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Abstract

The purpose of this study was to evaluate the viability of human adipose-derived stem cells
(ADSCs) transduced with a lentiviral (LV) vector to overexpress bone morphogenetic protein-2
(BMP-2) loaded onto a novel 3D printed scaffold. Human ADSCs were transduced with a LV
vector carrying the cDNA for BMP-2. The transduced cells were loaded onto a 3D printed
Hyperelastic “Bone” (HB) scaffold. /n vitro BMP-2 production was assessed using enzyme-linked
immunosorbent assay analysis. The ability of ADSCs loaded on the HB scaffold to induce /n vivo
bone formation in a hind limb muscle pouch model was assessed in the following groups: ADSCs
transduced with LV-BMP-2, LV-green fluorescent protein, ADSCs alone, and empty HB scaffolds.
Bone formation was assessed using radiographs, histology and histomorphometry. Transduced
ADSCs BMP-2 production on the HB scaffold at 24 hours was similar on 3D printed HB scaffolds
versus control wells with transduced cells alone, and continued to increase after 1 and 2 weeks of
culture. Bone formation was noted in LV-BMP-2 animals on plain radiographs at 2 and 4 weeks
after implantation; no bone formation was noted in the other groups. Histology demonstrated that
the LV-BMP-2 group was the only group that formed woven bone and the mean bone area/tissue
area was significantly greater when compared with the other groups. 3D printed HB scaffolds are
effective carriers for transduced ADSCs to promote bone repair. The combination of gene therapy
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and tissue engineered scaffolds is a promising multi-disciplinary approach to bone repair with
significant clinical potential.
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INTRODUCTION

Significant bone loss is a common complication seen in orthopedic trauma, revision joint
arthroplasty, tumor resection, and spinal pseudarthrosis. It is among the most challenging
clinical problems that orthopedic surgeons are faced with, and it can result in substantial
patient morbidity, consumption of medical resources, and socioeconomic cost.! Over
500,000 bone graft procedures are performed annually in the United States.? Autologous
bone graft remains the gold standard for these difficult to treat bone loss scenarios as it
provides an osteoinductive stimulus, osteogenic cells and an osteoconductive scaffold.
However, autologous bone grafting is associated with considerable disadvantages including
limited quantity, postoperative pain, fractures at the harvest site, nerve damage, and donor
site infection.3=> Furthermore, bone graft may have limited biologic activity in settings of
poor bone stock, systemic illness, compromised vascularity, poor soft tissue coverage, or
prior infection.® Due to these limitations, there is significant interest in developing bone
graft substitutes that have sufficient biologic activity to induce osteogenesis while being
efficiently and easily implantable into large, irregular bone defects.

Recombinant human Bone Morphogenetic Protein-2 (rhBMP-2) is one of the most potent
growth factors for bone formation and its combination with a scaffold was initially thought
to be the optimal clinical solution for bone regeneration; however, the clinical results have
been inconsistent. RABMP-2 is traditionally loaded on to a collagen sponge and it has been
hypothesized that the rapid release of the Bone Morphogenetic Protein (BMP) from the
sponge limits its osteoinductive activity.” In order to overcome this limitation, high doses
of rhBMP-2 are used clinically which has been associated with reports of postoperative
complications including heterotopic bone formation, soft tissue swelling and osteolysis.10:11

3D printed scaffolds represent a promising approach for bone repair. 3D printed scaffolds
can be customized to fit complex anatomic skeletal defects.}? More importantly, some 3D
printing processes allow for precise control of biologic and biomechanical properties of the
scaffold through variations in mineral composition and structure.13 The ideal scaffold should
be non-toxic, biocompatible, possess adequate mechanical properties to withstand shear and
axial force, and has porosity that favors bone ingrowth and vascularization. However, most
scaffolding materials may not lead to a significant bone healing response, and combination
with an osteoinductive stimulus may be required for optimal regeneration.

Several recent studies have evaluated the bone forming potential of 3D printed scaffolds
when combined with various osteoinductive stimuli.14-18 Wang et al.14 evaluated the
osteogenic effect of controlled release rhBMP-2 in 3D printed hydroxyapatite scaffolds.
Similarly, Shim et al. used rhBMP-2, but in combination with 3D printed polycaprolactone
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(PCL)/poly(lactic-coglycolic acid) (PLGA) scaffolds.1® Two other studies used 3D printed
scaffolds made of PCL or Polyetheretherketone (PEEK) in combination with adipose-
derived stem cells (ADSCs).1516 Temple et al.1> loaded ADSCs on a 3D printed PCL
scaffold and demonstrated vascularization of the scaffold but no definitive bone formation.
Roskies et al.16 seeded a 3D printed PEEK scaffold with ADSCs and were able to
demonstrate osteodifferentiation of the ADSCs as measured by alkaline phosphatase activity
during /n vitrotesting; no /n vivo models were used in this study.

