CD29 positive, 25% were CD44 positive, and 10%
were CD90 positive, whereas in the untreated group, only 1% of
GFP-positive cells were CD29 positive, 7% were CD44 positive,
and 3% were CD90 positive (p < 0.05; Figures 4C–4E). Overall, ul-
trasound-treated reconstruction sites exhibited significantly higher
progenitor transfection rates as well as stronger transgene expres-
sion levels.

Sonoporation Induces BMP-6 Expression at Reconstruction

Sites and Enhances Osteointegration

Six animals underwent ACL surgery as described above and were
treated with either ultrasound-mediated delivery of BMP-6 plasmid
and microbubbles (“BMP-6 + US” group) or injection of BMP-6
Molecular Therapy Vol. 26 No 7 July 2018 1747
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Figure 2. Ultrasound Treatment Setup

(A) Injection of a DNA and microbubble mixture into the bone tunnel sites. The

ultrasound probe is placed adjacent to the needle for optimal visualization of the

injected mixture. (B) Fluoroscopic imaging of needle placement within the bone

tunnel sites is shown. Arrows denote the inserted needles. (C) Ultrasound contrast

agent imaging during injection of the plasmid and microbubbles mixture is shown.

Arrow denotes the inserted needle in the tunnel. (D) Ultrasonographic visualization

of the injected mixture (marked with dashed line) within the bone tunnel during

sonoporation is shown.

Figure 3. Recruitment of Endogenous Mesenchymal Progenitor Cells to

ACL Bone Tunnels

Flow cytometry analysis of CD29-, CD44-, and CD90-positive cells from bone

tunnel sites 19 days postoperatively (MSC, mesenchymal stem cell). Data are

represented as mean ± SEM.

Molecular Therapy
plasmid and microbubbles without ultrasound application (“BMP-6”
control group). Local expression of the BMP-6 gene following sono-
poration directed to reconstruction sites was evaluated 5 days after
gene delivery. qPCR analysis performed on cells isolated from the
reconstruction bone tunnels showed 15-fold higher BMP-6 expres-
1748 Molecular Therapy Vol. 26 No 7 July 2018
sion in ultrasound-treated animals compared to control animals
(p < 0.01; Figure 5A). Next, the therapeutic effect of local BMP-6
gene delivery was evaluated. Ten animals underwent surgery as
described above. Osteointegration in animals treated with BMP-6
and ultrasound (BMP-6 + US group) was compared to osteointegra-
tion in animals treated with BMP-6 plasmid without ultrasound
(BMP-6 group). Micro-computed tomography (mCT) analysis per-
formed 8 weeks after surgery revealed that reconstruction sites treated
with BMP-6 DNA and ultrasound contained twice the bone volume
observed in sites in control animals (p < 0.01; Figures 5B–5D), but
no ectopic bone formation was observed in any of the treated animals
(Figure 5E). Histological evaluation of the treated animals revealed
tissue continuity with the formation of perpendicular collagen fibers
and direct bone insertions between the graft and the osseous tunnel
(Figure 5F). In contrast, in the control animals, there was a well-
demarcated border between the graft and the osseous tunnel, which
was filled with poorly organized granulation tissue without continuity
between the graft and the adjacent bone. No mononucleated cells
infiltrated the grafts, suggesting an absence of inflammatory reaction
to the therapy.

BMP-6 Gene Delivery Induces Rapid Functional Healing of

Treated Knee Joints

Anteroposterior (AP) knee laxity and tensile failure testing were
performed on treated animals’ knees to examine their mechanical
properties 8 weeks after surgery. In accordance with the mCT results,
AP laxity measured at ±20 N in the BMP-6 + US group was 2-fold
lower than that in control animals, demonstrating superior knee joint
stability (p < 0.05; Figure 6A). In addition, knees in animals treated
with BMP-6 and ultrasound had approximately three times higher
linear stiffness and maximum load to failure, showing stronger
graft-bone integration than that found in control animals (p < 0.05;
Figures 6B and 6C).



Figure 4. Reporter Gene Expression in Mini-pig Reconstruction Sites

following Ultrasound-Mediated Gene Delivery

(A) Flow cytometry analysis of the percentage of GFP-positive cells isolated from

bone tunnel sites, with or without ultrasound treatment, 5 days after treatment.

(B) Mean fluorescence intensity per cell in GFP-positive cells isolated from bone

tunnels is shown. (C–E) Percentage of GFP-positive cells positive for CD29 (C),

CD44 (D), and CD90 (E). n = 3 per experimental group; *p < 0.05; **p < 0.01; no US,

group in which no ultrasound was used; US, group in which ultrasound was used.

