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Abstract

More than 2 million bone-grafting procedures are performed each year using autografts or
allografts. However, both options carry disadvantages, and there remains a clear medical need for
the development of new therapies for massive bone loss and fracture nonunions. We hypothesized
that localized ultrasound-mediated, microbubble-enhanced therapeutic gene delivery to
endogenous stem cells would induce efficient bone regeneration and fracture repair. To test this
hypothesis, we surgically created a critical-sized bone fracture in the tibiae of Yucatan mini-pigs, a
clinically relevant large animal model. A collagen scaffold was implanted in the fracture to
facilitate recruitment of endogenous mesenchymal stem/progenitor cells (MSCs) into the fracture
site. Two weeks later, transcutaneous ultrasound-mediated reporter gene delivery successfully
transfected 40% of cells at the fracture site, and flow cytometry showed that 80% of the
transfected cells expressed MSC markers. Human bone morphogenetic protein-6 (BMP-6) plasmid
DNA was delivered using ultrasound in the same animal model, leading to transient expression
and secretion of BMP-6 localized to the fracture area. Micro—computed tomography and
biomechanical analyses showed that ultrasound-mediated BAP-6 gene delivery led to complete
radiographic and functional fracture healing in all animals 6 weeks after treatment, whereas
nonunion was evident in control animals. Collectively, these findings demonstrate that ultrasound-
mediated gene delivery to endogenous mesenchy-mal progenitor cells can effectively treat
nonhealing bone fractures in large animals, thereby addressing a major orthopedic unmet need and
offering new possibilities for clinical translation.

INTRODUCTION

Fracture nonunion, when the normal process of fracture repair is thwarted and the fracture
fails to heal, constitutes a complex medical condition with an estimated incidence of
100,000 new nonunion cases every year in the Unites States alone (1). These injuries not
only cause patients to suffer but also lead to long-term hospitalization and disability,
repeated surgeries, loss of working days, and considerable costs to the health system (2).
Various factors affect the incidence of nonunion formation, including fracture pattern,
anatomical location, degree of bone loss, and the quality of surgical treatment (3).

Currently, the gold-standard treatment for fracture nonunion is autologous bone grafting
(autografts). However, autografts are not always available and their harvest often leads to
prolonged postoperative pain and substantial donor site morbidity (4). Bone allografts are
readily available from tissue banks and, therefore, are an alternative to autografts.
Unfortunately, allografts have very low osteogenic potential, leading to poor graft-host
integration that results in numerous failures due to fractures and nonunion (5). In recent
years, recombinant human bone morphogenetic proteins (BMPs) have been introduced to the
clinic, among other indications, for long-bone fracture repair. Local administration of
BMP-2 (6) and BMP-7 (7) in patients with tibial nonunions resulted in increased healing
rates. However, BMPs are costly and have been associated with a high incidence of side
effects including infection, heterotopic bone formation, and immunogenic reactions,
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possibly due to their use in megadoses (8). Thus, fracture nonunion remains a clear unmet
clinical need.

An attractive alternative to BMP protein therapy is a local targeted gene therapy (9). Such
therapy could facilitate nonunion healing via transient overexpression of an osteogenic BMP
gene without requiring the production of high-cost recombinant proteins or their
administration in megadoses. Viral BMP gene delivery has been shown to induce nonunion
healing in rodents and large animals (10-12). Although viral vectors are considered to be
efficient gene delivery methods, they introduce risks of malignancy and immunogenic
reactions, which greatly limits their translational potential (13). Nonviral vectors are
considered safer for human use, albeit much less efficient for gene expression (9). Our group
showed that in vivo electroporation of a BMP gene to endogenous mesenchymal stem cells
(MSCs) within a nonunion fracture site yielded efficient fracture healing in rodents (14).
Although successful, this approach requires the insertion of electrodes and conduction of
powerful electrical currents resulting in pain and tissue damage, limiting its use in clinical
applications.

An alternative physical method of gene transfection, sonoporation—the use of ultrasound for
gene delivery—is especially attractive (15). Ultrasound is widely used in medicine and
considered one of the safest imaging modalities. In addition, ultrasound can be applied
noninvasively to many different regions of interest and can reach deep-lying tissues with
minimal systemic side effects. Sonoporation uses ultrasonic waves to increase cell
membrane permeability by forming transient nanosized pores in the membrane,
subsequently enhancing uptake of drugs and nucleic acids (16—18). Most studies have
combined ultrasound with the administration of formulated microbubble suspensions to
enhance the delivery of nucleic acids to target cells (19-23). Such micro-bubble suspensions
contain micrometer-sized bubbles filled with a low-diffusivity gas core and stabilized by a
shell. Originally designed and U.S. Food and Drug Administration—approved for use as
blood pool contrast agents, exposure to ultrasound drives microbubbles to a forced
oscillation state in which the gas core is repeatedly compressed and expanded. Within a
range of ultrasound parameters, these microbubbles can deform the cell membrane and form
membrane pores, thus enhancing the cellular uptake of drugs and nucleic acids.

