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Abstract

Despite the glimmer of hope provided by the discovery and commercialization of bone
morphogenetic protein-2 (BMP-2) as a bone graft substitute, side effects related to the
use of supraphysiological doses have hindered its clinical usage. In this study, we
compared the osteoinductive potential of BMP-2 homodimer with a heterodimer of BMP-
2/7, both delivered via a collagen-hydroxyapatite (CHA) scaffold delivery system, with
the aim to reduce the overall therapeutic BMP doses and the associated side-effects.
We first show that the incorporation of hydroxyapatite in collagen-based BMP delivery
systems is pivotal for achieving efficient BMP sequestration and controlled release.
Using an ectopic implantation model, we then showed that the CHA+BMP-2/7 was more
osteoinductive than CHA+BMP-2. Further evaluation of the molecular mechanisms
responsible for this increased osteoinductivity at an early stage in the regeneration
process indicated that the CHA+BMP-2/7 enhanced progenitor cell homing at the
implantation site, upregulated the key transcriptomic determinants of bone formation,
and increased the production of bone extracellular matrix components. Using
fluorescently labelled BMP-2/7 and BMP-2, we demonstrated that the CHA scaffold
provided a long-term delivery of both molecules for at least 20 days. Finally, using a rat
femoral defect model, we showed that an ultra-low dose (0.5 npg) of BMP-2/7
accelerated fracture healing and performed at a level comparable to 20-times higher
BMP-2 dose. Our results indicate that the sustained delivery of BMP-2/7 via a CHA
scaffold could bring us a step closer in the quest for the use of physiological growth

factor doses in fracture healing.
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Introduction

Bone transplantation is a routine surgical procedure that about 2-3 million individuals
undergo every year [1, 2]. Traditional transplantation techniques involving the use of
auto- and allograft materials have well documented drawbacks. As an alternative,
research on bone tissue engineering (BTE) approaches have burgeoned during the past
decade [3, 4]. Several attempts at mimicking the microstructural and physio-chemical
composition of bone using laboratory-developed biomaterials have been made but the
translational success has been limited due to the lack of inherent biological cues
provided by the biomaterials at the defect site [5, 6]. Another potential pillar of the BTE
framework is to combine biomaterials with cells that can differentiate into bone forming
cells. To achieve this, the use of exogenously added mesenchymal stromal cells (MSCs)
combined with biomaterial scaffolds has been seen as a promising strategy [7]. The
clinical translation of this approach has been lagging for multiple reasons [8]. Most
importantly, cells lose viability upon transplantation and often need to be modified to
achieve desired therapeutic effects, raising questions regarding patient safety [9]. To
overcome the aforementioned limitations associated with biomaterial scaffolds and cell
therapy, a paradigm shift has lately been observed in the BTE approach [10].
Increasingly more research has been conducted on exogenously added signaling
molecules to biomaterial scaffolds. Addition of the appropriate signaling molecules can
lead to recruitment, activation, and differentiation of tissue healing cells in the host —

thus negating the need to add cells to the scaffold prior to implantation [11].
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Bone morphogenetic proteins (BMPs), particularly BMP-2 and BMP-7, are cytokines that
aid in the chemotaxis and the differentiation of progenitor cells into bone forming cells
and have been clinically used in patients undergoing bone reconstruction [12, 13]. The
molecules are required to be delivered locally at the injury site, due to a short biological
half-life, lasting only a few minutes. Combining BMPs with biomaterial scaffolds has
been a rapidly growing field and studies have indicated that controlled and spatio-
temporal delivery of BMP-2 and 7 is a pre-requisite to achieve desirable results. Yet, the
only currently available market product, approved by the Food and Drug Administration
(FDA) for use as a synthetic bone graft substitute is the homodimer BMP-2 protein
delivered via an absorbable collagen sponge (ACS). The introduction of homodimer
BMP-2 in clinical use has been tumultuous, from once being considered the Holy Grail in
orthopedics to garnering skepticism due to associated drawbacks such as risk of
heterotopic ossification, increased risk of cancer and local inflammation [14]. Most of the
drawbacks associated with the wusage of BMP-2 have been linked to the
supraphysiological doses of the protein, which in many clinical cases has been reported
to be as high as 1.5 mg/em®. We and others have demonstrated that the aforementioned
side-effects caused by high dose BMP-2 delivery are a consequence of inefficient
spatio-temporal delivery of the protein by the currently approved collagen sponge [15,
16]. It is therefore desirable to achieve a therapeutic effect from osteoinductive growth
factors at doses that resemble the physiological growth factor concentrations present at
the fracture site or discover/engineer novel osteoinductive factors with higher potency.
One candidate is a heterodimer of BMP-2/7, which contains one subunit each from
BMP-2 and BMP-7. In-vitro studies have indicated that the heterodimer BMP-2/7 is more
efficient in inducing osteogenic differentiation of progenitor cellssMSCs than each of the

respective homodimers [17]. These in-vitro findings are also supported by a small
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number of in-vivo bone healing studies [18-20], but a direct in-vivo comparison of the
osteoinductive properties of the currently used BMP-2 homodimer vs. the heterodimer
BMP-2/7 have not been studied elaborately. Furthermore, little is known about the
cellular and molecular events associated with the use of BMP-2/7 that impart it with a

higher potency compared with BMP-2.