Data are represented as mean ± SEM.
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DISCUSSION
In this study, we used ultrasound-mediated, microbubble-enhanced
gene delivery to improve in situ ACL graft osteointegration in a
mini-pig model. We showed that ultrasound-mediated BMP-6
DNA delivery to cells residing within the reconstruction site achieved
local gene expression, targeting endogenous MSCs. Osteogenic gene
delivery resulted in enhanced allograft integration and tunnel nar-
rowing, with significantly superior biomechanical properties of the
reconstructed ACLs as soon as 8 weeks after the surgery. Importantly,
no evidence of ectopic bone formation or inflammatory response was
observed, suggesting a favorable safety profile. Using a sonographic
system set at parameters used in the clinical setting, we saw no clinical
or histological signs of heating or heat-associated damage.

Currently, surgical treatment of musculoskeletal soft-tissue injuries
includes ligament reconstructions and primary repairs. Although suc-
cessful ligament-to-bone healing is critical to restore function and sta-
bility to the injured joint,20 current treatment strategies lead mostly to
fibrotic scar formation. It is this fibrosis that probably results in limited
mechanical stability at the soft tissue-bone junction site and a lack
of functional integration, causing graft failure.3,21 This is particularly
true in the early phases of graft healing, as demonstrated by gradual
increases in instrumented knee laxity followingACL reconstruction.22

The reconstructed graft may elongate due to delayed osteointegration,
leading to excessive laxity and relative knee instability.23,24 Because
our approach leads to accelerated osteointegration with reduced AP
laxities, it may lessen graft elongation and achieve better knee stability
after surgery.

Bone tunnel widening has been reported to occur in up to 40% of ACL
reconstructions.25–27 Tunnel widening has been observed with use
of all graft types, including autograft bone-patellar tendon-bone
grafts.26,28,29 It represents a significant geographic deficiency of
bone at the ACL attachment sites and may delay proper formation
of the enthesis.26,30,31 It may delay graft integration or lead to graft
failure in the short term and may complicate long-term management
if revision ACL reconstruction procedures are necessary. Tunnel
widening may require an additional separate bone grafting procedure
to regenerate bone within the tunnel before a revision may be
possible. Therefore, our approach is especially attractive because it
does not cause tunnel widening and, instead, rapidly increases bone
formation at the graft-bone integration site.

Several groups have used BMP gene delivery to enhance integration of
ACL grafts. Martinek et al.32 delivered a viral vector encoding BMP-2
to the graft-bone interface in rabbits by infecting the graft in vitro
prior to implantation. Those researchers found increased bone
formation at the graft-bone interface with superior biomechanical
properties at 8 weeks after treatment. Wang et al.33 implanted cells in-
fected with adenovirus–BMP-2 into a graft-bone interface in rabbits,
showing biomechanical superiority at 12 weeks after implantation.34

We have previously shown that BMP-6-transfected MSCs led to
significantly enhanced osteogenic differentiation and bone formation
compared to BMP-2, both in vitro and in vivo.35 These differences can
be attributed to previous evidence showing that these proteins work
through different signal transduction pathways.36–38 To the best of
our knowledge, our present study is the first work to show that a
nonviral gene delivery approach can achieve increased graft osteoin-
tegration and improved biomechanical properties as soon as 8 weeks
after surgery in a large-animal model, which better represents human
anatomy and biology. Because BMP-6-engineered MSCs exert a
dual autocrine- paracrine response when used for tissue engineering,
it is beneficial to target the residing MSCs and bone progenitor
cells within the reconstruction site to achieve a greater effect.39,40

Compared to previous works, our approach does not require cell
isolation or in vitro processing, making it more feasible for future
clinical applications in humans.

