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Abstract

Tissue engineering using adult human mesenchymal stem cells (MSCs) seeded within
biomaterial scaffolds has shown the potential to enhance bone healing. Recently, we
have developed an injectable, biodegradable methacrylated gelatin-based hydrogel,
which was especially effective in producing scaffolds in situ and allowed the delivery
of high viable stem cells and gene vehicles. The well-demonstrated benefits of
recombinant adeno-associated viral (rAAV) vector, including long-term gene transfer
efficiency and relative safety, combination of gene and cell therapies has been devel-
oped in both basic and translational research to support future bone tissue regenera-
tion clinical trials. In this study, we have critically assessed the applicability of
single-step visible light (VL) photocrosslinking fabrication of gelatin scaffold to deliver
rAAV encoding human bone morphogenetic protein-2 (BMP-2) gene to address the
need for sustained BMP-2 presence localized within scaffolds for the repair of cranial
bone defect in mouse model. In this method, rAAV-BMP-2 and human bone marrow-
derived MSCs (hBMSCs) were simultaneously included into gelatin scaffolds during
scaffold formation by VL illumination. We demonstrated that the subsequent release
of rAAV-BMP-2 constructs from the scaffold matrix, which resulted in efficient in situ
expression of BMP-2 gene by hBMSCs seeded within the scaffolds, and thus induced
their osteogenic differentiation without the supplement of exogenous BMP-2. The
reparative capacity of this novel stem cell-seeded and gene-activated scaffolds was
further confirmed in the cranial defect in the severe combined immunodeficiency
mice, revealed by imaging, histology, and immunohistochemistry at 6 weeks after cra-

nial defect treatment.
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1 | INTRODUCTION

Bone is one of the most commonly repaired tissues of human beings;
however, there were approximately 6.5 million patients with bone
fractures who suffered from fracture-delayed unions or nonunions
reported in the US yearly.! Bony defects in the craniomaxillofacial
skeleton remain a major and challenging health concern.? Although
autologous bone grafts have been considered as the clinical “gold
standard” for bone defects,®* this method is restricted by tissue avail-
ability and surgical complications, for example, donor site pain and
morbidity.> The combinational uses of scaffolds, stem cells, and
growth factors have shown its potential to promote bone defect
repair. Adult mesenchymal stem cells (MSCs) seeded within biomate-
rial scaffolds have been successfully explored to enhance bone
healing.>” A major requirement in stem cell-based bone tissue engi-
neering is to promote robust osteogenic differentiation of cells seeded
within biomaterial scaffolds, which require the localized and sustained
introduction of osteoinductive biofactors.® In order to enhance the
efficiency of transduction of biofactors to stem cells, biomaterial-
based therapeutic gene delivery has been used as an alternative to
traditional ex vivo gene therapy that requires complicated cell culture
and preparation time in vitro.”° To fabricate gelatin scaffolds fitting
local structural variation in different bones and defects, we recently
developed a visible light (VL)-based projection stereolithographic
fabrication of biodegradable osteoinductive gene-activated met-
hacrylated gelatin (mGL) scaffold that is compatible with human bone
morphogenetic protein-2 (BMP-2) gene and human bone marrow-
derived stem cells (hBMSCs) for bone tissue engineering.*! In previ-
ous studies, viral vectors have been demonstrated to be an effective
and safe BMP-2 gene delivery vehicle through in vivol? and
ex vivo'® gene therapy. We used recombinant adeno-associated viral
(rAAV) as the delivery vehicle to transduce human BMP-2 gene into
hBMSCs through a single step procedure that skips in vitro prepara-
tion time.** Expression of BMP-2 gene was determined by enzyme-
linked immunosorbent assay (ELISA) assay. The osteogenesis of the
transduced hBMSCs was then assessed through real-time PCR.
rAAV-vector-based local in situ gene transfer in overcoming the clin-
ical limitations of BMP-2 protein delivery and a traditional ex vivo
BMP-2 gene transduction procedure. Here, we describe the design
and preparation of one-step combination of gene and cell with VL photo-
crosslinking (VL-PXL) technology for the repair of cranial bone defects in
mice. The goal of current proof-of-concept study is the assessment of the
potential applicability of the VL-PXL-based scaffold preparation method
for the production of biologically active gene-activated scaffold for
hBMSC-based bone formation. in vivo bone formation efficacy was tested
in a severe combined immunodeficiency (SCID) mouse model with a surgi-
cally created cranial bone defect. The new bone formation was estimated
by micro-computed tomography (micro-CT), H&E staining, and osteocalcin

Significance statement

This article describes a novel and advanced method of pro-
viding recombinant adeno-associated viral (rAAV)-human
bone morphogenetic protein-2 (BMP-2) to human bone
marrow-derived mesenchymal stem cells, a promising source
of cells for regenerative medicine, encapsulated in the visible
light photocrosslinking (VL-PXL) technology fabricated gelatin
scaffold. In particular, live-dead staining and rAAV release
kinetics assay were performed, to estimate the safety and
efficiency of the scaffold-based delivery system. The in vivo
study further showed the capacity of this new system in
repairing the bone defect. This novel gene-engineered, cell-
based, VL-PXL fabricated bone construct thus represents a
robust treatment method for the mouse cranial defect.