In light of the existing data, we hypothesized that the heterodimer BMP-2/7 would be
more osteoinductive than the clinically used BMP-2 homodimer, both at ectopic and
orthotopic locations. By virtue of this enhanced osteoinductivity, we hypothesized that it
would be possible to use an ultra-low dose of BMP-2/7 for the healing of a critical long
bone defect. To test this hypothesis, we used a well characterized bone-mimicking
collagen-hydroxyapatite (CHA) based delivery system, with proven regenerative
capacity, for the local delivery of both of these osteoinductive molecules [21]. The CHA
scaffold is produced by controlied cooling of a slurry of collagen type | and
hydroxyapatite (HA) followed by freeze drying and dehydrothermal crosslinking. The
combined approach of HA incorporation and crosslinking has been shown to enhance
the compressive stifiness of CHA scaffolds compared to non-crosslinked collagen
scaffolds (4 kPa vs. 0.4 kPa) [22]. Controlled cooling leads to a uniform and
interconnected. porous structure congenial for cell attachment and survival. The HA
component in the CHA scaffold not only helps in mimicking the composition of bone but
studies have shown that it can potentially aid in sequestering biologically active
molecules via electrostatic interactions [23-25]. The aims of this study were thus to: 1)
investigate the potential of hydroxyapatite incorporation in a collagen scaffold to
enhance BMP delivery; 2) perform a direct comparison of the osteoinductive potential of

BMP-2 and BMP-2/7 delivered using a CHA scaffold in a “non-osseous” environment
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using an established ectopic muscle pouch model; 3) compare the early differences in
the cellular and molecular events that occur with the use of BMP-2 and BMP-2/7 as well
as evaluate the genetic and biochemical composition of the neo-tissue; 4) evaluate the
in-vitro and in-vivo release kinetics of BMP-2 and BMP-2/7 delivered using the CHA
delivery system and; 5) compare the efficacy of using an ultra-low dose growth factor

delivery using the CHA scaffolds in healing of a critical sized femoral defect in rats.

Materials and Methods

Study design

This study is divided into 4 main parts. Firstly, we investigated the potential of
hydroxyapatite incorporation in a collagen scaffold to enhance prolonged BMP delivery.
We then investigated the osteoinductive properties of BMP-2/7 delivered via a collagen-
hydroxyapatite (CHA) scaffold and compared it with BMP-2 in an ectopic muscle pouch
model. In the same model, we used an early time point in the regeneration process to
evaluate the cellular, biochemical, and genetic events that occur with the use of these
two osteoinductive factors. The release kinetics of BMP-2/7 and BMP-2 from the CHA
scaffold was then studied both in-vitro and in-vivo. Finally, the ability of an ultra-low dose
of both BMP-2/7 and BMP-2 delivered via a CHA scaffold was tested in a critical femoral

defect model in rats.

Methods

Role of hydroxyapatite incorporation in collagen scaffolds for BMP delivery

Scaffold preparation
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CHA scaffolds were prepared as previously described [22] and detailed methodology
used during the fabrication of the CHA scaffolds is provided as supplementary
information. The presence of HA in the CHA scaffold was verified using energy
dispersive X-ray (EDX) analysis as well as x-ray diffraction (XRD) analysis. The
methodology used for EDX and XRD analysis is provided in the supplementary
information. The degradation rate of the CHA scaffold was also studied in phosphate
buffered saline (PBS) at 37 °C over a period of 5-weeks by evaluating the change in
weight of the scaffold according to previous protocols [15]. Absorbable collagen sponge
(ACS) without hydroxyapatite (HA) was used from the Medtronic® Infuse Bone Graft Kit
(Medtronic, Ireland). In order to study the structural characteristics of CHA and ACS
scaffolds, 4 mm diameter (@) scaffolds were embedded in liquid paraffin at 65 °C and
sectioned to 20 um thickness using a semi-automatic microtome (Thermo Scientific,
U.S.A). In order to verify the presence and distribution of HA particles in the scaffolds,
sections collected on glass slides were deparaffinized using xylene, rehydrated with
decreasing EtOH gradient and deionized water before staining with 2% wi/v Alizarin Red
S (Sigma Aldrich, U.S.A) at a pH of 4.2. Stained slides were cleared in xylene and
mounted before being digitized using a Hamamatsu nanozoomer slide scanner. Scaffold
sections were also analyzed using a scanning electron microscope (Jeol, Japan) by
mounting them on 8 mm @ cover slips, deparaffinized using xylene and sputter coated

before imaging at 3 kV operating voltage.