Recently, we showed that the combination of ultrasound and microbubbles can be used to
overexpress a reporter gene in endogenous MSCs recruited to a fracture site in a large
animal model (24). Although ultrasound-mediated BMP gene delivery was shown to induce
ectopic bone formation in vivo (25-27), previous attempts at fracture repair were not
successful (25). Here, we hypothesized that microbubble-enhanced, ultrasound-mediated
gene delivery of a BMP gene would lead to efficient bone regeneration and fracture healing
in a clinically relevant, large animal model (porcine). Multiple structural, biomechanical,
and safety parameters were monitored to demonstrate the feasibility of this therapeutic
approach for human use.
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Sonoporation leads to reporter gene expression in endogenous MSCs recruited to fracture

site

Mini-pigs underwent surgery during which a 1-cm critical-sized tibial bone fracture was
created, a biodegradable collagen scaffold was implanted, and fractures were internally
fixated with custom-made dynamic compression plates (fig. S1). The fracture sites were
treated with microbubble-enhanced, ultrasound-mediated gene delivery 14 days after
surgery, when maximal cell recruitment of mesenchymal lineage was noted (fig. S2).
Plasmid DNA encoding a reporter gene [green fluorescent protein (GFP) or luciferasé]
mixed with microbubbles was transcutaneously injected into the fracture site, and half of the
animals were randomly assigned to receive ultrasound treatment (fig. S3). Ex vivo optical
imaging of the fracture site revealed fluorescent signal localized to the fracture site in GFFP-
treated animals (Fig. 1A). Flow cytometry revealed that 40% of cells collected from within
the tibial fracture of animals treated with ultrasound (US) expressed GFP six times greater
than that observed in untreated animals (No US, P= 0.049; Fig. 1B). GFP-expressing cells
from bone fractures in ultrasound-treated animals were also three times more fluorescent (P
= 0.0013; Fig. 1C). In another experiment, cells isolated from bone fractures in animals
treated with /uciferase and ultrasound demonstrated 80 times more luciferase activity than
cells from fracture sites in animals not subjected to ultrasound (2= 0.0001; Fig. 1D). An
examination of the transfected cells showed significantly more cells expressing MSC
markers CD29 and CD90 in the ultrasound-treated group: 90% of GFP-positive cells in the
ultrasound-treated group were CD29-positive and 80% of GFP-positive cells were CD90-
positive, whereas only 30% of GFP-positive cells in the untreated group were CD29-positive
(P=0.0001; Fig. 1E) and 40% were CD90-positive (= 0.0057; Fig. 1F). No significant
differences were observed in CD44-positive cells, a cell marker of mesenchymal lineage (P
= 0.0531,; Fig. 1G). Overall, ultrasound-treated fracture sites exhibited significantly higher
progenitor transfection rates and stronger transgene expression.

Sonoporation induces transient BMP-6 expression at bone fracture site

Eighteen pigs received tibial fractures as described above and were treated with ultrasound
after local injection of BMP-6 and microbubbles (BMP-6+ US) or injection of BMP-6and
microbubbles without ultrasound application (BMP-6 control). Local expression of BMP-6
gene after sonoporation to tibial bone fractures was evaluated over time. Quantitative
polymerase chain reaction (PCR) analysis of isolated cells from the fracture site showed
850- and 400-fold higher BMP-6 expression in ultrasound-treated animals compared to
control animals on days 2 and 5 after treatment, respectively (Fig. 2A). On day 10, BMP-6
gene expression was undetectable. Similarly, BMP-6 protein secretion in the fracture site
was 70- and 120-fold higher on days 2 and 5 after treatment, respectively, compared to
animals that were not treated with ultrasound (Fig. 2B). Negligible amount of BMP-6
protein was detected on day 10. In addition, no overexpression of BMP-6was found in off-
target tissues (fig. S4).
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BMP-6 sonoporation facilitates in vivo bone regeneration