immunohistochemistry (IHC). hBMSCs within the scaffolds showed high
viability within gelatin scaffolds by VL-PXL technology. Like our previous

studies,* 14

sustained BMP-2 gene expression and differentiated toward
osteogenic lineage were observed and we did not find cytotoxicity in
BMP-2 gene transduced hBMSCs. The analyses from micro-CT image,
new bone volume (BV), and bone mineral density (BMD) indicated bone
formation of hBMSCs encapsulated in BMP-2 gene-activated gelatin scaf-
fold as early as 6 weeks postimplantation. The matured trabecular bone
tissue formation was also revealed by H&E staining and IHC.

The results showed potential applications of a one-step VL-PXL
fabrication method for biomaterial scaffold to enhance bone forma-

tion in local structural variation in different bones and defects model.

2 | MATERIALS AND METHODS

2.1 | Human sample collection and animal study

Human tissues for the isolation of hBMSCs were from the patient
who underwent total hip arthroplasty with the approval from the
Institutional Review Board approval (University of Washington and

1*> and all

University of Pittsburgh) according to our published protoco
animal experiments and procedures were approved by the Institu-
tional Animal Care and Use Committee of the University of Pitts-

burgh, under a protocol (17121844).

2.2 | hBMSCs isolation

The hBMSCs were isolated as previously described!®*#16:17

and cultured in proliferation medium (PM) (GM; a-MEM +1%
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Antibiotic-Antimycotic +10% fetal bovine serum [FBS]; Gibco/Life Tech-
nologies, Grand Island, New York) and 1 ng/mL Fibroblast Growth Factor
2 (FGF-2, R&D Systems, Minneapolis, Minnesota), the hBMSCs were
then plated into T150 tissue culture flasks and cultured in 37°C with 5%
CO,. The nonadherent cells were washed by phosphate-buffered saline
after 3 days culture, and GM were changed every 3 days. 0.25% trypsin
containing 1 mM EDTA (Invitrogen, Carlsbad, California) were used to
detach cells when reached 70% to 80% confluence, then passaged. Cells

of passage 3 were used to perform this experiment.

2.3 | Gene delivery system

Human BMP-2 and green fluorescent protein (GFP) genes were both car-
ried by the double-stranded rAAV vectors'® under the control of the
human cytomegalovirus (CMV) immediate early enhancer and promoter,

respectively. According to our published protocols,*?2°

serotypes 6 of
rAAV vectors (BMP-2 and GFP) were packaged using an adeno-free,
triple-plasmids co-transfection system in 293 cells. The vector prepara-
tions were purified by twice CsCl gradient ultracentrifugation and the
final rAAV viral genome copies (v.g.) were measured by DNA dot blot*?

and were in the range of 5 x 102 to 2 x 10*3 V& particles/mL.

24 | rAAV6-GFP transduction efficiency in mGL
hydrogel scaffold

As we described previously,* the mGL was dissolved into Hank's balanced
salt solution (HBSS, Invitrogen) at 10% (w/v), 1 N NaOH was used to adjust
the pH of solution to 7.4, and then, photoinitiator lithium phenyl-2,
4,6-trimethylbenzoyl phosphinate (LAP) was added into mGL solution at
0.15% (w/v). 1 x 10° of hBMSCs were mixed with 1, 5, 10, and 20 uL
rAAV6-GFP (vectors titers was 1.0 x 10'° V& particles/mL), respectively,
and suspended in 50 puL of mGL/LAP solution, there were multiplicity of
infection (m.o.i) of 1 x 10* rAAV/cell group, 5 x 10* rAAV/cell group,
1 x 10° rAAV/cell group and 2 x 10° rAAV/cell group. The mixed solution
was poured into the 2-mm-height mold and a dental curing light (Mega
Light CL; DBI America, Lutz, Florida), producing VL at 430-490 nm wave-
length and 1400 mw/cm? power, and then was applied to directly irradiate
the mGL/LAP solution for 4 minutes. The photopolymerized mGL hydrogel
was punched into 5-mm-diameter by 2-mm-height cylinders. The seeded
mGL hydrogel cultured in DMEM without FBS overnight. After that, 1 mL
of complete medium (DMEM+ 1x Antibiotic-Antimycotic +10% FBS; all
Gibco/Life Technologies) was added on day 2. After day 4, the transduced
hBMSCs were identified under the fluorescence microscope and we coun-

ted the rAAV6-GFP infection efficiency (positive green cells/total cells).

2.5 | Comparing the transduction efficiency
in hBMSCs between 3D and 2D culture

The functionality of injectable gene-activated scaffold for the repair of
cranial bone defect depends on the efficiency of gene transduction of
seeded hBMSCs in 3D condition. According to our previous studies that

# TRANSLATIONAL MEDICINE

we detected gene transduction efficiency within 3D environment, 14
here, we compared the GFP expression level in 3D culture within hydro-
gel and 2D culture using the same density of hBMSCs with infection at a
low level of m.o.i. of rAAV6-GFP (1 x 10* rAAV/cell) on day 4.