Interaction between BMP-2 and HA
In order to compare the binding of BMP-2 to the ACS and CHA scaffolds, BMP-2 (R&D
systems, U.S.A) was first fluorescently labelled with VivoTag 680XL protein labelling kit

(Perkin Elmer, U.S.A) following the manufacturer’s guidelines. Protein concentration
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before and after the labelling procedure was carried out using a nanodrop (Thermo
Scientific, U.S.A) in order to quantify protein recovery after labelling. Sections of both
ACS and CHA scaffolds (n=5) mounted on glass slides were deparaffinized and
rehydrated after which they were incubated with 5 pL of the fluorescently-labelled
protein (0.18 ng) for 10 min at room temperature following which the slides were washed
by dipping the slides in deionized water for 10 s. Protein amount was optimized in order
to ensure robust fluorescence quantification without the background interference that
generally occurs with in-vivo imaging system (IVIS) imaging at high labelled protein
concentrations. The sections were then air dried and mounted using a xylene based
mounting medium. The slides were imaged on an VIS scanner (Perkin Elmer, U.S.A)
and the fluorescence in the respective scaffolds was quantified using Living Image 4.0
Software (PerkinElmer). ACS and CHA scafiolds without any protein were used as
negative controls.

The interaction between BMP-2 and HA was further studied using circular dichroism
(CD) spectroscopy. CD measurements were performed on a Jasco J-810
spectropolarimeter (Jasco, USA) equipped with a Jasco CDF-426S Peltier set to 25 °C.
The BMP-2 (R&D Systems, U.S.A, carrier free) was diluted to 2 pM in buffer (Tris 10
mM, 4 mM HCI, pH 7.4) and incubated with or without micro HA particles (Plasma Biotal,
Tideswell, UK) 1:1 and 1:5 ratio (w:w) for 30 min at 25 °C, placed in a 1 mm quartz
cuvette and, after extensive purging with nitrogen, scanned over the wavelength interval
190-260 nm (scan speed: 20 nm/min). We calculated the averages of five scans for
each sample. The baseline (10 mM Tris, 4 mM HCI, pH 7.4, and HA) was subtracted
from the spectra of each sample. Finally, native gel analysis was also performed to
confirm the interactions between BMP-2 and HA using Blue BN-PAGE and Western blot

analysis. BMP-2 (2 uM) was incubated with HA (1:5) for 30 min at 25°C. The samples
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(0.25 ug per well) were loaded under non-reducing conditions on BN-PAGE
(NativePAGE Bis-Tris Gels System 4-16%, Invitrogen) according to the manufacturer’s
instructions, which were followed by Western blotting. The membrane was incubated
with mouse anti-human BMP-2 (cat#ab119581, Abcam), at a concentration of 1:1000 in
5% fat-free milk in PBS-T, overnight at 4°C. The high-molecular weight complexes of
BMP-2 were then detected using a secondary rabbit anti-mouse polyclonal antibody that
was conjugated to HRP (cat#P0260, Dako) (diluted 1:2000 in PBS-T complemented with
5% milk) after incubation for 30 min at room temperature. The bands were revealed by
incubating the membrane in the developing substrate (Super Signal West Pico PLUS
Chemiluminescent Substrate, cat#34580, Thermo Scientific). Signal was acquired by a

Chemi-Doc (Bio-Rad) system. All the experiments were performed at least three times.

Comparison of the osteoinductivity of BMP-2/7 and BMP-2 delivered via a

CHA scaffold in an ectopic muscle pouch model in rats

For muscle pouch implantation, a 6 mm diameter (&) biopsy punch was used to cut CHA
scaffold cylinders of 7 mm height, disinfected in 70% EtOH for 1 h with two changes,
washed with 99.5% EtOH for 15 min and finally washed 3X with PBS for 10 min each. At
the end of the washing steps, the excess PBS was removed carefully using a pipette tip.
The final size of the CHA scaffolds after the removal of excess liquid was approximately
4 mm @ and 5 mm height. During the animal experimentation, 3 different doses of BMP-
2/7 (R&D Systems, U.S.A) and 4 different doses of BMP-2 (R&D systems, U.S.A and
from the clinically approved Medtronic® InductOS kit, Medtronic, Ireland) reconstituted
in 4 mM hydrochloric acid were used. Protein loading was carried out by soak loading of
the protein on each scaffold for at least 30 min at room temperature prior to implantation

in the animal. Volume of the protein solution loaded on the scaffolds was chosen
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appropriately to ensure that the scaffold was thoroughly soaked with the protein solution

without any leakage.

Study design, protein loading and surgical procedure

A total of 13 Sprague-Dawley rats (male, average weight: 330£30 g) were used in this
experiment and the animals were divided into two groups of n=8 and n=5 based on the
type of the protein used (Supplementary Figure 1A). The detailed surgical procedure
describing this animal model is published elsewhere [26]. In the first set of 8 animals, 2
muscle pouches were created on either side of the abdominal midline and a CHA
scaffold containing either 0.2 pug or 2 ug of BMP-2/7 (R&D Systems, U.S.A) were
implanted. In the remaining 5 animals, the two pouches contained CHA scaffolds loaded
with 0.2 pg or 2 ug of BMP-2 (R&D Systems, U.S.A). In the 2 pug group, 20 ug BMP-2/7
or BMP-2 was reconstituted in 100 pL of PBS containing 4 mM HCI leading to a protein
concentration of 0.2 mg/mL. From this solution, 10 uL of the respective protein solutions
containing 2 pg of the protein was loaded onto each CHA scaffold. For the 0.2 ug
groups, 10 L of 0.2 mg/mL stock solution was diluted in 90 uL PBS (containing 4 mM
HCI) to obtain a 0.02 mg/mL solution. 10 yL of the protein solution containing 0.2 ug
protein was then used for each scaffold. Protein amounts were chosen based on an
earlier report wherein 2 ug BMP-2 was the lowest reported dose to successfully lead to
bone formation in an ectopic muscle pouch model in rats [27] and the 10-times lower
dose of 0.2 ug was chosen as a low dose control. The experiment was terminated at 4-
weeks by sacrificing the animals using CO; asphyxiation. All specimens were harvested,