Next, the therapeutic effect of local BMP-6 gene delivery was evaluated in the same pig
model of tibial nonhealing fracture. Tibial fracture regeneration in BMP-6 + US—treated
animals was compared to a nontreated control group (Scaffold only), animals treated with
plasmid premixed with microbubbles without ultrasound (BMP-6 only) or an empty plasmid
premixed with microbubbles and ultrasound (US only), and a gold-standard control group
treated with an autograft (Autograft). Micro—computed tomography (LCT) analysis 8 weeks
after surgery revealed that fractures treated with BAMP-6+ US regenerated 75% of their
volume with new-formed bone, which was equivalent to autograft transplantation (P =
0.102) and doubled the bone volume density seen in all other treatment groups (£ = 0.0001,;
Fig. 3A). No differences in healing were noted between male and female pigs within the
BMP-6+ US group (P = 0.3945; fig. S5). In addition, the new-formed bone in the BMP-6+
US group was significantly more calcified than in all other groups (£ = 0.0029; Fig. 3B)
except the Autograft group (P = 0.068). Only fractures treated with BMP-6+ US or
autograft showed union, evident by the complete cortical continuity of the tibia (Fig. 3C).
Histological analysis showed that there was a complete regeneration of the fracture with
mature new-formed bone and the presence of osteocytes in BMP-6 + US—treated pigs (Fig.
3D). All other groups showed evidence of insufficient bone formation, abundant granulation
tissue deposition, and fibrosis (Fig. 3D).

BMP-6 gene delivery induces functional healing of treated bones

Torsional testing was performed blindly on tibiae excised from the operated animals to
examine the mechanical properties of the treated bones 8 weeks after surgery. In accordance
with the uCT and histological analysis results, tibial bones from the BMP-6+ US group
showed at least twofold higher mechanical stiffness (P = 0.02), strength (£=0.0048), and
toughness compared with tibial fractures from the BAMP-6-only group (P= 0.0077; Fig. 4).
No significant differences were observed between the BMP-6+ US and the Autograft
groups (P=0.1552).

DISCUSSION

Here, we used ultrasound-mediated, microbubble-enhanced gene delivery for in situ bone
engineering in a mini-pig model of tibial fracture repair. We showed that ultrasound-
mediated BMP-6 delivery to cells residing within the fracture site achieved transient local
gene expression, mainly targeting endogenous MSCs. Osteogenic gene delivery resulted in a
spatial and temporal expression pattern that is consistent with nonviral gene delivery
systems. Furthermore, it resulted in complete fracture union within 8 weeks with autograft-
equivalent biomechanical properties. No evidence of ectopic transgene expression or
inflammatory response was observed, suggesting a favorable safety profile. Using a clinical
ultrasound system within the range of parameters used in B-mode ultrasound imaging of
microbubble contrast agent in humans, we saw no clinical or histological signs of heating or
heat-associated damage.

Almost 20 years ago, Bonadio et al. (28) showed for the first time that nonviral gene
delivery can achieve complete fracture repair in a large animal model (canine). Using gene-
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activated matrix implants containing plasmid DNA encoding human parathyroid hormone,
complete critical-sized tibial fracture repair was achieved by 18 and 8 weeks for 1.6- and
1.0-cm-sized fractures, respectively. Since then, other works involving large animals focused
mainly on viral gene delivery. Egermann ef a/. (29) showed improved fracture repair after
BMP-2adenoviral gene delivery in a tibial fracture in osteoporotic sheep. Dai et a/. (30)
showed improved fracture repair after implantation of BMP-2virally transduced bone
marrow—derived MSCs into a goat tibial fracture. Despite these promising results, viruses
have many safety concerns, limiting their use in humans. Xu et a/. (31) showed that
adenoviral BMP-2 gene delivery to a fracture site resulted in temporary cellular and
persistent humoral immune responses against the viral vector. In addition, clinical trials have
shown that viral gene delivery can evoke a systemic inflammatory response resulting in
death (32) and may cause carcinogenesis by random gene insertions into the genome (33,
34). Thus, efficient nonviral gene delivery methods must be developed for clinical use.

Ultrasound-mediated BMP gene delivery had not been successfully applied for fracture
repair previously. This is not to be mistaken with low-intensity pulsed ultrasound, which
uses different ultrasound parameters, and is applied daily over a period of weeks to the
fracture site (35). Feichtinger ef al. (25) used microbubble-enhanced, ultrasound-mediated
gene delivery of BMP-2and BMP-7in a femur nonunion model in rats. Despite successfully
inducing gene overexpression and ectopic bone formation using repetitive treatments, they
could not induce significant orthotopic bone formation in a fracture site. These differences
can be attributed to diminished osteogenic potentials of BMP-2 and BMP-7 within the
fracture site microenvironment, as reported in other animal and clinical studies (36-41). The
biological response to BMPs is dependent on the cell type and microenvironment that is
present at the site of BMP delivery (42-44). BMP-6 has a distinct BMP receptor type 1A
specificity, making it less affected by endogenous BMP inhibitors while strongly promoting
osteogenesis by osteoblasts (45, 46). Previously, we showed that BMP-6 has better
osteogenic potential and induced more efficient bone formation than BMP-2 in vitro and in
vivo when overexpressed in MSCs (47). Some studies have suggested that BMP-6 signaling
works through mechanisms of both osteochondral and intramembranous ossifications, with
the latter being the primary pathway, thus resulting in more rapid calcification within the
fracture site (44). Therefore, BMP-6 could serve as a more potent orthotopic bone inducer.