In this study, we used a two-step procedure that included recruitment
of endogenous progenitor cells to the reconstruction site. We showed
that, by implanting a collagen scaffold in the reconstruction site, effi-
cient endogenous progenitor migration and retention in the scaffold
could be achieved within 19 days, resulting in a viable cell population
for gene delivery and avoiding the need for ex vivo cell manipulation.
We were able to demonstrate that 20%–30% of the transfected cells
were also positive for MSC surface markers. Moreover, we showed
that this approach led to localized transgene expression and did not
lead to ectopic bone formation. We previously showed that this
delayed approach resulted in transient gene expression lasting
for 10 days and complete regeneration of critical-size fractures in
Molecular Therapy Vol. 26 No 7 July 2018 1749
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Figure 5. Ultrasound-Mediated BMP-6 Gene Delivery to Mini-pig ACL Reconstruction Sites

(A) BMP-6 gene (relative quantification [RQ]) expression in bone tunnels at ACL reconstruction sites 5 days after treatment. (B) Quantitative analysis of bone formation in

reconstruction sites 8 weeks after surgery is shown. (C and D) Representative mCT slices of bone tunnels that received (C) or did not receive (D) ultrasound treatment,

obtained 8 weeks after surgery, are shown. Green circles denote the original diameters of the bone tunnels created during surgery. The scale bars represent 1 mm.

(E) Fluoroscopic 3D reconstruction of a representative BMP-6 and ultrasound-treated knee joint is shown. (F) Masson’s trichrome andH&E staining of the bone-graft interface

8 weeks after surgery at low magnification (upper) and at high magnification of tissue in the marked squares (lower) is shown. Dotted lines show boundaries between grafts

and calcified tissues. The scale bars represent 100 mm. n = 3 per experimental group in the gene expression study; n = 5 per experimental group in the bone formation study;

**p < 0.01. Data are represented as mean ± SEM.
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mini-pigs.19 Whereas in the current study we did not compare this
approach to non-delayed gene delivery using sonoporation, we
believe that allowing cell recruitment may well compensate for the
lower transfection efficacy of local nonviral gene delivery approaches.
Due to technical limitations resulting in lower amount of extracted
tissue from the sonoporated sites, we could not properly assess the
amount of secreted BMP-6.

The study described here provides an initial proof of concept that
should be followed by further experiments exploring the potential
of the method. We did not compare the use of sonoporation to the
use of collagen scaffold alone, because previous studies in a similar
pig model have shown that the addition of a collagen scaffold to
the graft did not result in improved healing.41 Our hypothesis was
1750 Molecular Therapy Vol. 26 No 7 July 2018
that the expression of the BMP gene would drive the osteointegration
of the ACL graft to bone. Hence, we did not include a group of ani-
mals treated with ultrasound-mediated gene delivery of an empty
plasmid that would not induce BMP overexpression.

Another interesting aspect of the proposed method is the use of
repeated treatments. As this therapy can be easily and minimally in-
vasively repeated, multiple treatments may be used to further enhance
osteointegration and promote faster and improved healing. However,
prolonged ultrasound exposure could result in a variety of adverse ef-
fects, including excessive tissue heating and dystrophic calcifications
due to tissue damage.42 Efficacy and safety still need to be considered.
In addition, further studies are needed to compare this approach to
the use of autologous grafts, which are currently more utilized in



Figure 6. Biomechanical Properties of Knee Joints following Ultrasound-

Mediated Gene Delivery

(A) AP laxity testing of ultrasound-treated and untreated knee joints. (B and C) Linear

stiffness (B) and maximum load to failure (C) in implanted grafts at the ACL recon-

struction site during tensile failure testing 8 weeks after treatment are shown. AP,

anteroposterior; N, Newton; n = 5 per experimental group; *p < 0.05; **p < 0.01.

Data are represented as mean ± SEM.
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the clinical setting due to improved osteointegration and other
control groups as indicated above. Based on our results so far, it is
feasible that combining the ultrasound-mediated BMP gene delivery
approach to an autograft would further enhance and accelerate ACL
reconstruction.

These results indicate great promise for future ultrasound-mediated
gene therapies for tissue regeneration. Because ultrasound technology
is safe and widely used in the clinic, this approach can be easily trans-
lated into clinical practice. The introduction of microbubbles, which
are also a US Food and Drug Administration (FDA)-approved ultra-
sound contrast agent, allows localization of injected material and real-
time monitoring of the sonoporation procedure at the treatment site.
This method has the potential to be used for many different applica-
tions based on in situ tissue engineering. In the context of tendon and
ligament injuries, this therapy can be applied to a variety of orthope-
dic indications to enhance ligament-to-bone healing. It is minimally
invasive and does not require ex vivo stem cell manipulation, harvest
of the patient’s own tissue, or use of costly growth factors. In sum-
mary, ultrasound-mediated gene therapy is a promising tool that
may offer a positive response to a wide variety of patients suffering
from soft-tissue musculoskeletal injuries.