An alternative strategy to the use of rhBMP-2 is the development of regional gene therapy
using transduced cells to deliver the BMP-2 protein. This allows for the delivery of both
osteoprogenitor cells and an osteoinductive growth factor to a specific anatomic site where
the transduced cells can induce bone formation. To-date, no study has evaluated the
osteogenic potential of 3D printed scaffolds combined with a prolonged osteoinductive
signal using lentiviral (LV) gene therapy. Ex vivoregional gene therapy allows for the
incorporation of a desired gene (encoding the growth factor essential for bone formation)
into host cells and the implantation of these cells back into the host at a specific anatomic
site.19 These transduced cells provide sustained release of the osteoinductive BMP-2 protein
that results in new bone formation. Both /77 vivoand ex vivo gene therapy strategies have
demonstrated successful healing of critical-sized defects in animal models.1%-21 The
transduced cells need to be delivered on some type of scaffold or carrier to the specific bone
defect site. The type of cell carrier used in regional gene therapy for bone repair has received
limited attention and it is our hypothesis that the cell carrier could play a critical role in the
bone repair process.

The combination of regional gene therapy and 3D printed scaffolds represents a promising
translational approach for bone repair. The purpose of this study was to evaluate the viability
of human ADSCs transduced with a LV vector to overexpress BMP-2. The transduced cells
were loaded on to a 3D printed scaffold comprised of Hyperelastic “Bone” (HB),2223 a
novel, surgically friendly composite material containing 90 wt % hydroxyapatite yet is
mechanically elastic.

METHODS

Fabrication of 3D printed HB scaffolds

HB 3D-printable inks were synthesized according to previously described methods.22-27 In
brief, polylactic-co-glycolic acid (82:18; PLGA,; Evonik; 10% solids by weight) micron-
scale hydroxyapatite powder (HA; Sigma; 90% by solids weight), and three solvents:
dichloromethane (DCM; Sigma), 2-butoxyathanol (Sigma), and dibutyl phthalate (Sigma)
were thoroughly mixed. The resulting mixture was sonicated in a chemical hood, while
open, and occasionally stirred, permitting excess DCM to evaporate and the ink to thicken to
a viscosity of 30-35 Pa-s. All 3D-printed HB structures were fabricated using a 3D-
Bioplotter (EnvisionTEC). The HB ink was 3D-printed into two distinct types of structures;
large, 5-cm diameter, 1-mm thick disks for /n7 vitro studies, and curved, hollow-cored sleeves
based on rat femoral microCT data. All objects were 3D-printed under ambient conditions
via direct syringe extrusion using a 250 um-diameter nozzle at 15-40 mm/s linear deposition
speeds (Video 1). Each 5 cm-diameter disk was comprised of eight layers, with 125 um layer
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thickness, and an alternating 0-908 pattern, with every other layer-offset in X and Y at a
distance of half the designated in-plane strut spacing (700 um), similar to previously
reported by Jakus et al.2223:27 The hollow-cored femoral sleeves were comprised of
approximately 50 125 pm-thick layers, with the exterior wall measuring approximately 1
mm in thickness. The walls of the hollow-cored femoral sleeves were printed using an
alternating 0-90° pattern with 300 um strut spacing. The resulting 5-cm diameter cylinders
and hollow-cored femoral sleeves were washed in 70% ethanol and sterile, deionized water
to remove residual solvents as well as sterilize the material prior to cell seeding.22-24.26.27

ADSC isolation and transduction

After approval from the Institutional Review Board, adipose tissue was obtained from
healthy donors undergoing elective abdominal, buttock and/or thigh liposuction. The
harvested lipoaspirate was washed with phosphate buffered saline and digested with
collagenase to obtain the stromal vascular fraction (SVF) as previously described.28 The
resultant cell pellet (SVF) was then maintained in fresh medium consisting of Dulbecco
modified Eagle medium (DMEM) (Gibco BRL, Grand Island, New York), 10% fetal bovine
serum (FBS), 1% penicillin/streptomycin, and 1% amphotericin-B solution. The cells were
filtered, plated at a concentration of 5 x 106 cells per 10 cm plate, and incubated in a
humidified atmosphere of 5% CO» at 37°C. Culture medium was changed every 3 days, and
all nonadherent cells were aspirated from the plates. During each passage, confluent cells
were trypsinized, split, and plated with 8-9 x 10° cells per plate.

