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BMP6-Engineered MSCs Induce Vertebral Bone Repair in
a Pig Model: A Pilot Study
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Osteoporotic patients, incapacitated due to vertebral compression fractures (VCF), suffer grave financial and clinical burden.
Current clinical treatments focus on symptoms’management but do not combat the issue at the source. In this pilot study, allogeneic,
porcine mesenchymal stem cells, overexpressing the BMP6 gene (MSC-BMP6), were suspended in fibrin gel and implanted into a
vertebral defect to investigate their effect on bone regeneration in a clinically relevant, large animal pig model. To check the effect of
the BMP6-modified cells on bone regeneration, a fibrin gel only construct was used for comparison. Bone healing was evaluated in
vivo at 6 and 12 weeks and ex vivo at 6 months. In vivo CT showed bone regeneration within 6 weeks of implantation in the MSC-
BMP6 group while only minor bone formation was seen in the defect site of the control group. After 6 months, ex vivo analysis
demonstrated enhanced bone regeneration in the BMP6-MSC group, as compared to control. This preclinical study presents an
innovative, potentially minimally invasive, technique that can be used to induce bone regeneration using allogeneic gene modified
MSCs and therefore revolutionize current treatment of challenging conditions, such as osteoporosis-related VCFs.

1. Introduction

Osteoporosis is a debilitating systemic disorder with severe
clinical and financial implications. It is estimated that osteo-
porosis affects 44 million Americans and more than 200
million people worldwide [1, 2]. In the United States alone,
the direct annual cost of osteoporotic fractures was 19 billion
dollars in 2005 and with the increase in life expectancy it is
predicted to surge to an estimated $60 billion by 2030 [3–
5]. Osteoporotic vertebral compression fractures (OVCFs)
are the most common type of fractures of osteoporotic
patients [6]. It is estimated that, in the United States alone,
1.5 million people suffer from OVCFs every year [7]. Current

treatments aim at preventing OVCFs in osteoporotic patients
by inhibiting bone resorption using various drugs. These
drugs, however, are only efficient for a limited duration and
are also associated with severe side effects [8–11]. OnceOVCF
occurs, nonsurgical treatments fail to treat the source or
eliminate the pain and oftentimes lead to physical disability.
The limitations of nonoperative management have fostered
an increasing interest in new, minimally invasive, surgical
approaches. Still, minimally invasive techniques, such as
vertebroplasty and kyphoplasty, are associated with a number
of serious clinical complications, such as infection, leakage
into the spinal canal, and increased incidence of fracture
to adjacent vertebrae [12–14]. Furthermore, in two recent
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clinical studies surgical intervention using PMMA injection
was not more effective than a sham treatment [15, 16]. For
these reasons, there is a clear medical need to develop new
treatment options to combat VCFs in osteoporotic patients.

During the last decade stem cell-based therapies have
gained considerable clinical attention due to their potential
promise to treat a wide range of disorders, as shown in animal
models. The goal of stem cell therapy for osteoporosis is
to reduce the susceptibility of fractures by facilitating new
bone formation at osteoporotic sites [17]. Mesenchymal stem
cells (MSCs) have been shown to induce bone formation and
fracture repair in numerous animal studies [18]. We have
previously shown that bone morphogenetic protein- (BMP-)
modified adipose tissue-derived stem cells induce vertebral
defect regeneration in rodents [19]. BMP-engineered MSCs
not only secrete BMP to promote osteogenesis but also dif-
ferentiate into bone-forming cells in response to osteogenic
induction [20]. We have also previously shown that MSCs
overexpressing BMP6 are more potent in bone formation
than MSCs overexpressing BMP2 both in vitro and in vivo
[21].

In this pilot study, we hypothesized that transplantation
of allogeneic MSCs overexpressing BMP6 will lead to accel-
erated, robust, and localized bone formation, which could
be an attractive therapy for a variety of conditions involving
bone loss. In order to test this hypothesis, MSCs were isolated
from the bone marrow of donor animals and subsequently
transfected via nonviral technique (nucleofection) to overex-
press the BMP6 protein. These cells were then suspended in
fibrin gel and transplanted into a vertebral defect of a porcine
model. For comparison, a fibrin gel only constructwas used as
control. Bone regeneration was examined in vivo via clinical
CT at 6 and 12 weeks and ex vivo via 𝜇CT and histology at 6
months.