fixated in 4% formalin and subjected to micro-CT followed by histological analysis.

Evaluation of bone formation at 4-weeks using micro-CT and histology

10
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Micro-CT analysis was performed on a MiLabs U-CT system (Utrecht, Netherlands) with
an X-ray energy of 65 kV and 75 pA current using the ultra-focus mode with a voxel size
of 20 um. Two hydroxyapatite phantoms with densities corresponding to 0.25 and 0.75
g/cm®were also scanned for density calibration. For quantification of bone volume (BV),
reconstructed images from individual samples were imported into Seg3d2 (University of
Utah, U.S.A) and a density threshold of 0.45 g/cm®was applied to quantify BV and to
produce the 3D reconstructions. Post micro-CT, samples were decalcified using 10%
neutral buffered EDTA at 4 °C for 2-weeks, embedded using routine paraffin procedures
and sectioned to a thickness of 5 pum using a microtome (Thermo Scientific, U.S.A).
Tissue sections were stained with hematoxylin and eosin (H&E), digitized using a
Hamamatsu (Hamamatsu Photonics, Japan) slide scanner and imported into a
histomorphometry software (HALO™, Indica Labs, U.S.A) for semi-automatic

guantification of new bone area.

Early comparison of progenitor cell homing, biochemical and histological
composition and the genetic signature of the neo-tissue formed by CHA

scaffolds loaded with BMP-2/7 and BMP-2

Study design and protein loading

A total of 20 Sprague-Dawley rats (male, average weight: 388+42 g) were used in this
experiment and comparison of treatments was performed in a pairwise fashion to
minimize inter-animal biological variation. A previously described abdominal muscle
pouch model was used to conduct these experiments with a difference that 3 pouches
were created in each animal and the animals were sacrificed at day 10 post
implantation. All 20 animals received three implant materials; 1) CHA scaffold, 2)

CHA+BMP-2/7 (0.5 pg/scaffold) and 3) CHA+BMP-2 (0.5 pg/scaffold) each separated by

11



Journal Pre-proof

a minimum distance of 2 cm from the other. CHA scaffolds containing BMP molecules
were loaded with 10 uL of the protein solution. In brief, each protein was resuspended in
4 mM HCI containing PBS to a final concentration of 0.2 mg/mL. 50 pyL of the stock
solution was diluted with 150 puL PBS to produce a protein solution containing 0.05

mg/mL protein. 10 pL of this solution was added to each scaffold before implantation.

Analysis of progenitor cell homing using flow cytometry

The experiment on progenitor cell homing was carried out using flow cytometry (FACS).
Samples from a total of n=7 animals were used for this experiment. Harvested neo-
tissue specimens were carefully cleaned of the muscie tissue and digested in an
enzyme cocktail to obtain a cell suspension. More detailed protocol is provided in
supplementary information. The cells from the digested tissues were centrifuged at
1500 rpm for 5 min, the supernatant was discarded, and the cells were resuspended in 1
mL FACS buffer (PBS with 2% v/v FCS, 2 mM EDTA), stained with crystal violet and
counted using Biorad TC20™ cell counting slides (Bio-Rad, Sweden). The cell
suspension was re-spun to form a cell pellet, which was resuspended in 100 uL FACS
buffer after which all primary antibodies (see supplementary table 4) were added to the
cell suspension and incubated at 4 °C for 1 h. Antibody dilutions were added to
compensation beads for setting up fluorescence compensation (UltraComp eBeads™
compensation beads, Thermofisher Scientific, U.S.A). At the end of incubation, cells
were centrifuged, and the supernatant was discarded. The cell pellet was washed with 1
mL FACS buffer, centrifuged, and re-suspended in 100 uL FACS buffer following which
the respective secondary antibodies were added (see Supplementary Table 4). Cells
were incubated with the secondary antibody for 1 h at 4 °C, centrifuged and washed with

1 mL FACS buffer, and resuspended in 350 uL FACS buffer containing nuclear stain

12
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DAPI (500 ng/pL). The cells were then analyzed on a BD LSRFortessa™ cell analyzer
(BD, U.S.A). The gating strategy used for the experiment is provided in Supplementary

Figure 2.