A LV with the murine leukemia virus promoter encoding either the BMP-2 (LV-BMP-2) or
enhanced green fluorescent protein (LV-GFP) coding sequence was prepared as previously
described.2? Passage three ADSCs were plated in 10-cm dishes at a density of 1 x 106 cells
in 5 mL of transduction media per dish. Transduction with the LV was carried out in the
presence of 8 mg/mL polybrene at a multiplicity of infection (MOI) of 25 for both LV-
BMP-2 and LV-GFP. Cells were then washed and incubated in fresh DMEM + 10% FBS for
24 h. The transduced ADSCs were then harvested for /n vitroand in vivo experiments.

In vitro BMP-2 assay

In vitro BMP-2 production of ADSC/LV-BMP2 loaded on 15-mm 3D printed HB discs (cut
from 5 cm discs) was assessed at 24 h, 7, and 14 days of cell culture after transduction.
Wells without 3D printed discs (cells alone) were loaded with ADSC/LV-BMP-2 or
nontransduced ADSCs to serve as control groups and BMP-2 production was assessed at the
same time points. All /n vitro tests were performed in triplicate and BMP-2 production was
assessed by an enzyme-linked immunosorbent assay (ELISA) kit (Quantikine, R&D
Systems, Minneapolis, MN) based on manufacturer instructions. Briefly, 400,000 ADSCs
were loaded onto the 15-mm 3D printed HB disc or an empty control well at a density of
10,000 cells/microliter of FBS. After incubation for 24 h, 7, or 14 days, the culture medium
was harvested for ELISA analysis. The cells were also harvested to allow for cell count
calculation and standardization of BMP-2 production per cell number. BMP-2 produced was
reported as ng BMP-2/24 h/1 x 108 cells.
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Implantation of BMP-2 transduced ADSC on an HB scaffold into NSG mice

Animal care and procedures were performed in accordance with the Institutional Animal
Care and Use Committee guidelines after approval of the study protocol. NIH guidelines for
the care and use of laboratory animals (NIH Publication no. 85-23 Rev. 1985) were
observed. Severe combined immunodeficiency gamma mice (NSG, Cannon lab, Keck
School of Medicine, University of Southern California) were used in this study. Animals
were anesthetized using inhalational anesthesia (2% isoflurane and oxygen) and the left hind
limb was sterilely prepared for the operation. A 2-cm incision was made along the
posterolateral aspect of the left thigh and the quadriceps muscle was identified and split. A
6-mm 3D printed HB scaffold (Fig. 1) was implanted into the created muscle pouch. The
skin and muscle incision were closed with 5-0 vicryl suture and the animals were allowed
ad libitum activity. There were four different study groups (groups 1-1V) for the animal
experiment, each containing five mice (Table I). There was no incubation period as the
ADSCs were loaded onto the HB scaffold immediately prior to implantation into the muscle
pouch.

Evaluation of bone formation

Radiographic evaluation was performed at 2 and 4 weeks after muscle pouch implantation.
All mice were euthanized at 4 weeks post-implantation and the hind limb muscle pouch
containing the HB scaffold was harvested and fixed in 10% formalin. Each muscle pouch
was decalcified with 10% EDTA and then dehydrated and embedded in paraffin. The
embedded tissues were cut into 5-um sections and histological analysis was performed using
hematoxylin-eosin and Masson’s trichrome (MT) staining. Following staining, each muscle
pouch was imaged using a Nikon AZ100 Multi-zoom microscope (Nikon Instruments Inc,
Melville, NY) and analyzed with Bioquant analysis software (Bioquant Image Analysis,
Nashville, TN). Briefly, four corners of the muscle pouch on 1.5x magnification images
were connected by a line marking the region of interest (ROI). The surface area of the ROI
represented the total tissue area (TA). Mature bone in the muscle pouch was identified using
a BioQuant threshold tool and the bone surface area (BA) was measured. BA/TA of each
muscle pouch from all four groups was then calculated.

Statistical analysis

Statistical analysis was done with SPSS Statistics 22, with the significance level set at 0.05.
Data are expressed as mean and SD. After confirming the normality of the data, statistical
comparisons were made using independent samples ¢test for BMP-2 production and one-
way ANOVA with post-hoc analysis with Tukey’s range test for histomorphometry (BA/
TA).