2. Materials and Methods

2.1. Cell Preparation

2.1.1. Isolation of BM-Derived MSCs. Allogeneic porcine
MSCs were isolated from the bone marrow (BM) of donor
Yucatan minipigs as previously described [22]. Briefly, costal
BM of euthanized minipigs (35–40 kg with a mean age
of 1.5 years) was harvested aseptically. The BM-containing
ribs were scraped, flushed with PBS, and centrifuged at
900 g for 10min. The pellet was resuspended in PBS, after
which it was layered on lymphocyte separation medium
(ICN Pharmaceuticals, Bryan, OH, USA). Following cellular
isolation, the mononuclear cells were plated at a density of
0.4×10

6 cells per cm2 and culturemediumwas changed every
3-4 days. Upon confluence, the cells were replated at a density
of 7×104 cells per cm2 for expansion. For this study, up to fifth
passage cells were used for in vivo implantation.

2.1.2. Genetic Modification of MSCs. Genetic modification
of porcine MSCs was performed with the aid of a Nucle-
ofector device (Amaxa Biosystems, Cologne, Germany), as
previously described [21, 23, 24]. Briefly, 2 × 106 MSCs were

transfected with 10mg of cDNA3-pCMV-rhBMP-6 (rhBMP-
6) plasmid. Immediately after transfection, the cells were
placed in complete growth medium (including 20% fetal calf
serum) and maintained in culture for 24 hrs.

To estimate the amount of rhBMP-6 that was secreted
after nucleofection, MSCs from three different donors were
grown in confluent conditions in culture for 14 days. Media
from the flasks were collected on Day 2 after nucleofection.
To quantify the rhBMP-6 secreted during 24 hours, themedia
were changed 24 hours before sampling. An enzyme-linked
immunosorbent assay (ELISA) (R&D Systems, Minneapolis,
MN, USA) was performed tomeasure the amount of rhBMP-
6 protein secreted into the culture media by the nucleofected
porcine MSCs and compared to the cells nucleofected with
GFP reporter gene. After sampling the media, we lifted and
counted cells so that we could normalize the secreted protein
to 106 cells.

2.2. Vertebral Defect Model. The Institutional Animal
Care and Use Committee of Cedars-Sinai Medical Center
approved all animal procedures used in this study. Six
minipigs were used to generate vertebral defects. In each pig,
one vertebral defect was generated. Three pigs were treated
with fibrin gel (FG) alone (Tisseel, Baxter, IL, USA), and
three were treated with BMP6-MSCs (4 × 106) suspended in
fibrin gel.

2.2.1. Pre-Op Care and Surgical Anesthesia. Following an 18-
hour preoperative fast, each pig was sedated with intramus-
cular drugs (acepromazine 0.25mg/kg, ketamine 20mg/kg,
and atropine 0.02–0.05mg/kg), following which the animal
was injected intravenously with propofol (2mg/kg) to induce
full anesthesia. After this had been achieved, the trachea
was intubated and anesthesia was maintained using 1–3.5%
isoflurane inhaled via the tracheal tube for the duration of the
procedure.

Surgical Procedure. A 20-cm posterolateral skin incision was
made over the lumber region (L1–5), which was then exposed
by a lateral transpsoas retroperitoneal approach. One critical-
size cylindrical bone defect, 15-mm in depth and 4-mm in
diameter, was created in one lumbar vertebra using a surgical
drill bit (4.0 JAC 100 SC, Veterinary Orthopedic Implants, St.
Augustine, FL). After surgery, the subcutaneous tissue was
closed with an absorbable subcutaneous suture and the skin
with an absorbable subcuticular suture.