In contrast to the study conducted by Feichtinger et af., our study used a two-step procedure
that included recruitment of endogenous progenitor cells to the fracture site. We showed that
by implanting a collagen scaffold into the fracture site, efficient endogenous progenitor
migration and retention in the scaffold could be achieved within 14 days. Betz et a/. (10)
showed that delayed administration of a BMP-Z-encoding adenoviral vector improved bone
formation in a critical-sized femoral fracture in rats. It is likely that delayed treatment allows
for more progenitors to populate the fracture site, making the vector more efficient in
targeting cells that respond to BMP secretion and induce bone regeneration. Overall, it
seems that the combination of a potent osteogenic protein together with an effective delivery
strategy to a viable progenitor population is key to efficient fracture repair.

A modification of the method described here could include preloading of microbubbles and
plasmid into the scaffold, which would eliminate the need to inject these materials in a
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subsequent procedure. A recent study applied ultrasound to intramuscularly implanted
fibrin/ collagen hybrid matrices containing micro-bubbles, BMP-2/ 7 coexpression plasmids,
and C2C12 cells in mice (48). Although that study combined exogenous cells within the
scaffold, only a small amount of new bone was generated in vivo. In our two-step method,
the recruitment of endogenous progenitor cells is an important factor that occurs over the
course of at least 2 weeks, as we have previously shown in rodents (14, 24). Hence,
implanting scaffolds containing plasmids and micro-bubbles would require long-term
protection of these components because naked DNA is degraded by deoxyribonucleases, and
microbubbles have a short half-life of about 10 min when injected locally. To the best of our
knowledge, there are technological barriers that still need to be overcome to generate such a
composite scaffold. However, local injection, as applied here, is attractive for near-term
studies because the properties can be well controlled and injections can be repeated and
monitored as needed.

The clinical gold standard for non-union treatment uses autografts (49). As a living tissue,
their osteoinductive and osteoconductive properties make them far superior over other types
of grafts (50). The most common donor site for bone grafting is the patient’s own iliac crest.
Because the autografts used here were the native osteotomized tibiae, they were far superior
to autografts available in a clinical setting. This autograft group represents a hypothetically
perfect case scenario, in which an exact autologous replica of the lost bone was implanted
within the fracture site. The autografts used in this study were structurally identical to the
fractured site in size, shape, and bone content. This allowed efficient bone formation and
complete bridging of the defect in 8 weeks, as seen in our results. In addition, their harvest
did not result in donor-site morbidities, shortening the surgical time and improving recovery.
Moreover, these autografts were attached to a periosteal blood supply. These factors were
shown to improve fracture healing (51, 52). Runyan et a/. (53) showed that this approach
resulted in superior fracture repair relative to other types of grafts. The similarities found
between the Autograft and the BMP-6+ US groups serve as a proof of concept that our
proposed therapy is as efficient as an “optimal” autograft for the treatment of critical-sized
fractures.

A final difference between our study and that of Feichtinger et a/. is the use of ultrasound
imaging to monitor microbubble oscillation during treatment. This is a key aspect of the
protocol because, although ultrasound therapy is highly promising, ultrasound wave
propagation is limited by tissue properties. Both bone and fixation plates are highly
reflective of ultrasound waves. These reflections can significantly alter the ultrasound field
in the fracture site to lower transfection efficacy. This effect was observed in other works,
requiring longer ultrasound exposure time for effective gene delivery (54). For efficient gene
delivery using our proposed therapy, imaging provides the opportunity to ensure sufficient
sonoporation despite the fixation plates that have the potential to impede the ultrasonic
waves. More robust ultrasound systems can be implemented to bypass these hurdles in
future human therapies (55).

One of the parameters not tested in this study is the use of repeated treatments. Because of
the therapy’s relative ease and low invasiveness, repeated treatments at various time points
might further enhance the effect of osteogenesis and promote faster and improved bone
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repair. Thus, implementation of multiple treatments could be another approach in future
ultrasound-mediated gene delivery studies. However, note that prolonged ultrasound
exposure could result in a variety of adverse effects, including excessive tissue heating and
dystrophic calcifications due to tissue damage (22). Using higher ultrasound intensities, the
combination of ultrasound and microbubbles can also result in cellular lysis due to jetting
during microbubble collapse within the tissue (56).