Biochemical assessment of neo-tissue constructs

Quantification of glycosaminoglycans (GAGs) was performed using a modified Alcian
blue assay [28, 29] while total collagen content in the form of hydroxyproline
measurements were performed using a commercially available assay (Sigma Aldrich,
U.S.A). Sample preparation was performed according to previous studies [29] and
protein extraction was performed using guanidinium hydrochloride (Gua-HCI). The non-
soluble proteins mainly comprising of collagens formed a visible pellet after
centrifugation (Gua-Pellet), which was stored at -20 °C for hydroxyproline content
measurement. The soluble protein fraction was precipitated using ice-cold EtOH solution
comprising of 95% EtOH and 50 mM sodium acetate overnight at 4 °C. The precipitate
was then collected by centrifugation while the supernatant was discarded. Precipitated
protein pellet was re-suspended in Tris-acetate buffer (pH 7.6, 50 mM Tris-acetate, 50
mM sodium acetate) followed by another round of precipitation for 4 h. Finally, the
protein pellet was solubilized in Tris-acetate buffer and used for the Alcian blue assay
(detailed assay methodology is provided in the supplementary information). GAG
concentration/well was calculated from the standard curve and was expressed as
GAGltissue as well as GAG/mg tissue. Any specimens that had a GAG concentration
under the lower limit of quantification (LLOQ) was assigned an imputed value, which
equated to LLOQ/2 based on earlier studies [30]. The LLOQ was chosen to be the
lowest point on the standard curve where GAG recovery was =85%. For the

measurement of hydroxyproline content, Gua-Pellet collected above was suspended in

13
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12 M HCI and hydrolyzed overnight at 120 °C after which manufacturers guidelines
(Sigma-Aldrich, Kit# MAKOO08, U.S.A) were followed to quantify the total hydroxyproline

content/tissue as well as hydroxyproline/ mg tissue.

Transcriptomic characterization of the neo-tissue

Transcriptomic analysis was performed on n=3 specimens for the BMP-2/7 and BMP-2
treated neo-tissue, respectively and n=2 for CHA only controls. For RNA extraction, all
specimens were homogenized in RLT buffer (Qiagen RNeasy, Qiagen, Germany) with
1% B-mercaptoethanol, using hard tissue grinding tubes (CK28 Precellys Lysing Kit,
Bertin, France) on a Qiagen tissue homogenizer for 5 min. Total RNA extraction was
performed using the RNeasy Mini Kit (Qiagen) and on-column DNase digestion,
following the manufacturers guidelines. RNA was subjected to expression microarray
analysis: 100 ng of total RNA were amplified using the Affymetrix WT PLUS Reagent Kit
(Thermo Fisher Scientific) and hybridized, using the GeneTitan system, onto Clariom S
Rat arrays (16 h at 45 °C). Transcriptomic data was normalized using the Robust Multi-
chip Analysis (RMA) algorithm implemented in the Transcriptome Analysis Console
software (TAC v.4.0.1.36, Applied Biosystems, ThermoFisher Scientific). The TAC
software calls the limma differential expression portion of the Bioconductor package to
provide fold change. Relative expression was analyzed by ANOVA using the empirical
Bayes (eBayes) method and genes with a p-value <0.05 and an absolute fold change
>2.0 were considered differentially expressed. Heat-maps were constructed using the
Prism 9 software. Differentially expressed genes and regulated pathways were analyzed
using Ingenuity Pathway Analysis software (IPA, Qiagen), using right-tailed Fisher's

Exact test.

14
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Histological characterization of the neo-tissue
Finally, to characterize the early neo-tissue characteristics, specimens (n=2) were
embedded in paraffin, cut, and collected on glass slides, and stained with Safranin

O/Fast green as well as hematoxylin and eosin.

Analysis of the release kinetics of BMP-2/7 and BMP-2 from ACS and CHA

scaffolds

The in-vitro release kinetics of both BMP-2/7 and BMP-2 was performed using an
enzyme linked immunosorbent assay (ELISA) by following the manufacturers guidelines
(Abcam, U.K). A total of 2 pg of both BMP-2/7 and BMP-2 were initially loaded on the
ACS and CHA scaffolds (n=5 for each protein, samples were run as singlets) after which
they were incubated with 1 mL PBS at 37 °C. PBS was collected and replenished at pre-
determined time intervals. Protein release was quantified in the supernatants, which
were kept frozen at — 20 °C until the day of assay.

In-vivo release of both BMP molecules was studied by using fluorescently labelled BMP-
2 and BMP-2/7 (VivoTag 680 NIR, Perkin Elmer, U.S.A). Experiment on the in-vivo
release kinetics was only performed using CHA scaffolds. 10 pL of the respective
fluorescently labeled protein solutions (protein amount BMP-2/7=1.6 pug/scaffold and
BMP-2=1.8 pg/scaffold) were loaded on each CHA scaffold and the scaffolds were
incubated for at least 30 min before implantation. To investigate the in-vivo
pharmacokinetics of BMP-2 and BMP-2/7 in a surgical implantation situation, we used a
mouse model of subcutaneous implantation. Fluorescently-labelled BMP-2 or BMP2/7
loaded CHA scaffolds were implanted in the sub-cutaneous tissue of BALB/c mice (8-10
weeks old, females; n=6 for each protein). Hair from the dorsum of the mice were