The cDNA3-pCMV-rhBMP-6 nucleofected cells were
lifted, counted, and divided to aliquots. Four million cells
were suspended in 400 𝜇L fibrin gel (FG; Tisseel kit, Baxter,
IL, USA) and then implanted in each vertebral defect. As a
control three vertebral defects were treated with 400𝜇L fibrin
gel only (FG only). Next, the subcutaneous tissue layer was
closed in a continuous pattern using an absorbable/coated
suture and the skin was closed in a subcuticular pattern using
a nonabsorbable interrupted over-and-over suture, which
was removed 2 weeks after surgery. Finally, the skin area
was cleansed with sterile gauzes and 0.5% chlorhexidine
gluconate.
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2.2.2. Post-Op Care. Buprenorphine (0.1mg/kg) was admin-
istered IM for pain relief immediately after the surgery
and every 12 hours during the first day (if needed). Body
temperature, pulse, and respiration were closely monitored
for potential complications, such as infection.

2.3. Evaluation of Bone Regeneration. Bone regeneration was
monitored in vivo at 6 and 12 weeks for the duration
of the study (i.e., 6 months) using a clinical computed
tomography (CT) scanner [Biograph PET-CT, Siemens] to
verify that the defect had not spontaneously repaired. After
6 months, the pigs were immobilized with intramuscular
ketamine (20mg/kg) and acepromazine (0.25mg/kg) and
euthanized using a veterinary euthanasia solution (1 cc/10 lbs)
injected intravenously into an ear vein. Next, the vertebrae
were examined ex vivo using high-resolutionmicrocomputed
tomography (𝜇CT) and histological techniques.

2.3.1. Ex Vivo Microcomputed Tomography Analysis. Ex vivo,
high-resolution assessment of bone regeneration was per-
formed at the end of the study (i.e., 6 months). For this
purpose, the animals were euthanized and their spines were
subsequently removed. Bone regeneration at the defect site
was evaluated using a preclinical cone-beam 𝜇CT imag-
ing system (vivaCT 40; Scanco Medical AG, Brüttisellen,
Switzerland). Microtomographic slices were acquired using
an X-ray tube with a 55 kVp potential and reconstructed
at a voxel size of 35 𝜇m. The 𝜇CT analysis used for this
study was described in detail by Kallai et al. [25]. Briefly,
after locating the defect region, the defect margins were
aligned to a standard position and a cylindrical volume
of interest (VOI; 5mm in diameter, 15mm in length) was
defined for a 3D evaluation. A constrained 3D Gaussian
filter (𝜎 = 0.8 and support = 1) was used to partly suppress
the noise in the volumes. The bone tissue was segmented
from marrow and soft tissue by using a global thresholding
procedure [26]. In addition to visual assessments of the
structural images, morphometric indices were determined
on the basis of microtomographic datasets by using direct
3Dmorphometry [27]. Evaluation of regenerated bone tissue
was made by a qualitative assessment of bone structure based
on 2D cross sections and 3D images and a quantitative
assessment of bone structure based on microtomographic
datasets created using direct 3Dmorphometry.The following
morphometric indices were determined for newly formed
bone in the regeneration sites: (1) volume ofmineralized bone
tissue [BV, mm3] and (2) connectivity density [Conn-Dens,
1/mm3], which was derived from the Euler number [28], a
topologic measure used to describe the porosity of the bone
sample and to show the extent of branching in the bone
structure.

2.3.2. Histological Analysis. Histological evaluation of bone
formation was performed on operated vertebrae after 6
months of study, as previously described [24, 29]. Briefly, the
vertebrae were fixed in 4% formalin, decalcified with 0.5M
EDTA in saline (pH 7.4), and embedded in paraffin. Tissue
sectionswere cut at a thickness of 5microns and subsequently

stained using haematoxylin and eosin (H&E) and Masson’s
Trichrome (MTC) stain.

2.4. Statistical Analysis. The vertebral defect model was
created in 6 minipigs consisting of 3 pigs/vertebral defects
per group. Results are presented as means ± standard error
of means. Statistical tests for significance were performed
using unpaired, one tail, Student’s t-test (GraphPad Prism,
San Diego, CA), and the minimal criterion for significance
was determined to be a probability level less than 0.05.