The current study evaluated the effect of ultrasound-based BMP gene delivery for a short
term. A long-term study is required to fully assess the efficiency of the method in bone
healing compared to controls. Here, all animals received collagen scaffold implants that have
been previously shown to have some osteoconductive properties (14, 57). However, even
with the inclusion of the scaffold, and within a short period of time, we were able to show
significantly higher union rate, bone formation, and biomechanical properties among BMP-6
and ultrasound-treated animals. We can conclude that the combined therapy of a collagen
scaffold, BMP-6 plasmid, microbubbles, and ultrasound is superior to the control groups and
is similar to autograft-treated animals.

These results show great promise for future ultrasound-mediated gene therapies to tissues.
Because ultrasound technology is safe and widely used in the clinic, this approach can easily
be translated into clinical practice. The introduction of microbubbles allows localization of
the injected material and real-time monitoring of the sonoporation procedure in the
treatment site. This method has the potential to be used for many different applications,
promoting in situ tissue engineering. In the context of bone fractures, this therapy can be
applied to a variety of orthopedic indications. It is minimally invasive, does not require ex
vivo stem cell manipulation or the patient’s own bone harvest for implantation, and avoids
use of costly growth factors. Because no alternative efficient method of inducing bone
regeneration in sites with severe bone loss has yet been found, ultrasound-mediated gene
therapy is a promising tool that might offer a positive response to this unmet clinical need.

MATERIALS AND METHODS

Study design

The objective of our study was to develop a therapy for critical-sized bone fracture repair
consisting of ultrasound-mediated gene targeting to endogenous MSCs. Our prespecified
hypothesis was that ultrasound-mediated, microbubble-enhanced gene delivery of BMP-6
would lead to efficient bone regeneration and fracture healing in a clinically relevant, large
animal model. Male and female 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.

Sonoporation was investigated for its capacity to regenerate a critical-sized tibial bone
fracture. Pigs underwent surgery consisting of the creation of a 1-cm critical-sized bone
fracture in the tibia bone. During the same surgery, a collagen scaffold was implanted within
the fracture site to recruit endogenous MSCs. Fourteen days later, the pigs were randomly
assigned either to receive the treatment, which consisted of an injection of BMP-6 plasmid
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premixed with microbubbles to the fracture site followed by ultrasound application (BMP-6
+ US), or to one of the control groups. The following control groups were used: (i) No
treatment (Scaffold only); (ii) BMP-6 plasmid premixed with micro-bubbles injection
(BMP-6); or (iii) empty plasmid vector premixed with microbubbles injection followed by
ultrasound application (US only). In addition, a control group treated with an autograft
(Autograft) was used to assess treatment efficacy compared to the gold-standard treatment
for large fractures. Sonoporation potency was estimated using reporter gene expression and
tissue analysis for BMP-6 gene and protein expression. Bone formation was assessed using
UCT, histology, and biomechanical testing. Animals that developed acute procedural
complications, such as bone fixation failure or signs of distress during follow-up that
compromised animal welfare, were eliminated from the study.

Plasmid DNA production

Plasmids encoding luciferase under the control of the ubiquitin promoter (pUb-Luc2) and
enhanced GFP under the control of the cytomegalovirus promoter (0CMV-EGFP-NI) were
used to study transgene expression. A plasmid encoding BMP-6 under the control of the
cytomegalovirus promoter (0CMV-BMP6) was used to induce bone regeneration. Plasmid
preparation was detailed elsewhere (58, 59). All plasmids were expanded using standard
laboratory procedures and purified using an EndoFree Kit (Qiagen).

Critical-sized tibia fracture model: Surgical procedure

All animal procedures were approved by the Cedars-Sinai Medical Center institutional
review board for animal experiments (IACUC #004740). A critical-sized circumferential
bone defect of 1 cm in length was created in the tibia bones of Yucatan mini-pigs per
previously described method (60). A critical-sized defect in humans was defined as
“involving 50% of the cortical diameter of the tibia and >1 cm in length” (61). The average
length of the tibia bone in the Yucatan mini-pig is 10 cm, and in an adult human it is 43 cm.
Hence, a 1-cm defect in the mini-pig can be compared to a 4.3-cm defect in an average
person. After an 18-hour preoperative fast, each mini-pig was sedated using intramuscular
acepromazine (0.25 mg/kg), ketamine (20 mg/kg), and atropine (0.02 to 0.05 mg/kg). The
animal was then administered propofol (2 mg/kg) intravenously, and endotracheal intubation
was performed. Anesthesia was maintained using 1 to 3.5% inhaled isoflurane for the
duration of the procedure. A 10-cm anteromedial skin incision was made over the tibia. Soft
tissue and periosteum were bluntly dissected to expose the tibial diaphysis. An oscillating
saw (CONMED) was used to remove 1 cm of bone and create a segmental bone fracture.
The fracture was internally fixated using a custom-made six-hole limited-contact dynamic
compression plate (Veterinary Orthopedic Implants; fig. S1), and a flat sheet of
biodegradable collagen scaffold (DuraGen Matrix, Integra LifeSciences) with a pore size of
100 pum was shaped and implanted in the fracture site. For autograft-treated animals, the
resected bone segment was grafted into the fracture and fixated using the fixation plate.
Finally, the subcutaneous tissue was closed with an absorbable subcutaneous suture, and the
skin was closed using a nonabsorbable suture, which was removed 2 weeks after surgery.
The animal received perioperative antimicrobial prophylaxis (ceftiofur, 0.05 ml/kg) and
postoperative analgesia (buprenorphine, 0.2 mg/kg).
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Flow cytometry characterization of cells recruited to fracture site