RESULTS

In vitro assessment

Enzyme-linked immunosorbent assay.—ELISA analysis at 24 h, 7, and 14 days
confirmed successful BMP-2 production by the ADSCs transduced with L\V-BMP-2 loaded
on 3D printed HB scaffolds. After 24 h in culture, ADSC BMP-2 production was similar on
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3D printed HB scaffolds (21.1 + 2.3 ng BMP-2 per 1 x 106 cells) versus control wells (20.4
+ 0.6 ng BMP-2 per 1 x 10° cells) (p= 0.651). After 7 and 14 days, transduced ADSCs
continued to produce BMP-2 on the HB scaffold, but at levels significantly lower than the
control wells (p < .001) (Table I1).

In vivo assessment

Radiography.—Robust ectopic bone formation was noted at 2 and 4 weeks in all five mice
implanted with ADSC/LV-BMP-2 loaded on the HB scaffold (group 1) (Fig. 2). No ectopic
bone formation was noted in the negative control groups (groups 11-1V) (Fig. 2).

Histology.—In the HB scaffold loaded with ADSC/LV-BMP-2, woven bone formation was
noted at the interface of the 3D printed HB scaffold and the surrounding muscle pouch 4
weeks after implantation (Fig. 3). There was no evidence of bone formation in the negative
control groups (groups -1V (Fig. 3). Healthy scaffold integration with the surrounding host
tissue and extra cellular matrix infiltrating/penetrating the HB material at the scaffold-
muscle interface was noted in all four groups. All groups also had tissue integration into the
HB scaffold via the large channels on both ends of the scaffold.

Histomorphometric analysis.—Quantitative histomorphometric analysis of the MT
stained slides at the 4-week time point confirmed significant differences in bone formation
demonstrated by radiographs and qualitative histologic analyses. Mean BA/TA was 0.074
+ 0.03 for the ADSC/LV-BMP-2 group loaded on the HB scaffold group. The BA/TA was
significantly greater for the ADSC/LV-BMP-2 group compared between groups lI-1V (p=
0.002) (Fig. 4).

DISCUSSION

Fracture nonunions, revision total joint arthroplasties and spine pseudoarthrosis remain
among the most difficult bone repair scenarios in orthopedic surgery, leading to significant
morbidity and increased health care costs. Due to limitations of current treatment options,
there is a substantial need for efficacious and efficient alternative treatment strategies to
consistently heal large bone defects. In this study we hypothesized that the combination of a
precisely designed 3D printed scaffold and transduced mesenchymal stem cells providing an
osteoinductive stimulus would promote bone repair, thus providing proof of concept for the
development of a new clinical regimen.

3D printed scaffolds, made of different materials, have been previously investigated for use
in bone regeneration applications. Though highly osteoconductive, the majority of the
scaffolds alone are not thought to be particularly osteoinductive, which limits their
applicability in the reconstruction of large bone defects.30:31 Therefore, recent studies have
investigated the combination of 3D printed scaffolds with an added osteoinductive agent
such as rhBMP-2,14.15.18,32,33

RhBMP-2 is the most potent osteoinductive agent available today; however, rhBMP-2 has
not fulfilled its clinical promise. First, when loaded on a collagen sponge, large doses of
protein are needed to have an adequate biologic,8:34 and the use of supraphysiologic doses of
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rhBMP-2 has led to questions about its clinical safety, and some clinical studies have
demonstrated complications such as soft tissue edema, heterotopic ossification, and cyst
formation associated with rhBMP-2 use,35:36

Ex vivoregional gene therapy using a LV containing the cDNA for BMP-2 is a promising
strategy that allows for sustained release of BMP-2 over several months, thus offering an
advantage over recombinant proteins.2® Prior studies from our lab have used traditionally
fabricated demineralized bone matrix, collagen sponge, and ceramic composites as scaffolds
to deliver transduced cells to critical-sized bone defects.19:21.37 |n this study we evaluated
the ability of the 3D printed HB scaffold to serve as a viable carrier for human ADSCs
transduced to overexpress BMP-2.

The HB scaffold is a new, synthetic, osteoregenerative biomaterial which is composed of
90% hydroxyapatite, yet is mechanically elastic which allows it to withstand various
deforming forces while being able to retain its innate structure after unloading.22 It can be
printed with mechanical and structural properties that near the load-bearing capacity of
human cortical bone.22:38 Furthermore, it can be readily printed orders of magnitude faster
than other 3D-printed scaffolds and avoids the technical and manufacturing limitations of
many current scaffolds.22 Last, it can be printed to precisely fit complex osseous defects on
an individual patient basis and its material properties allow for easy intraoperative
modification if needed.