3. Results

Vertebral defects, 4mm in diameter and 15mm in depth,
were successfully generated in the vertebral bodies of minip-
igs (Figure 1). Porcine BM-MSCs were nucleofected with
rhBMP-6 encoding plasmid and the secretion of BMP6 pro-
tein was verified using an immunoassay (ELISA, Figure 2).

Following defect establishment and construct implan-
tation, clinical CT imaging at 6 and 12 weeks revealed
considerable repair in the vertebral defect treated with MSCs
overexpressing BMP6 compared to those treated with fibrin
gel only (Figures 3(a), 3(b), 3(e), and 3(f)). High-resolution
𝜇CT analysis of the vertebrae harvested 6 months after
surgery showed that the vertebrae architecture was almost
completely regenerated in the BMP6-MSCS treated defects.
Conversely, the control (fibrin gel only) treated defects less
bone repair was visible (Figures 3(c), 3(d), 3(g), and 3(h)).
Although significance was not reached, most likely due to the
small sample size (𝑛 = 3), quantitative data derived from the
𝜇CT analysis showed higher connectivity density and bone
volume indices in defects treated with BMP6-MSCs when
compared to control (Figure 4). In addition, histological
evaluation of the two treatment groups using H&E andMTC
staining further demonstrated the favorable effect of the
BMP6-modified MSCs on bone regeneration; that is, after 6
months of study, nearly complete defect closure was evident
in the BMP6-MSC group while less bone regeneration was
seen in the control group (Figure 5).

4. Discussion

The most common type of injury in osteoporotic patients
is vertebral compression fracture (VCF). Current surgical,
and nonsurgical, interventions for VCFs do not provide
appropriate clinical responses to repair and induce new
bone formation, frequently leaving patients in pain and/or
disability. Bone formation and fracture repair are dependent
on the appropriate number and function of resident MSCs.
This has inspired investigators to utilize MSCs in a number
of preclinical animal models to increase the number of
functional MSCs and thereby enhance bone regeneration in
vivo [30–40]. Indeed, the field of stem cell therapy has been
expanding rapidly over the last two decades. MSCs have
also been used in conjunction with gene delivery methods
to express various bone inducing factors, such as BMPs,
to further augment the bone formation process. Various
studies have reported promising results involving genetically
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Figure 1: Vertebral bone defect: surgical procedure. Cylindrical bone defects were generated in the lumbar vertebrae of minipigs and treated
with either BMP6-MSCs or fibrin gel only. A surgical drill was used to perform the defect in the lumbar vertebral body (a). A 4mm in
diameter, 15-mm deep, cylindrical defect was generated and prepared for construct implantation (b). BMP6-MSCs suspended in fibrin gel or
fibrin gel only (control) constructs were implanted in the defect site (c). White arrows point to the location of the defect.
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Figure 2: pBM-MSCs nucleofected with rhBMP-6 secrete BMP6
in vitro. Porcine BM-MSCs were nucleofected with cDNA3-pCMV-
rhBMP-6 and cultured in vitro. The media were changed after 24
hours and 48 hours after nucleofection the secretion of the BMP6
protein was evaluated using quantitative protein immunoassay
(ELISA). The amount of BMP6 secreted was normalized to cell
number and compared to the cells that were nucleofected with GFP;
bars indicate SE, 𝑛 = 3.

modified stem cells as therapeutic vehicles to induce bone
regeneration in vivo [18, 19, 21, 29, 41–50]. Our group has
previously reported the accelerated repair of a vertebral defect
in rats using a local injection of BMP6-modified stem cells
[19].The amounts of BMP6 secreted in the current studywere
comparable to our previous studies in porcine ASCs [21, 24]
and BM-MSCs [21]. Based on these promising results, we
hypothesized that BMP6-MSCs administration will acceler-
ate bone formation in a vertebral defect of minipigs. To our
knowledge, this is the first study that attempts to promote
vertebral bone regeneration via implantation of allogeneic,
gene modified stem cells in a large animal model.