MATERIALS AND METHODS
Study Design

The objective of our study was to enhance ACL allograft integra-
tion using ultrasound-mediated endogenous MSC engineering.
We hypothesized that ultrasound-mediated, microbubble-enhanced
gene delivery of the BMP-6 gene would lead to accelerated graft
integration in a clinically relevant large-animal model. Male and fe-
male Yucatan mini-pigs (S&S Farms) were used in this study. The
mean weight ± SD of the animals was 37.0 ± 3.6 kg, and their
mean age ± SD was 7.8 ± 1.2 months. The sample size used was
estimated to achieve a power of 0.8 and a = 0.05 using one-way
ANOVA.
Sonoporationwas investigated for its capacity to enhance integration of
an implanted ACL graft in a reconstruction site. Mini-pigs underwent
surgery inwhich the nativeACLwas transected.Next, tendon allografts
were implanted in tunnels created in the femoral and tibial bones and
anchored to cortical screws placed approximately 1 cm from the bone
tunnel apertures. In addition, collagen scaffolds were implanted within
the bone tunnels. Fourteen days later, the pigs were randomly assigned
to (1) a treatment group, in which they received BMP-6 plasmid pre-
mixed with microbubbles, which was injected into the reconstruction
site followed by ultrasound application (BMP-6 + US group) or (2) a
control group, in which the animals received an injection of BMP-6
plasmid premixed with microbubbles without ultrasound application.
Control groups in which only a collagen scaffold was implanted (no
gene delivery) or an ultrasound medicated delivery of and empty
plasmid was used instead of BMP-6 were not included in this study,
as we have shown that such treatments did not result in any significant
biological effect.19 Sonoporation efficiency was determined using flow
cytometry for reporter gene expression and qRT-PCR for BMP-6 gene
expression. Bone formation and graft integration were assessed using
mCT, histology, and biomechanical testing.

Plasmid DNA Production

A plasmid encoding EGFP under the control of the cytomegalovirus
promoter (pCMV-EGFP-N1) was used to study transgene expression.
A plasmid encoding human BMP-6 under the control of the cyto-
megalovirus promoter (pCMV-BMP6) was used to induce enthesis.
Plasmid preparation is detailed elsewhere.35,43 All plasmids were
expanded using standard laboratory procedures and purified using
an EndoFree Kit (QIAGEN, Valencia, CA).

Allograft Preparation

Porcine flexor tendon allografts were harvested from mini-pigs post
mortem by using an aseptic technique described by Hirpara et al.44

Harvested tendons were placed immediately into a sterile plastic
bag, and their surfaces were swabbed with a culture swab. The allo-
grafts and culture swab tubes were then sent to Veterinary Transplant
Services (Kent, WA) for standard allograft processing, including
freezing and bacteriological testing.

ACL Reconstruction: Animal Model

All animal procedures were approved by the Cedars-Sinai Medical
Center Institutional Animal Care and Use Committee (IACUC
#00614). Animals were fasted for approximately 18 hr before the sur-
gical procedure. Each mini-pig was sedated with intramuscular (IM)
acepromazine (0.25 mg/kg, IM), ketamine (20 mg/kg, IM), and atro-
pine (0.02–0.05 mg/kg, IM) followed by propofol (2 mg/kg, intrave-
nous [i.v.]). Animals were intubated, and anesthesia was maintained
using 1.0%–3.5% inhaled isoflurane for the duration of the surgical
procedure. The animals were kept warm during the surgical proced-
ure by using a Bair Hugger (3M, Maplewood, MN) to prevent unin-
tended hypothermia.

An open midline approach was used for each animal’s right knee fol-
lowed by amedial parapatellar arthrotomy. TheACLwas transected at
Molecular Therapy Vol. 26 No 7 July 2018 1751
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its tibial and femoral attachments and excised (Figure 1A). Using a
RetroConstruction Drill Guide (Arthrex, Naples, FL), a 2.4-mm
drill-guide pin was drilled into the joint from the anteromedial prox-
imal tibia to the anatomical tibial footprint of the native ACL. A 7-mm
cannulated drill was used over the drill-guide pin to construct the tibial
tunnel, utilizing an outside-in technique and taking care not to injure
the intra-articular structures. The femoral tunnel was constructed in
a similar outside-in fashion using the drill-guide pin, which was
centered at the femoral footprint of the native ACL (Figure 1B).
Two cortical screw anchors were inserted: one approximately 1 cm
proximal to the femoral tunnel and the other approximately 1 cm
distal to the tibial tunnel, in line with the trajectory of the tunnels.