Nine animals underwent surgery and were anesthetized and sacrificed by injection of
veterinary euthanasia solution (\etOne) on postoperative days 7, 14, and 21 (three animals
were euthanized per time point). Postmortem tissue was extracted from the fracture site,
washed with phosphate-buffered saline (PBS), digested using 0.1% collagenase (type 1A,
Sigma-Aldrich) for 1 hour, filtrated using a 70-um cell strainer, and centrifuged at 2000 rpm
for 7 min. Freshly isolated cells were analyzed for MSC surface markers, taking into
consideration the limited availability of anti-pig antibodies. The cells were stained with
mouse anti-human (with cross-reactivity to pig) CD90, mouse anti-pig CD29 (BD
Biosciences Pharmingen), and rat anti-pig CD44 (Fitzgerald Industries International).
Primary antibodies were detected by applying fluorochrome-conjugated secondary
antibodies rat anti-mouse—PE (phycoerythrin) (BD Biosciences Pharmingen) and donkey
anti-rat—PE (Imgenex Corp.) according to the manufacturer’s recommendations. The cells
were analyzed and plotted using an LSR 1l flow cytometer, BD FACSDiva, and FCS Express
software (BD). Nonspecific binding of secondary antibodies was quantified, and the
fluorescence signal was subtracted from the detection values of the experimental group.

Ultrasound-mediated, microbubble-enhanced gene delivery

Fourteen days after fracture creation, scaffold implantation, and bone stabilization, each
animal was sedated in the manner described above. First, a microbubble suspension
(DEFINITY, Lantheus Medical Imaging) composed of a gas core containing
octafluoropropane and a lipid shell was activated by 45 s of shaking using a VIALMIX
shaker (Lantheus Medical Imaging). Then, 10" microbubbles and 1-mg plasmid DNA were
mixed together to a final volume of 500 pl. To avoid microbubble aggregation and adhesion
to syringe walls, we manually rotated the syringe containing the mixture periodically before
injection. Next, the fracture was located using a Fluoroscan mini C-arm (Hologic), and an
18-gauge needle was inserted into the center of the fracture (fig. S3A). The mixture was
injected while being visualized using a Sonos 5500 (Philips Ultrasound) unit equipped with
a focused S3 probe set to B-mode with its focal point matching the location of the defect
(fig. S3, B and C). Then, a therapeutic ultrasonic pulse was applied using cadence contrast
agent imaging mode at a transmission frequency of 1.3 MHz, a mechanical index of 0.6, and
a depth of 4 cm for about 2 min until microbubble oscillation could no longer be visualized
(fig. S3D). Repeated oscillation of the microbubbles eventually results in dissolution as a
result of either fragmentation or diffusion (62).

Transfection efficacy evaluation: GFP expression

Six animals underwent surgery. Fourteen days later, the mini-pigs were injected with GFP
plasmid premixed with microbubbles. The animals were randomly assigned so only half
were treated with ultrasound immediately after the injection. Five days after transfection, the
animals were sacrificed. Ex vivo optical imaging of the fracture site was performed using a
fluorescence imaging system (IVIS; PerkinElmer) to localize the signal within the treated
limb. Then, cells from the fracture sites were isolated as described above. The cells were
examined using flow cytometry to detect GFP expression. The percentage of GFP-positive
cells served as a measure of transfection rate.
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Transfection efficacy evaluation: Luciferase expression

Six animals underwent surgery and 14 days later were injected with /uciferase plasmid
premixed with microbubbles. The animals were randomly assigned so only half were treated
with ultrasound immediately after the injection. Five days after transfection, cells from the
fracture sites were isolated as described above and incubated with luciferase lysis buffer
(Promega). The resulting homogenate was centrifuged at 10,000¢ for 10 min, and 100 pl of
luciferase reaction buffer (Promega) was added to 20 pl of the clear supernatant. Light
emission was measured by a luminometer (TD-20/20; Turner BioSystems) in RLU. The
values were normalized for protein content, which was measured using bicinchoninic acid
assay (Pierce). Luciferase activity was expressed as RLU per milligram of protein.