To test our hypothesis, a 4mm in diameter and 15mm
deep cylindrical defect was first created in the lumbar
vertebral body of minipigs (Figure 1). Following defect estab-
lishment, BMP6-MSCs suspended in fibrin gel, or fibrin gel
alone, were implanted into the defect for 6 months. At 6 and
12 weeks after surgery, bone regeneration was evaluated via

in vivo clinical CT. Already at 6 weeks, it was shown that the
defect treated with the BMP6-MSCs began to heal while the
defect treated with fibrin gel alone exhibited less new bone
growth (Figure 3). At the study completion (i.e., 6 months),
the vertebrae were excised for ex vivo analyses using 𝜇CT
and histology. Similar to the in vivoCT results, defects treated
with the BMP6-modifiedMSCswere almost entirely repaired
whereas those treated with control had less bone growth.
Quantitative data obtained from CT scans showed a twofold
increase in connectivity density as well as an increase (though
not significant) in bone volume in defects treated with the
BMP6-MSCs, as compared to control (Figure 3).

One limitation of the study is the small sample size
used (𝑛 = 3). We believe that differences between groups
were not significant due to that reason; hence future studies
should incorporate more animals to reduce experimental
error. Optimization of the technique, such as varying cell
loading density and/or type of biomaterial used, may also
improve therapeutic outcome. For example, fibrin gel, which
has low biomechanical properties, might be replaced by a
different biomaterial that may offer an option to increase
the vertebral height, while the engineered MSCs induce new
bone formation.

An alternative approach might include a systemic treat-
ment. Since MSCs intrinsically home and engraft at sites
of injury and inflammation [51, 52], systemic (versus local)
delivery of cells may also improve clinical outcome; this
is because, unlike local transplantation, cells can migrate
toward the wound site in response to physiological cues
from the body (such as inflammatory mediators), at the
appropriate time and quantity.

One more limitation of the study is the use of healthy
animals. Clearly further studies should be conducted in
osteoporotic animals. In addition, the feasibility of an image-
guided injection of engineered MSCs to the injured vertebra
should be demonstrated.

In summary, current treatments for VCFs in osteoporotic
patients provide poor patient outcome, an outcome that
is not better than sham treatment, which calls for a fresh
clinical approach [30]. This pilot preclinical study aims at
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Figure 3: BMP6-MSCs induce vertebral bone repair. Bone regeneration in lumbar vertebral defects was monitored using clinical CT imaging
on 6 ((a) and (e)) and 12 weeks after surgery ((b) and (f)). Animals were sacrificed on week 24 (i.e., 6 months) after surgery and excised
vertebrae were subjected to 𝜇CT imaging. Bone formation was quantified based on 𝜇CT scans (analyzed region is highlighted in red, (c) and
(g)). Marked differences in bone regeneration can be seen in defects treated with BMP6-MSCs ((g) and (h)) versus fibrin gel only ((c) and
(d)).

BMP6-MSCs Fibrin BMP6-MSCs Fibrin

BVConn-Dense

(1
/m

m
3
)

0

2

4

6

8

(m
m

3
)

20

40

60

0

Figure 4: Quantification of bone regeneration in lumbar vertebral defects. Bone volume (BV) and connectivity density (Conn-Dense)
parameters were higher in lumbar defects treated with BMP6-MSCs compared to defects treated with fibrin gel only. Statistical significance
difference was not reached, probably due to the small sample size (bars indicate SE, 𝑛 = 3).

bridging this gap by presenting a potentially noninvasive
technique that delivers BMP6-modifiedMSCs via local injec-
tion to augment bone formation in a large animal model.
Our results elude that this technique may be an attractive
alternative to substitute or supplement current therapeutic

approaches, particularly because the gene delivery method
used is nonviral and considered clinically safe [23, 53].
Still, more preclinical studies are needed in order to verify
our results and translate this research method into clinical
practice.
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Figure 5: Histological sections of vertebral bone defects. Treated vertebrae were harvested and processed for histology. Sections were stained
with H&E and Masson’s Trichrome and imaged using a light microscope; representative images showing advanced defect closure in the
BMP6-MSC group versus the control (fibrin gel only) group.
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