2.6 | Bone scaffold fabrication using VL-PXL
fabrication technology

We have used photocrosslinkable mGL as the starting material for scaffold
fabrication. Photocrosslinking was mediated with the photoinitiator, LAP.
The necessary reagents and procedures have been used in our previous
publications.'® mGL was prepared as described previously.*> Briefly, 3%
agueous gelatin solution was reacted with methacrylic anhydride for
16 hours, dialyzed extensively against H,O to remove unreacted reagents,
lyophilized, and kept in dark until use. LAP, serving as VL-activated
photoinitiator, had an absorbance ranging from ultraviolet (210 nm) to
visible (500 nm) light. It was synthesized by reacting dimethyl
with  2,4,6-
trimethylbenzoyl chloride via a Michaelis-Arbuzov reaction.?! In details,
the mGL was dissolved into HBSS (Invitrogen) at 10% (w/v), 1 N NaOH
was used to adjust pH of solution to 7.4, and then, photoinitiator LAP was
added into mGL solution at 0.15% (w/v). 1 x 102 V& particles of
rAAV6-BMP-2 and 1 x 107 hBMSCs were mixed into 500 pL of mGL/LAP
solution. The mixed solution was poured into the 2-mm-height mold and a
dental curing light (Mega Light CL; DBI America), producing VL at 430 to

490 nm wavelength and 1400 mw/cm? power, was applied to directly

phenylphosphonite  (Acros Organics, New Jersey)

irradiate the mGL/LAP solution for 4 minutes. The photopolymerized mGL
hydrogel was punched into 5-mm-diameter by 2-mm-height cylinders.
The mGL hydrogel was cultured in complete medium (DMEM+ 1x
Antibiotic-Antimycotic +10% FBS) containing hBMSCs and rAAVé-
BMP-2, this was named “One step group.” The “Control group” used the
same condition to encapsulate naive hBMSCs to construct photo-
polymerized mGL hydrogel. The “Protein group” encapsulated naive
hBMSCs using the same condition but included 50 ng/mL BMP-2 (final
concentration).?? rAAV6-BMP-2 ex vivo gene transfer to hBMSCs, prior
to their seeding onto biomaterial scaffolds, were fabricated using the same
conditions and named “Ex vivo group.” The medium of “Control group”
and “One step group” were changed at day 1, day 2, day 4, and then every
3 days using complete medium (DMEM+ 1x Antibiotic-Antimycotic +10%
FBS) until day 28. The medium of “Protein group” and “Ex vivo group”
were changed at day 2, day 4, and then every 3 days using complete
medium (DMEM+ 1x Antibiotic-Antimycotic +10% FBS) until day 28.

2.7 | Protein and gene expression analyses

To confirm in vitro functionality of rAAV6-BMP-2 construct, the superna-
tant of the hBMSC-seeded, gene-activated constructs cultured from day
1 to day 14 was processed for BMP-2 protein ELISA assay. Four groups,
including (a) Control group, (b) Protein group, (c) One step group, and
(d) ex vivo group, were carried out according to the manufacturer's proto-
col (R&D Systems). Gene expression in the constructs after 28 days of
culture was also carried out using RNA extracted from the samples using
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an RNeasy plus mini kit (QIAGEN Sciences, Valencia, California). Reverse
transcription-PCR (RT-PCR) was performed using SYBR Green PCR mas-
ter mix (Applied Biosystems, Foster City, California) on a 7900HT Fast
Real-Time PCR machine (Applied Biosystems) or StepOnePlus
thermocycler (Applied Biosystems) under the following conditions at
94°C for 5 minutes, 40 cycles of 94°C for 30 seconds, 60°C for
30 seconds, 72°C for 30 seconds, and 72°C for 5 minutes. Transcription
level of GADPH was used as endogenous control: forward, 5-AA
TCCCATCACCATCTTCCA-3' and reverse, 5-TGGACTCCACGACGTAC
TCA-3'. The primer sequences for osteocalcin (OCN) and alkaline phos-
phatase (ALP) were as follows: forward, 5'-TGACGAGTTGGCTGACCA-3'
and reverse, 5-AGGGTGCCTGGAGAGGAG-3'; forward, 5-GACC
TCCTCGGAAGACACTC-3' and reverse, 5-TGAAGGGCTTCTTGTCTG
TG-3, respectively. The results were analyzed using the comparative CT

method according to our published protocol.*

2.8 | TrAAV particle release kinetics

Based on high efficiency of serotype 6 of rAAV vector in hBMSCs,' it
was selected for all subsequent in vitro and in vivo experiments. Because
controlled release of viral particles from the gene-activated VL-PXL fabri-
cated 3D gelatin scaffold is critical to the success of gene transduction of
the seeded hBMSCs, dot blot assay was performed to assess the kinetics
of viral release from the mGL scaffold. rAAV gene-activated scaffolds pre-
pared using the fabrication method described above were ethanol-steril-
ized, rinsed in DMEM, and then incubated in 100 uL of DMEM. An aliquot
of the incubating medium was collected at different time points lasting for
28 days. Dot blot assay was used to quantify the v.g. copy number in the
daily aliquot of conditioned medium and assess release kinetics of viral
vector from the gene-activated hydrogel scaffold. The results were ana-
lyzed for the release of viral particles from the scaffold with a dot blot
hybridization assay using a CMV promoter probe.}* Since we used
double-strand rAAV, the number of virus particles is half the number of
virus genomes. The “One step” group medium contained the released viral
particles from the scaffold was used to detect the number of rAAV vector
particles released from mGL hydrogel.1?%2