trimmed and cleaned with 70% alcohol. Under isoflurane anaesthesia, an approximately
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5 mm incision was made on the skin of the mouse’s back and an implant with labelled
(VivoTag 680 NIR) BMP-2 or BMP-2/7 was inserted under the skin. The skin opening
was immediately closed with a single suture (VICRYL™, Johnson & Johnson, Belgium)
and the mice were immediately returned to the cages. Detection and release of BMP-2
or BMP-2/7 was monitored using IVIS imaging in the fluorescence mode and the data
was acquired and analyzed using Living Image 4.0 Software (PerkinElmer).
Fluorescence signal from mice was acquired at 2 h, 24 h, 72 h, 6 d, 12 d and 20 days
after the implantation and a region of interest (ROI) was drawn manually to quantify the

signal.

Use of ultra-low dose BMP-2/7 delivered via a CHA scaffold for healing of a

critical femoral defect in rats and comparison with BMP-2

Study design and surgical model

A previously described rat femoral defect model comprising of a 5-mm mid-diaphyseal
bone defect was used in this study (Supplementary Figure 3) and the sample size in the
control and experimental groups (Supplementary Table 5) were based on the results
from the previous study [31]. The surgical procedure remained the same but instead of a
metallic fixation device, we chose to use poly ether ether ketone (PEEK) plates as PEEK
materials allow for detailed radiographic imaging of fracture healing using micro-CT
without creating imaging artefacts. Surgical steps, animal care and a description of the
fracture fixation system is provided in the methods section of the supplementary
information as well as in Supplementary Figure 3.

A total of 49 Sprague Dawley rats (male, average weight: 365+14) were used for this
experiment and the rats were divided into following experimental treatment groups: 1)

CHA+BMP-2 (10 pg) (n=12), 2) CHA+BMP-2/7 (0.5 pg) (n=13) and 3) CHA+BMP-2 (0.5
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Mg) (n=12). Apart from the 3 experimental groups, we also chose to use 2 control groups
comprising of: 1) Defect only (n=6) and 2) CHA scaffold only (n=6). Control groups
comprised of fewer animals compared to the experimental group because in an earlier
experiment we demonstrated that the empty group or the biomaterial alone is not
sufficient for healing of these types of critical defects [31]. For growth factor loading,
BMP-2 (Medtronic®, Infuse Bone Graft Kit, Ireland) was reconstituted as a 1 mg/mL
solution in 4 mM HCI containing PBS. 10 pL of this stock solution were used for loading
the CHA scaffold in the first treatment group containing 10 pg BMP-2. BMP-2 stock
solution was diluted to 0.05 mg/ml and 10 pL of the diluted solution were pipetted on the
CHA scaffolds in the treatment group containing 0.5 pg BMP-2. BMP-2/7 (R&D
Systems, U.S.A) loaded scaffolds were prepared by diluting a 0.2 mg/mL stock solution
of BMP-2/7 to 0.05 mg/mL solution and 10 uL of the diluted solution were loaded on the
CHA scaffolds. In the defect only group, the femoral defect was left untreated while in
the CHA only group, CHA scaffolds loaded with 10 pL of the buffer solution (PBS
containing 4 mM HCI) were placed in the defect. Protein dose of 10 ug BMP-2 was
chosen as a positive control standard dose as this is the most commonly reported BMP-
2 dose in rat critical femoral defects [20]. The 0.5 ug BMP dose was chosen to represent

an ultra-low dose based on the results from the muscle pouch experiments.

PET-CT based analysis of fracture healing at an early time point of 3-weeks

At t= 3-weeks post intervention, 3 animals in each treatment group (except empty group
where n=2) were randomly chosen for PET-CT analysis. Animals were injected with Na-
18F (average radioactivity: 54+3.5 MBq) intraperitoneally followed by returning the
animals to their respective cages. At t=30 min, the animals were anesthetized

(isoflurane 2%, O, 0.4 L/min) and a lower body CT scan (voltage=65 kV, exposure= 500
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ms, zoom=maximum field of view, binning=1:1) was performed with an isotropic voxel
size of 71 um to localize the defect. The CT was then followed by a PET scan (at t=1 h)
using default settings of the instrument (nano PET-CT, Mediso Medical Devices,
Hungary) for Na-'®F tracer. CT and PET images were superimposed and a cylindrical
ROI covering the entire defect region was drawn using an automatic quantification suite
(VivoQuant 4.0, inviCRO, U.S.A) to quantify the total radioactive counts within the ROI
(Supplementary Figure 4, Top). The counts were normalized to the ROI volume and the
injected radioactivity for each animal and the data were presented as (counts/mm?®)/MBq

injected radioactivity.