BMP-6 gene and protein expression analysis

Eighteen animals underwent surgery and 14 days postoperatively were injected with BMP-6
plasmid premixed with microbubbles. The animals were randomly assigned so only half
were treated with ultrasound immediately after the injection. Then, animals were randomly
sacrificed 2, 5, or 10 days after ultrasound transfection. Tissues were collected postmortem
to characterize BMP-6 gene and protein expression.

Quantitative reverse transcription PCRs (RT-PCRs) were performed to quantify BMP-6 gene
expression in various organs after ultrasound transfection. Tissues from the fracture site,
brain, bone marrow, lung, liver, heart, skeletal muscle, and spleen were harvested
postmortem, and RNA was isolated using an RNeasy extraction kit (Qiagen). The RNA was
then reverse-transcribed using random primers and reverse tran-scriptase (Promega).
Expression of BMP-6 gene was analyzed using the ABI 7500 Prism system (Applied
Biosystems) with Hs00233470_m1 primer (ABI). 18 Swas used as a housekeeping gene
control.

Enzyme-linked immunosorbent assay (ELISA) was used to estimate BMP-6 protein
expression in fracture over time. Tissue from the fracture site was homogenized using tissue
homogenizer (VWR) and incubated with proteinase inhibitors (Roche) at 4°C for 2 hours.
The resulting homogenate was centrifuged at 12,000 rpm for 10 min, and the supernatant
was collected for a BMP-6 ELISA assay (R&D Systems). Values were normalized for
protein content, which was measured using bicinchoninic acid assay (Pierce).

Bone formation analysis using pCT

Twenty-eight mini-pigs underwent surgery and were randomly assigned to receive the
following 14 days later: (i) No treatment (“Scaffold only” group); (ii) BMP-6 plasmid
premixed with microbubbles (“BMP-6" group); (iii) empty plasmid vector premixed with
microbubbles and ultrasound (“US only” group); (iv) BMP-6 plasmid premixed with
microbubbles and ultrasound (“BMP-6+ US™ group); or (v) autograft implantation
(“Autograft” group). Eight weeks postoperatively, the animals were euthanized and their
tibiae were harvested for ex vivo, high-resolution uCT (vivaCT 40; SCANCO Medical AG),
as previously described (63). Microtomographic slices were acquired using an x-ray tube
with a 55-kVp (kilovolt peak) potential and reconstructed at a vox-el size of 35 um. The
fracture was evaluated using histomorphometric three-dimensional (3D) evaluation. A
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constrained 3D Gaussian filter (o = 0.8, support = 1) was used to partly suppress noise in the
volume of interest. The bone tissue was segmented from marrow and soft tissue using a
global thresholding procedure. A quantitative assessment of bone volume density and
apparent density based on micro-tomographic data sets was created using direct 3D
morphometry.

Histological evaluation

One specimen from each treatment group was used for histological evaluation. The
specimens were cleaned and fixed in 4% formalin for 3 days. Dehydration was
accomplished using a graded series of ethyl alcohols and three stages of xylene. Infiltration
was performed using a graded series of xylene and Osteo-Bed (Polysciences) resins,
followed by a catalyzed mixture of Osteo-Bed resin containing benzoyl peroxide (1.40 g/100
ml). Embedding was performed using a final catalyzed resin mixture of Osteo-Bed resin
solution containing benzoyl peroxide (2.5 g/100 ml). Tissue sections were cut at a section
thickness of 5.0 um on aRM2155 rotary microtome(Leica) byusingtungsten carbide D-
profile knives. The sections were stained using matrix-specific Masson’s trichrome staining.
In brief, tissue sections were treated overnight in Bouin’s solution at room temperature.
Slides were rinsed for 10 min under running water and stained with Weigert’s hematoxylin
for 5 min. The slides were then rinsed and stained with scarlet-acid fuchsin for 5 min and
rinsed again, after which the slides were again stained with phosphomolybdic-
phosphotungstic, aniline blue, and 2% acetic acid for 5 min each. Finally, the slides were
rinsed, dried, and mounted. The slides were imaged using a four-channel Laser Scanning
Microscope 780 (Zeiss) with x20 magnification, z-stacking, and 5 x 5 tile scanning. For
zoom-in images, a single z-stacked image was generated. All samples were scanned using
the same gain and exposure settings.