2.9 | Creation of mouse critical-sized cranial bone

defects

Male SCID mice (8-12 weeks old; NOD.CB17PRKDA SCID/J, Jackson
Laboratory, Bar Harbor, Maine) were performed in this experiment to cre-
ate cranial bone defects according to published protocols.?4?° Prior to
surgery, the mice were anesthetized with 4% isoflurane for induction. A
state-of-the-art gas delivery and scavenging system was in place to capture
the isoflurane, which was validated by the supplier. A maintenance sched-
ule was also in place. After hair was shaved and disinfectant was applied,
the surgical site was then be surrounded by a sterile drape, and a 1 cm skin
incision was then made along the midline of the skull. As shown in
Figure 1, a 5-mm diameter bone defect was made by trephine (18004-50;
Fine Science Tools, Foster City, California). The bone was carefully

removed, and the defect area was rinsed with normal saline. The mGL
hydrogel scaffold of the same size filled the cranial defect (depth of
gel = 1 mm), and then the wound was closed with 5-0 nylon suture. Com-
positional requirement was assessed by comparison between various com-
binations that include four conditions (six mice per condition, according to
power analysis for significance, for a total of 24). The four groups were:
(a) mGL hydrogel loaded with hBMSCs (Control group); (b) mGL hydrogel
loaded with BMP-2 protein (50 ng/mL) and hBMSCs (Protein group);
() mGL hydrogel loaded with rAAV6-BMP-2 and hBMSCs (One step
group); and (d) mGL hydrogel loaded with hBMSCs that were prior trans-
duced ex vivo with rAAV6-BMP-2 (Ex vivo group).

210 | Invivo bone regeneration

To visualize and quantify bone formation, treated mice were anesthe-
tized and micro-CT scans (Viva CT-40, ScancoMedical, Switzerland)
was used to scan the skull bone to evaluate the bone healing process
using a 30-pm voxel size and medium resolution, including analysis of
BV and density at 6 weeks. 3D reconstructions were created after
obtaining 2D image slices from the micro-CT. BV and BMD were
guantified using Scanco evaluation software according to the guide-

lines of the American Society of Bone and Mineral Research.

211 | Histology

At 6 weeks after cranial defect treatment, the samples were collected for
hematoxylin and eosin (H&E) staining. The samples were fixed by 10%
formalin for 24 hours. After that, 10% EDTA-2Na+ 1% NaOH were uti-
lized to decalcify for 24 hours, and then were embedded in paraffin and
sectioned (8 pm thicknesses). Samples were also collected for immunohis-
tochemical (IHC) stainings to analyses the expression of the OCN gene.
Briefly, sodium citrate buffer was used to retrieve antigen for 20 minutes
at 95°C, nonspecific binding was suppressed with for 1 hour at room
temperature. Samples were incubated with rabbit anti-OCN primary anti-
body (1:200) (Abcam ab93876, Cambridge, Massachusetts) overnight at
4°C, then incubated with horse anti-rabbit biotinylated secondary anti-
bodies (Vector Laboratories, Burlingame, California) 30 minutes. Samples
were incubated with horseradish peroxidase-conjugated streptavidin
(Vector Laboratories) and treated with the Vector NovaRED peroxidase
substrate (Vector Laboratories). After IHC, samples were then subse-
quently counterstained with hematoxylin, dehydrated, mounted, cover

slipped. The images were captured by the Olympus CKX41 microscope.

2.12 | Statistical analysis

Data are presented as mean + SD. Statistical significance between
two groups was evaluated by two-tailed Student's t test. ANOVA
followed by post hoc analysis for multiple-group comparisons. P < .05
were considered significant. All of in vitro experimental were per-

formed triple samples in each group.
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FIGURE 1 After hair was shaved and disinfectant was applied, a 1 cm skin incision was made along the midline of the skull. A 5-mm diameter
bone defect was created by trephine (A). Methacrylated gelatin (mGL) hydrogel scaffold containing recombinant adeno-associated viral (rAAV)-
human bone morphogenetic protein-2 (BMP-2) and human bone marrow-derived mesenchymal stem cells (hBMSCs) was able to fill the cranial
defect and maintain the position (B). Using visible light photocrosslinking (VL-PXL) technology, hydrogel was cross-linked (C) and stabilized

(D) that allows mGL hydrogel scaffold to fill the cranial defect. Skin was then closed with suture

3 | RESULTS
3.1 | Efficiency of gene expression in hBMSCs
within hydrogel scaffold