Micro-CT based analysis of fracture healing at early (4-weeks), intermediate (6 and 8-
weeks) and late (12-week) healing phases

At 4, 6 and 8 weeks, all animals were subjected to in-vivo micro-CT (anesthetized as
above) on a MiLabs U-CT micro-CT scanner and the images were reconstructed to 30
pum voxel size. At 12 weeks, ex-vivo imaging of the harvested bones was performed on
the same instrument and the images were reconstructed to 20 um voxel size. Bone
volume (BV) was calculated in a 4.5 mm cylindrical ROI to avoid interference from the
native cortical bone (Supplementary Figure 4, bottom). CT images from each time point
were also used to determine radiographic union (defined as complete bridging of 3 out of
4 cortices in both sagittal and coronal planes) and the analysis was performed
independently by a trained orthopedic surgeon who was blinded to the study design.
The bi-planar CT images were also used to assign a radiographic healing score based
on the modified RUST protocol [32]. After the radiographic assessment was complete,
the fixation plates from all specimens were carefully removed and judged for mechanical

union by the 2 authors (MWO and DBR) of this study. A mechanical union was defined
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as resistance to bending or rotation upon manual palpation and mechanically bridged

samples were used for 3-point bending.

Mechanical properties of the regenerated bone at 12-weeks

Femurs with a defect and their respective contralateral femurs were subjected to 3-point
bending using an established protocol [31]. In short, each specimen was placed on the
bottom stage of a 3-point bending jig having its support points 16 mm apart. The loading
nose and the two pillars on the resting stage both had a contact width of 1 mm.
Samples were placed in the antero-posterior position and in the case of the femurs with
a defect, care was taken to place the defect in the middie of the support points. The
specimens were then loaded on an Instron load frame (Instron® 8511.20, Instron Corp.,
U.S.A) using a pre-load of 20 N for 10 s followed by axial compression at a ramp rate of
0.25 mm/s until fracture. Force-displacement curve was then used to extract the peak
force to fracture data. Furthermore, slope of the linear region of the force-displacement
curve was also used to compute stiffness while the area under the curve until the

fracture point was used to compute work to fracture.

Histological characterization of the regenerated bone at 12-weeks

The remaining intact specimens after 3-point bending (n=2/group) from the 12-week
time point were fixed in 4% formalin, decalcified in 10% w/v EDTA (pH 7.4, 4 °C) for 4-
weeks with fresh EDTA changes twice every week. Samples were then embedded in
paraffin and cut to 5 um thickness and stained with Masson’s trichrome kit (Sigma
Aldrich, U.S.A) using standard histological protocols. Slides were digitized using a

Hamamatsu (Hamamatsu, NanoZoomer, Japan) slide scanner.
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Sample exclusion

One sample each from the CHA+BMP-2/7 (2 pug and 0.2 pg) groups from the muscle
pouch model was excluded from the histomorphometry analysis of new bone formation
(Fig. 1B) due to erroneous sample preparation. One animal in the CHA+BMP-2 (10 ug)
group had to be excluded after the 4-week time in the femur defect model because the
animal was lost to follow-up due to anaesthesia complications developed during micro-

CT imaging.

Statistics

Data are presented as meanzSD. Statistical analysis was performed on Prism 9
(GraphPad Inc, U.S.A). Data were checked for normality using the Shapiro-Wilk
normality test and the Q-Q plots. Depending on the distribution of the data, comparison
of data from two treatment groups observed in the same animal was performed using a
paired sample t-test or Wilcoxon signed rank test. Data emanating from experiments
involving the comparison of two groups without any biological dependence were tested
using paired sample t-test or Mann-Whitney U test. Comparison of independent data
generated from more than two treatment groups was compared using either ANOVA
with Tukey’s post-hoc test or the non-parametric variant (Kruskal-Wallis) of ANOVA with
Dunnett’s multiple comparison test. Statistical significance was set at p<0.05 in all
experiments. Detailed description of the statistical tests used for each experiment are

provided in supplementary table 6.

Animal ethics and welfare
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Animal experiments were performed with due consent from the Swedish Board of
Agriculture (Jordbruksverket) with following permit numbers: 1) 18-08106/2018 (femur
defect), 2) 15288/2019 (muscle pouch model) and M5934-19, 8871-19 (subcutaneous
mouse model). Animals were fed food and water ad libitum and maintained in a sterile
environment with 12h dark/light cycles without any dietary alterations. All personnel
handling and working with animals were trained and certified (FELASA) for work with

animals and ARRIVE guidelines were followed during experimentation.

Results

Hydroxyapatite is pivotal for efficient BMP sequestration

To elucidate the importance of HA incorporation in collagen scaffolds for improved BMP
sequestration and sustained delivery, we compared the BMP sequestration ability of the
currently FDA-approved absorbable collagen sponge (ACS) with a collagen-
hydroxyapatite (CHA) biomaterial. The presence of HA in the CHA scaffold could be
clearly seen in the EDX and XRD spectra seen in supplementary figures 5 and 6. Both
biomaterials (ACS and CHA) had a macroporous structure with pores ranging up to a