Biomechanical analysis

Fifteen samples from the “Autograft,” “BMP-6 + US,” and “BMP-6 only” groups (=5 per
group) were used for biomechanical analysis. After harvest, the samples were wrapped in
saline-soaked gauze, sealed, and frozen until analysis. Before analysis, the samples were
thawed for about 1 hour and then allowed to rehydrate in PBS for 2 hours. A custom-made
alignment jig was used to fix the proximal and distal ends of the tibia in two aluminum
square pots by submerging 2.5 cm of each end in Bosworth Fastray Cement (Midway Dental
Supply). The gauge length of the exposed tibia between the two fixed ends was measured
using calipers before testing. Torsion testing was performed using a custom-designed jig on
an Instron ElectroPuls E10000 (Instron). The rotational actuator was rotated at a rate of 1
deg/s until failure. Load and rotation data were continuously recorded during testing. The
collected data were analyzed using a custom MATLAB code (data file S1) to determine the
torsional rigidity, yield torque, ultimate torque, rotation-to-yield torque, rotation-to-ultimate
torque, work-to-yield torque, and work-to-ultimate torque.

Statistical analysis

GraphPad Prism 5.0f software (GraphPad Prism) was used to analyze the data. Results are
presented as means £ SEM. Data analysis was conducted using Student’s Ztest, one-way
ANOVA, or a two-way ANOVA with Tukey’s multiple comparison post hoc test. To assess
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significance, we considered P < 0.05 statistically significant. Individual-level data are shown
in table S1.
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Fig. 1. Reporter gene expression in mini-pig tibial fractures after ultrasound-mediated gene
delivery

(A) Ex vivo fluorescence imaging of an exposed GFP-treated fracture 5 days after treatment.
Fracture margins are represented by a dashed rectangle. (B) Flow cytometry analysis of the
percentage of GFP* cells isolated from fracture sites 5 days after treatment with or without
ultrasound (*P = 0.049). (C) Mean fluorescence intensity per cell isolated from fractures 5
days after treatment with or without ultrasound (**/~ = 0.0013). (D) Luciferase enzyme
activity in cells isolated from fracture sites 5 days after treatment with or without ultrasound
(****P=0.0001). Percentage of (E) CD29* (****P,=0.0001), (F) CD90* (**P = 0.0057),
and (G) CD44" cells (P=0.0531) out of GFP* cells isolated from fractures 5 days after
treatment with or without ultrasound. Data are means + SEM; Pvalues were determined by
two-tailed Student’s ftests (No US, n=3; US, n=4; RLU, relative light units).
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Fig. 2. BMP-6 expression after ultrasound-mediated gene delivery to tibia fracturesin mini-pigs
(A) Gene [relative quantification (RQ); *~£=0.0111, ****P=0.0001] and (B) protein
expression (**P=0.0085, ****P,=0.0001) in tibial fracture sites 2, 5, and 10 days after

ultrasound-mediated

BMP-6 gene delivery. Data are means = SEM; Pvalues were

determined by two-way analysis of variance (ANOVA) with multiple comparisons (/7= 3 per

experimental group).
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Fig. 3. Ultrasound-mediated BMP-6 gene delivery to mini-pig tibial bone fractures
Quantitative analysis of bone formation in the tibial fractures, including (A) bone volume

density (****P=0.0001) and (B) apparent density (**~=0.0029). Data are means + SEM,;
Pvalues were determined by one-way ANOVA with multiple comparisons. (C)
Representative UCT slices of the fractures 8 weeks after surgery. Asterisks represent new
bone formation within the fracture. Arrows point to cortical discontinuity indicating
nonunion within the fracture. Autograft margins are represented by a dashed square. (D)
Masson’s trichrome staining of tibial fractures 8 weeks after surgery at low magnification
(upper subfigures) and high magnification of the yellow square (lower subfigures). Arrows
point to the border between native bone and newly formed bone in the fracture. Scale bars, 1
mm. (Autograft, n=7; BMP-6 + US, n=8; BMP-6, n=6; US only, n= 3; Scaffold only, n
= 4; HA, hydroxyapatite.)
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Fig. 4. Biomechanical properties of treated tibiae
Torsion testing was performed on tibiae harvested from treated mini-pigs. (A) Photograph of

a tibia reaching its failure point during biomechanical testing. Analysis of load and rotation
was performed to determine the (B) maximum torque (strength; **/~=0.0048), (C) torsional
rigidity (stiffness; *P=0.02), and (D) energy to maximum (toughness; **P = 0.0077) of
treated bones. Data are means + SEM; P values were determined by one-way ANOVA with
multiple comparisons (N-m, Newton meter; 7=5 per experimental group).
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