We assessed the total projected maximal graft length, consisting of the
sum of the femoral tunnel length, tibial tunnel length, and intra-artic-
ular distance between the two tunnels with the knee placed in exten-
sion. The allograft tendons were thawed and truncated to the appro-
priate length, which was 1 cm less than the projected maximal
graft length (Figure 1C). The allograft was prepared using a no. 2
FiberLoop (Arthrex, Naples, FL), in a running lock fashion for rein-
forcement, at each terminus and then shuttled in the femoral and
tibial tunnels. A flat sheet of biodegradable collagen scaffold
(DuraGen Plus, Integra LifeSciences) with a 100-mm pore size was
then wrapped circumferentially around each graft terminus and fash-
ioned so that approximately 5 mm of the collagen scaffold outside the
central allograft core occupied the superficial portion of the femoral
and tibial tunnel extra-articular apertures.

After positioning the allograft and collagen scaffold construct
within the bone tunnels, the graft was tied over the femoral cortical
screw post and tensioned by using manual traction for several mi-
nutes to remove any graft creep (Figure 1D). After cycling the knee
through a range of flexion and extension for approximately 10
times, the tibial terminus of the graft was secured over the tibial
cortical screw post, with the knee in near full extension and a pos-
terior drawer force held on the tibia. The surgical site was closed in
layers, and a sterile dressing was applied.

Ultrasound-Mediated, Microbubble-Enhanced Gene Delivery

Fourteen days after surgery, the animals were sedated in the manner
described above. First, a microbubble suspension (Definity, Lantheus
Medical Imaging, N. Billerica, MA) was activated by 45 s of shaking
using a Vialmix shaker (Lantheus Medical, N. Billerica, MA). Then,
5� 106 microbubbles and 0.5 mg plasmid DNA were mixed together
in a total volume of 0.5 mL. To avoid microbubble aggregation and
adhesion to the syringe walls, the syringe containing the mixture
was manually rotated periodically prior to injection. Next, the tunnels
were located using a fluoroscan mini C-arm (Hologic, Bedford, MA),
and an 18G needle was inserted into the center of each tunnel (Figures
2A and 2B). The mixture was injected while being visualized using a
Sonos 5500 unit (Philips Ultrasound, Andover, MA) equipped with a
focused S3 probe that had been set to B-mode with its focal point
matching the location of the tunnel. Then, a therapeutic ultrasonic
pulse was applied using the contrast agent imaging mode at a
1752 Molecular Therapy Vol. 26 No 7 July 2018
transmission frequency of 1.3 MHz, a mechanical index of 1.2, and
a depth of 3 cm for approximately 2 min until the microbubbles
were no longer visible (Figures 2C and 2D).

Transfection Efficacy Evaluation: GFP Expression

Six animals underwent surgery as described above. Fourteen days
later, the mini-pigs were injected with GFP plasmid premixed with
microbubbles. The animals were randomly assigned so that half
were treated with ultrasound immediately after the injection. Five
days post-transfection, the animals were sacrificed. Post mortem, tis-
sue was extracted from both bone tunnels, washed with PBS, digested
using 0.1% collagenase (type 1A; Sigma-Aldrich, St. Louis, MO) for
1 hr, filtrated using a 70 mm cell strainer, and centrifuged at
2,000 rpm for 7 min. The freshly harvested cells were analyzed for
GFP expression by using an LSR-II flow cytometer, BD FACSDiva,
and FCS Express software (BD Biosciences, Heidelberg, Germany).
The percentage of GFP-positive cells was used to estimate the trans-
fection rate. We also characterized the surface markers of transfected
cells (taking into consideration the limited availability of anti-pig
antibodies). Cells were stained with mouse anti-human (with cross-
reactivity to pig) CD90, mouse anti-pig CD29 (BD Pharmingen,
San Diego, CA), and rat anti-pig CD44 (Fitzgerald Industries Interna-
tional, Acton, MA, USA). Primary antibodies were detected by
applying the fluorochrome-conjugated secondary antibodies rat
anti-mouse-phycoerythrin (PE) (BD Pharmingen) and donkey anti-
rat-PE (Imgenex, San Diego, CA) according to the manufacturers’
recommendations.