The transduction efficiency of BMP-2 gene within the scaffolds was
assessed by the expression of GFP gene. rAAV6-GFP virus was cho-
sen for investigation of gene vector activity within scaffold instead of
rAAV6-BMP-2 because that the GFP with green fluorescence was
able to be visualized under immunofluorescence (IF) microscopy, all-
owing the calculating of GFP transduction efficiency. Since
rAAV6-BMP-2 construct has the exact same rAAV backbone, both
rAAV constructs (GFP and BMP-2) should have the same infection
mechanism, when the same m.o.i. for hBMSC transduction is used.
Before implantation of gene-activated scaffold, gene transfer efficiency
within the mGL was assessed after 2 days on the basis of GFP fluores-
cence to confirm the rAAV dose using in modifying hBMSCs. Micro-
scopic fields obtained by green fluorescence and phase contrast
imaging were merged to determine infection efficiency. The GFP
expression at the m.o.i. of 1 x 10° V& particles/cell group and 2 x 10° &
particles/cell group had significantly higher infection levels (*P < .05)
comparing with the m.o.i. of 1x 10* V¥ particles/cell group and
5 x 10* V& particles/cell groups in 3D environment (Figure S1A). We
did not find significant difference (P > .05) between GFP expression in

the m.o.i. of 1 x 10° V& particles/cell group and 2 x 10° V& particles/

cell group, ranged from 45% to 50% (Figure S1B). The quantitative anal-
ysis indicated that the cell proliferative ratio at 1 x 10° & particles/cell
group had no negative effect on cell proliferation as compared to
2 x 10° V& particles/cell group (Figure S1C). As a proof of concept that
allows usage of minimal doses, thereby avoiding toxicity while retaining
high efficiency of gene transfer, we used the m.o.i. of 1 x 10° V& parti-
cles/cell for in the following experiments because this dose achieved a
high level of gene expression in hBMSCs within scaffold.

3.2 | AAV vector release kinetics

According to previous experiments,** we have selected rAAV6 virus
for all subsequent in vitro and in vivo experiments, and performed the
Dot blot assay to detect the viral release kinetics from the mGL scaf-
fold. We determined the release kinetics of rAAV6-BMP-2 released
viral particles into the culture medium for up to 28 days. Dot blot
assay was used to quantify the v.g. in the daily aliquot of conditioned
medium and assess release kinetics of viral vector from the gene-
activated scaffold. As shown in Figure 2A, the number of rAAV parti-
cles released daily reached peak value at day 16, reaching 4.8 x 10° V&
particles/scaffold, and was substantially reduced starting at day 25.
Finally, the release of only 2 x 10? V& particles was observed at day
28. The percentage of encapsulated rAAV particles released into the

medium was less than 25% during 28 days culture, as demonstrated
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in Figure 2B. The results demonstrated that mGL hydrogel had the
ability of slowly releasing rAAV particles, indicating an extended effect
of the mGL in delivering gene vectors, in addition to its function as a
bioscaffold.

3.3 | BMP-2 gene expression and osteogenic
differentiation in hBMSCs

To determine the functionality of gene-activated hydrogel, the
expression level of the transduced BMP-2 gene in hBMSCs within the

)

AAV release kinetics (x10°v.g./scaffold)

—_—
W
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30
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FIGURE 2 Release kinetics of adeno-associated viral (AAV)
particles from Gene-Activated visible light photocrosslinking (VL-PXL)
scaffold. A, Dot blot quantification of daily release of AAV-human
bone morphogenetic protein-2 (BMP-2) v.g. of particles in incubation
medium up to 28 days (initial load = 1.0 x 102 V& particles/mL in
500 pL methacrylated gelatin [mGL] scaffold). B, The cumulative
release over time clearly indicated a slow and minor release of AAV
from hydrogel at the beginning (up to 14 days), and then a fast and
major release from day 16.n =3

3D constructs was then analyzed. Transduced cell laden scaffolds
were cultured in basal growth medium, and then the BMP-2 concen-
tration in the medium was measured by ELISA. Four groups were
studied, which included: (a) mGL hydrogel loaded with hBMSCs
(Control group); (b) mGL hydrogel loaded with BMP-2 protein (50 ng/
mL BMP-2 [final concentration]) and hBMSCs (Protein group); (c) mGL
hydrogel loaded with rAAV6-BMP-2 and hBMSCs (One step group);
and (d) mGL hydrogel loaded with hBMSCs that were prior infected
ex vivo with rAAVé6-BMP-2 (Ex vivo group). The results showed that
the BMP-2 gene was efficiently expressed in the One step group, and
reach the peak value at day 4, ranged from 1.0 to 1.5 ng/mL, which
was closed to the range of BMP-2 concentrations (~10 ng/mL) often
used to induce BMSCs osteogenesis in vitro.2%2?” Interestingly, the
One step group had significantly higher BMP-2 expression levels
(*P < .01) compared to other groups in days 2 and 4 (Figure 3).