Our /n vitroresults demonstrated biocompatibility of the scaffold with transduced human
ADSCs, as BMP-2 production was similar between the HB scaffold and control group at 24-
h post-transduction. BMP-2 production began to plateau at 7 days post-transduction and was
significantly lower than the control group at this time point. This was likely due to greater
cell growth in the control group as the 15-mm 3D printed HB disc limited cell expansion due
to its small size. Radiographs, histology and histomorphometry all confirmed robust bone
formation when the HB scaffold was loaded with transduced human ADSCs and inserted
into a mouse muscle pouch. No definite bone formation was noted in the negative control
groups.

Although this study demonstrates promising results regarding the combination of 3D printed
scaffolds with regional gene therapy for bone repair, there are limitations. First, we only
assessed the biocompatibility of the HB scaffold with transduced human ADSCs. We chose
to evaluate human ADSCs because they have demonstrated translational promise in
regenerative medicine, are an abundant source of mesenchymal stem cells, and are easily
harvested with low donor-site morbidity.3° Second, with regards to our /7 vivo assessment of
bone formation, we did not use u-computed tomography. The HB scaffold is radiopaque;
therefore we were unable to identify any bone that may have formed within the scaffold
itself in the negative control groups. However, our cross-sectional histological images did
not demonstrate bone formation in the negative control groups. Last, we assessed bone
formation in a mouse muscle pouch. The translational potential of this strategy needs to be
assessed in a more rigorous model such as a critical-sized femoral bone defect.

J Biomed Mater Res A. Author manuscript; available in PMC 2020 January 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alluri et al.

Page 8

To the authors’ knowledge, this is the first study demonstrating the biocompatibility of a
highly osteoconductive 3D printed scaffold combined with a prolonged osteoinductive signal
achieved through ex vivo regional gene therapy by transducing human ADSCs to
overexpress BMP-2. The 3D printed HB scaffold has promising translatable clinical
potential because it can be designed to precisely fit skeletal defects on an individual patient
basis, is readily malleable yet retains biomechanical properties similar to that of cortical
bone, and also supports the delivery of transduced human cells that overexpress a highly
osteoinductive signal. Further studies in more rigorous models are needed to further evaluate
this novel approach to bone regeneration.
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FIGURE 1.
A: Image of the HB 3D printed scaffold after completion of the fabrication process. B:

Cross-sectional image demonstrating the high porosity of the scaffold with open channels at
each end to facilitate vascular ingrowth and bone formation.
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Group Il

FIGURE 2.
Plain radiographs taken at 2 weeks after implantation of ADSCs on the HB scaffold or HB

scaffold alone in a hind limb muscle pouch. There is evidence of robust bone formation
(white arrow) in the group implanted with ADSCs transduced with a LV carrying the cDNA
for BMP-2 (group I, top left). There is no evidence of bone formation in groups -1V (group
I1- ADSC/LV-GFP 1 HB Scaffold, group I11- Nontransduced ADSC + HB Scaffold, group
I\VV-HB Scaffold Alone).
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FIGURE 3.
20x histology images stained with MT. The histological slices represent the same area of

each muscle pouch at the interface between the exterior of the HB scaffold and native
muscle. In group | there is evidence of woven bone formation (yellow arrow). There is no
evidence of bone formation in groups 11-IV.
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Histomorphometnic Analysis
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FIGURE 4.

Histomorphometry calculations of average BA to TA ratios between the four animal groups.
The error bars represent the upper and lower limits of the BA/TA ratio among the five
animals in each group. The BA/TA ratio was significantly greater in group | compared with
groups -1V (p=0.002). (group I- ADSC/LV-BMP-2 + HB Scaffold, group 1I- ADSC/LV-
GFP + HB Scaffold, group I11- Nontransduced ADSC + HB Scaffold, group 1V- HB
Scaffold Alone).
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TABLE I.

In vivo Animal Study Groups

Group n Treatment

| (experimental) 5 ADSC/LV-BMP-2 + HB Scaffold

I (negative control) 5  ADSC/LV-GFP + HB Scaffold

111 (negative control) 5  Nontransduced ADSC + HB Scaffold
1V (negative control) 5  HB Scaffold Alone
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