BMP-6 Gene Expression Analysis

Six animals underwent surgery and 14 days postoperatively were in-
jected with BMP-6 plasmid premixed withmicrobubbles. The animals
were randomly assigned so that half were treated with ultrasound
immediately after the injection. The animals were sacrificed 5 days af-
ter ultrasound-mediated gene transfection. Tissues were collected post
mortem to characterizeBMP-6 gene expression, andRNAwas isolated
using an RNeasy extraction kit (Qiagen, Hilden, Germany). qRT-PCR
was done to estimateBMP-6 gene expression using theABI7500 Prism
system (Applied Biosystems, Foster City, CA) with Hs00233470_m1
primer (ABI). 18 s was used as a housekeeping gene control.

Bone Tunnel Narrowing Analysis Using mCT

Twelve mini-pigs underwent surgery and were injected with BMP-6
plasmid premixed with microbubbles. The animals were randomly
assigned so that half were treated with ultrasound immediately after
the injection. Eight weeks postoperatively, the animals were eutha-
nized and the operated knees were harvested for ex vivo high-resolu-
tion mCT (vivaCT 40; Scanco Medical AG, Brüttisellen, Switzerland),
as previously described.45 Microtomographic slices were acquired
using an X-ray tube with a 55 kVp potential and reconstructed at a
voxel size of 35 mm. The bone tunnels were evaluated using histomor-
phometric 3D evaluation. A constrained 3D Gaussian filter (s = 0.8;
support = 1) was used to partly suppress noise in the volume of inter-
est. The bone tissue was segmented from marrow and soft tissue by
using a global thresholding procedure. A quantitative assessment of
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bone volume density and apparent density, based on microtomo-
graphic datasets, was created using direct 3D morphometry.

Histological Evaluation

One specimen from each treatment group was used for histological
evaluation, as previously described.46,47 Briefly, the bone samples
were fixed in 4% formalin, decalcified, and embedded in paraffin. Tis-
sue sections were cut at a thickness of 5 mm and subsequently stained
using H&E. The slides were imaged using Aperio ScanScope AT
Turbo (Leica Biosystems, Wetzlar, Germany) with 20� magnifica-
tion. All samples were scanned using the same gain and exposure
settings.

Biomechanical Analysis

Five knee joints from each group were used for biomechanical anal-
ysis, as previously described.48,49 Following tissue harvest, eight weeks
post-surgery, the knee joints were wrapped in normal saline-soaked
gauze, sealed, and frozen until analysis. Prior to the analysis, the sam-
ples were thawed for approximately 24 hr at room temperature. Soft
tissue was carefully removed from the joint, leaving the knee capsule
intact. Specimens were kept moist throughout the test protocol by
wrapping them in a normal saline-soaked gauze.

Cyclic AP laxity testing was performed with the knee flexed at 60�.
The knees were supported on custom-made fixtures and rigidly
attached to a universal testing machine (Zwick 1456; Zwick,
Ulm, Germany). For AP laxity testing, fully reversed sinusoidal
AP-directed shear loads of ±20 N were applied at 0.0833 Hz for
12 cycles. The first three cycles were performed to precondition
the joint, and the laxity values for the remaining cycles were aver-
aged. Load and displacement data were acquired and plotted to
obtain the load-displacement curve. During the AP laxity tests,
axial rotation was locked in the neutral position, whereas the
varus-valgus angulation and the coronal plane translations were
left unconstrained.

Following AP laxity testing, the knees were positioned for tensile
failure testing. The joint capsule, menisci, collateral ligaments, and
the posterior cruciate ligament (PCL) were dissected from the joint,
leaving the ACL scar mass intact. The tibia and femur were posi-
tioned so that the mechanical axis of the ACL was collinear with
the load axis of the material test system. The knee flexion angle
was initially set at 30�. The tibia was mounted to the base of the ma-
terial testing machine via a sliding X-Y platform. The femur was un-
constrained to rotation. This enabled the specimen to seek its own
position so that the load was distributed over the cross-section of
the healing ligament when the tensile load was applied. Once the
specimen had been placed in the jig, a �5 N compression force
was applied to the tibiofemoral joint, at which point the displace-
ment was zeroed. A ramp at 20 mm/min was performed, and the
load-displacement data were recorded. The load-displacement data
were recorded using TestXpert 10 software (Zwick-Roell; Zwick,
Ulm, Germany), and the failure load, failure displacement, and
linear stiffness were determined.
Statistical Analysis

GraphPad Prism 5.0f software (GraphPad, San Diego, CA) was used
to analyze the data. Results are presented as means ± SEM. Data anal-
ysis was conducted using a repeated-measures one-way ANOVA or a
two-way ANOVA with Tukey’s multiple comparison post hoc test.
To assess significance, p < 0.05 was considered statistically significant.
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