We next assessed the extent of osteogenesis in the hBMSC cul-
tures by means of gqRT-PCR analysis of the OCN and the ALP after
culture for 28 days. As shown in Figure 4A, the One step group has
significantly higher OCN gene expression levels (**P < .01) compared
to the other three groups. Moreover, the ALP was found at signifi-
cantly higher levels (*P < .05) in the One step group and the Ex vivo
groups comparing with Control group and Protein group, however,
there were no significant difference (P > .05) between the One step
group and the Ex vivo group (Figure 4B).

3.4 | Micro-CT analyses

In order to test the reparative capacity of BMP-2 gene activated VL-
PXL scaffold, four groups (shown above) were examined by implanting
mGL hydrogel constructs into cranial bone defect model of SCID mice.
Micro-CT was used to scan the skull bone to evaluate the bone healing

process at 6 weeks. Comparing with Control group and Protein group
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FIGURE 3 Human bone morphogenetic protein-2 (BMP-2)
concentration (ng/mL) in the medium from four groups (Control,
Protein, One step, and Ex vivo), which were determined for 1 to
14 days of culture by enzyme-linked immunosorbent assay (ELISA)
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FIGURE 4 Examination of osteogenic gene expression using real-time PCR after culture for 28 days. The One step group had significantly a
higher level of osteocalcin (OCN) gene expression compared to other three groups (A). The alkaline phosphatase (ALP) was found at significantly
higher levels in One step group and ex vivo group compare to the Control group and Protein group (B)
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FIGURE 5 Micro-computed tomography (micro-CT) examination of bone formation in the animal study. No bone formation was observed in
the implant site in the Control group and the Protein group after 6 weeks (A,B). New bony tissue (Red arrow) was formed in the cranium of the
One step group and the ex vivo group (C,D). Quantitative analyses were performed on the bone volume (BV) and bone mineral density (BMD)
values (n = 6, per group). *P < .05; **P < .01, ***P < .001
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that no bone formation was observed in the defect site (Figure 5A,B),
the One step group (mGL hydrogel loaded with rAAV6-BMP-2 and
hBMSC) and Ex vivo group (mGL hydrogel loaded with rAAV6-BMP-2
transduced hBMSC) were capable of forming new bone in the calvarial
bone defect site, as shown by 3D reconstruction of the micro-CT scans
(Figure 5C,D). Quantitative analyses of BV and BMD (n = 6, per group)
showed that there was no difference in new BV between the One step
and the Ex vivo groups at 6-weeks post-treatment; however, the BMD
in the One step group had the highest level as compared to the other
three groups (*P < .05; **P < .01; ***P < .005).

3.5 | Histology

As shown in Figure 6A,B, the Control group and the Protein group were

only showed fibrous tissues, and no bony tissue were observed. In the One

Control

step and the Ex vivo groups, new bone formation was observed in the area
that was closed to native bone tissue (Figure 6C,D). Interestingly, the unde-
graded mGL hydrogel was observed in the One step group and the Ex vivo
group as a result of excessive mGL hydrogel that was implanted into the
cranial bone defect area, leading to meronecrobiosis.

We further performed the IHC to analyze the newly formed
bone in the critical-sized calvarial bone defect model, as demon-
strated by osteoinductive protein OCN staining. In the Control
group, there were only a few of OCN positive area at the edge of
bone defect area (Figure 7A, red arrow). We observed OCN positive
area but no continuously bony tissue in the Protein group
(Figure 7B, red arrow). As expected, new bone formation and OCN
positive area were observed in both One step group and ex vivo
group, over a wide area from the edges to the center of constructs
(Figure 7C,D, red arrows), in which the osteocytes were massively
noted in the interior of neo-bone.

Protein _

— 200 pm

FIGURE 6 H&E analysis of samples from in vivo study. In the Control group and the Protein group, only fibroid tissues were observed
without bony tissue (A,B). New bone formation and undegraded methacrylated gelatin (mGL) hydrogel constructs were observed in the One step

group and the ex vivo group (C,D)
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FIGURE 7 Assessment of bone formation with osteocalcin (OCN) immunohistochemistry (IHC). In the Control group, there were only a few
of OCN positive area at the edge of bone defect area (A). In the Protein group, observe OCN positive area was observed but no continuously
bony tissue (B). In the One step group and the ex vivo group (C,D), new bone formation and OCN positive area were observed over a wide area

from the edges to the center of constructs

4 | DISCUSSION

In current study, we performed a parallel comparison of the capacity
of an injectable, biodegradable mGL created by VL-PXL technology to
repair the cranial bone defect in SCID mice. Four different constructs
were incorporated with (a) naive hBMSCs; (b) hBMSCs and BMP-2
protein; (c) hBMSCs and BMP-2 gene vector; and (d) BMP-2 gene
transduced hBMSCs, respectively. The goal of this work was to engi-
neer a hydrogel system for temporally controlled BMP-2 gene vector
delivery to encapsulated and surrounding cells for repair of full-
thickness mouse cranial bone defect.

Cell-based bone tissue engineering involves the combination of
cells, biomaterial scaffolds, and signaling molecules to restore, maintain
or enhance bone tissue functions. Although significant progress in this
area has been made in recent years, some key challenges, such as inade-
quate microenvironmental regulation of cell attachment, and prolifera-
tion and osteogenic differentiation within 3D biomaterial scaffolds, still
remain. Most approaches used in previous studies, which involves the
incorporation of soluble BMP-2 protein into the biomaterial scaffold?®
or using ex vivo gene transfer'® to stem cells prior to their seeding onto
scaffolds, have limited utility owing to BMP-2 short functional half-lives
and rapid clearance by the bloodstream and time-consuming and cost-
prohibitive additional cell-culture steps. There is therefore a critical need
for the development of an effective gene delivery system to efficiently
deliver growth factors, achieving sustained, long-term effect on stem
cells seeded within the scaffold.

In view of the benefits of rAAV vectors, including long-term gene
transfer efficiency and relative safety, combination of AAV-based
gene and cell therapies are being developed in both basic and transla-
tional research, as well as in clinical trials for bone tissue regeneration.
However, rAAV-based traditional ex vivo gene transfer to stem cells,
prior to their seeding onto biomaterial scaffolds for tissue engineering
and implantation, is still a time consuming process and requires com-
plicated cell culture in vitro, which may change cell phenotype or
function and increase infection risk.

To date, many investigators are highlighting the new trends in
gene therapy research and clinical trials using matrix-based in situ
gene transduction for bone tissue regeneration to avoid ex vivo trans-
duction process.?’ So far, plasmid DNAs have reported successes in
matrix-based gene delivery for tissue repair, but their use as a sole
agent has been limited by rapid degradation and low gene transfer
efficiency.3° New trends in gene and cell therapy and clinical trials
have highlighted the use of rAAV vectors for bone tissue regeneration
over matrix-based plasmid DNAs delivery that is limited by rapid deg-
radation and low gene transfer efficiency. The benefits of rAAV
include high infection efficiency and lack of pathogenicity, thus elimi-
nating the risk associated with persistent production of osteogenic
factors. Recently, we developed one-step fabrication of rAAV-
mediated BMP-2 gene-activated porous poly-L-lactide scaffold for
in vivo bone induction.* These findings strongly suggest that the
combination of AAV-based gene transfer with biomaterials as a new
paradigm for bone tissue engineering is efficient.
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In current study, we have chosen gelatin hydrogel, fabricated by
VL-PXL, as the biomaterial because of its biocompatibility and

osteoconductive capacity.3%-*2

It is not only biodegradable, therefore all-
owing tissue remodeling for new bone formation, but also hydrogel scaf-
fold with nano-pores is desired to reduce free diffusion of rAAV gene

vector comparing with other scaffolds with larger pores,3334

resulting in
a safe localized osteogenic effect on hBMSCs. With mGL, we developed a
VL-based photocrosslinking technology, using LAP photoinitiator and a
dental light source, to prepare a highly reproducible 3D hydrogel scaffold.
The resultant scaffold material is injectable and has good biodegradability
and biocompatibility. As a hydrogel, it has good morphological form-fitting
ability for different types of bone defect. VL initiated gelation takes place
rapidly in air or aqueous solution after without the need for a protective
barrier. The scaffold does not swell or contract during the process of oste-
oblast differentiation, and the integrity of the overall morphology is
maintained. Moreover, the gelatin-based scaffold presents a highly condu-
cive platform for the efficient transduction of hBMSCs with rAAV-
BMP-2, as described in our previous studies of the bone formation model
in the skeletal muscle of SCID mice.2®*! Unlike BMP-2 gene-activated
porous poly-L-lactide scaffold for bone induction,'* a major disadvantage
of injectable gelatin is its low mechanical strength (~30 kPa compressive
modulus), although a robust osteogenesis was observed in cranial bone
defect model. In this study, gelatin was not expected to bear the mechani-
cal load immediately. Given the biodegradation of gelatin and robust oste-
ogenesis observed within the scaffold (Figures 6 and 7), rapid remolding
and the formation of new bone should ensue, resulting in appropriate
mechanical strength.

In term of the infection efficiency of rAAV gene vector into
hBMSCs, results from different research groups are highly variable,
which has a range from 8% to 52%,°>” depending on the serotype of
rAAV, cell isolation protocol and the m.o.i. used. In current study, we
achieved a gene transfer efficiency of 45% to 50% at m.o.i. of 1 x 10° &
in hydrogel 3D culture. Interestingly, we found that gelatin culture indi-
cated a higher transduction efficiency than traditional tissue culture
plastic (TCP) culture (Figure S2) at a low m.o.. level (1 x 10* V&),
suggesting the potential application of 3D hydrogel culture in enhancing
the infection efficiency. The possible reason is the relative higher den-
sity of rAAV in gelatin culture. For example, under TCP culture, rAAV
vectors were typically diluted into 20 mL culture medium, while in gela-
tin culture, same amount of AAVs were encapsulated into 50 to 200 pL
of hydrogel. Consequently, there were more rAAV particles intensively
surrounding the cells in such 3D culture condition. In fact, similar result
was also reported. For example, the application of self-assembled
poly(ethylene oxide) and poly(propylene oxide) triblock copolymers
resulted in a more than 2-folder increase of infection efficiency, compar-
ing to traditional methods.>® Therefore, 3D culture condition may repre-
sent a more robust method to infect MSCs with rAAV vectors.

For effective application of gene-activated matrices for bone for-
mation, it is important to control the amount and location of the
expressed BMP-2 gene product in the newly formed bone. It has been
shown®® that gelatin has a natural capacity to bind viral particles,

resulting in their slow release and higher infection efficiency in vivo;

however, actual rAAV release kinetics in vivo was not reported in this
literature. In our earlier study,!! we investigated the controlled release
of viral vectors from the scaffold used for bone formation, and con-
cluded that a hydrogel scaffold with nano-sized pores is desirable to
reduce free diffusion, compared to scaffolds with larger pores. In cur-
rent study, we have also chosen gelatin hydrogel, fabricated by VL-PSL,
as the biomaterial because of its biocompatibility and osteoconductive
capacity. To assess the release kinetics of viral construct from the
gene-activated mGL scaffold, dot blot assay was used to quantify viral
genome copy number (v.g.) in a daily aliquot of conditioned medium.
Compared to a PLLA scaffold, where fast release kinetics of rAAV parti-
cles was observed with two release peaks (day 5 and days 13-16),**
the results of this study in Figure 2A showed a peak of daily release of
4.8 x 10° V& particles/scaffold starting on days 16 to 25. These results
indicated a significantly slower kinetics of release of rAAV particles
from the gelatin hydrogel compared to PLLA, and hence higher reten-
tion of rAAV particles within the gelatin hydrogel scaffold. In current
study, rAAV particles were released from gelatin in a controlled manner,
showing rAAV release robust increase from days 13 to 16 that is asso-
ciated with gelatin biological characters such as degradation time point.
As we tested the cultured hydrogel scaffold for days 1 to 14, the con-
centration of BMP-2 in the medium tested by ELISA assay was low in
all four groups, including the Protein Group that we initially loaded
1 pg/mL of recombinant BMP-2. In comparison, another peptide-based
hydrogel released most of AAVs in first 3 days.* In the same study, it
also indicated the benefit of slow release of AAVs in enhancing the
infection efficacy. After 28 days, there were around 28% vectors that
were released. Therefore, 72% loaded AAVs were trapped in hydrogel,
which dues to the slow in vitro degradation of photocrosslinkable gela-
tin. The density of gelatin may also play a critical role. For example, sig-
nificantly less AAVs were released from fibrin in 7 days (from 95%
down to 30%), when the concentration of fibrin increased from 10 to
50 mg/mL.*! In fact, the high retention of AAVs within the scaffolds is
desired for tissue engineering purpose, since we preferred to have
AAVs only infect the cells locally within the scaffolds. The over release
of AAVs may cause out-of-scaffold infection and osteogenesis, which
might lead to the unwanted overgrowth of bone outside of defect area.

To examine the reparative capacity of single step-fabricated bone
scaffolds in vivo, they were implanted into the cranial defect in SCID
mice. In vivo murine systems, such as immunodeficient mice, have often
been used to investigate the bone formation capacity of human bone
fragment and human stem cell implantation in skeletal muscle, as well as
bone repair in calvarial defect model in previous studies by us and
others.24254243 Eor human cell-based constructs for calvarial bone defect
repair, SCID mice are also the suitable model due to low cost and ease in
monitoring.** In future studies, we may use larger animal models to assess
potential clinical application for human bone repair. As such animals have
intact immune system, autologous MSCs will have to be used.

As shown in micro-CT results at 6 weeks, we did not observe
robust bone formation in all groups, although the One step group
showed the highest levels of BV and BMD compared to the other

three groups (Figure 5). Since the thickness of skull bone of mouse
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model is only several hundred microns, it is extremely difficult to
hold the pre-fabricated gelatin scaffold within the defect area.
Therefore, in this study, we needed first applied the hydrogel/cells/
AAV:s solution (before polymerization) to cover the defect area, and
then used the VL to cure the gel in situ. By this way, the scaffolds
were able to bind with the surrounding native bone tissues and stay
in the position. However, the surface of the skull was not flat, the
solution moved toward to the edge of defect. In order to have the
gel cover the center area of defects, we had to make a relative thick
hydrogel (around 1-2 mm). Because of the limited nutrition supply,
cells inside the hydrogel either died, or did not generate sufficient
matrix as those on the surface (Figure 7). However, we did observe
the OCN-positive area the defect area in the One step or the
Ex vivo groups, suggesting the osteogenesis on the surface area of

scaffolds.

5 | CONCLUSION

We have developed an injectable, hBMSCs-loaded and gene-activated
mGL hydrogel by means of VL-PXL for bone repair. The localized release
of rAAV-BMP-2 constructs from the scaffold matrix was able to success-
fully transduce the encapsulated hBMSCs, resulting in the osteogenesis
within the BMP-2 gene-activated hydrogel. Results from the in vivo study
showed promising applications of a one-step VL-PXL fabrication method
for bone formation in local structural variation in different bone defects.
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