few 100 micrometres (Fig. 1A).
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Figure 1. Structural characteristics of the absorbable collagen sponge (ACS) and the
collage-hydroxyapatite (CHA) biomaterials and the role of hydroxyapatite (HA)
incorporation on BMP sequestration. (A) Alizarin red stained 20 um sections of ACS
(left) and CHA (right) scaffolds. Notice the lack of calcium staining in the ACS scaffold
and the presence of homogenously distributed HA particles (red dots) in the CHA
scaffolds. (B) Scanning electron microscopy images of the scaffold walls in the ACS (the
two left panels) and the CHA scaffold (the two right panels). Yellow arrows in the high
magnification images emphasizes the fibrillar collagen type 1 present in both the

scaffolds. Hydroxyapatite particles can be seen embedded in the collagen matrix in the
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CHA scaffold at both low and high magnification. (C) In-vivo imaging system (IVIS)
images of glass slides containing ACS, and CHA scaffold sections (20 um) incubated
with fluorescently labelled BMP-2 for 10 min followed by thorough washing to detect
scaffold-BMP binding. Protein free specimens were used as background controls. Data
in the bar graph presents the quantification of the fluorescence from the IVIS images
(n=5 per group). (D) Circular dichroism (CD) spectra shows the (B-sheet structures of
BMP-2 protein, and the change of BMP-2 confirmation to a-helical structures after
incubation with HA indicating BMP-HA binding. Data are presented as the mean + SD of
three independent experiments (n=4). (E) Western blot analysis (using an antibody
against BMP-2) shows a decrease of higher molecular complexes of BMP-2 (2 uM) after
incubation with HA 1:5 ratio (w:w) (n=3). The intensity of the bands representing high-
molecular complexes of BMP-2 was measured as presented in the bar graph. (F) An
illustration of BMP interaction with ACS (left), and CHA scaffold (right) based on the
results obtained from the HA distribution experiments, 1VIS imaging, CD spectroscopy

and Western blot. ** indicates p<0.01, actual p-values are presented in Table S5.

The ACS material had an obvious lack of calcium staining due to the absence of the
hydroxyapatite (HA) component, while the HA particles were homogenously distributed
in the polymeric walls of the CHA scaffold (Fig. 1A). Scanning electron microscopy
images of the scaffold walls verified the presence of fibrillar collagen structures in both
ACS and CHA materials and the micro-HA particles in the CHA material were embedded
in the fibrillar collagenous network (Fig. 1B). The interaction between BMP-2 and the
ACS and CHA scaffolds was also studied using in-vivo imaging system (IVIS) by
incubating the respective scaffolds with fluorescently labelled BMP-2 for 10 min followed
by washing of the unbound protein. It was verified that the presence of HA in the CHA
scaffolds significantly enhanced the retention of BMP-2 compared to pristine collagen
scaffolds (Fig. 1C). To further verify that it was indeed the HA component in the CHA
scaffolds that was responsible for improved BMP sequestration, we used circular

dichroism (CD) spectroscopy to study the conformational changes in BMP-2 upon
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interaction with HA. We detected a change in the secondary structure of the protein from
B-sheet structures, a typical structural feature of aggregating proteins, to a-helical
structures after exposure to HA, indicating BMP-HA binding. We observed two minima,
which are typical for a-helical structures at 222 and 210 nm, noticed in both
concentrations of HA (1:1 and 1:5) (Fig. 1D). Moreover, we analyzed images from blue
native Western blot analyses showing that pure BMP-2 aggregates migrated in the
native gel at around 1200 kDa as reported in the literature [33], but the interaction
between BMP-2 and HA (1:5) prevented the BMP-2 from migrating in the gel and onto
the membrane, verifying the interaction between BMP-2 and HA (Fig. 1E, F). Finally, in-
vitro scaffold degradation assay indicated that nearly 35% of the CHA scaffold degraded

over a period of 5-weeks (Supplementary figure 7).

BMP-2/7 delivered via a CHA scaffold is more osteoinductive than BMP-2

After establishing the importance of HA incorporation in collagen scaffolds and
demonstrating the superiority of CHA scaffolds over ACS scaffolds in BMP
sequestration, our next goal was to compare the osteoinductive potential of BMP-2/7
with the current gold-standard BMP-2 in an ectopic muscle pouch model. Due to the lack
of a bone marrow niche along with its anatomical separation from bone, evaluation of
osteoinductivity in this model is considered to be robust [34]. In general, CHA scaffolds
treated with BMP-2/7 had a larger gross appearance than the BMP-2 treated specimens.
Micro-CT imaging of the regenerated neo-tissue after 4-weeks of in-vivo implantation
showed that the CHA scaffolds loaded with BMP-2/7 demonstrated a significantly higher
bone volume compared with BMP-2 at both low (0.2 pg) and high (2 ng) doses (Fig. 2A,

Supplementary Figure 1).

24



Journal Pre-proof

A 0.2 ug 2 ug Cc
N
o
N
[
5 =
X @©
o
=
o
4 10 e
\
8
=3 a
E | E e
E 2 E
g | : B
1J ]
o‘ 0
BMP-2 BMP-217 BMP-2 BMP-217
0.2 ug 2ug
B = 5
'E 2.0 & 30 2o S %-
25
s 18 - £ 2.0 3 @
3 1.0 g 15
2 10 ‘v
0. 5
: il
0.0 0.0 Lix >
BMP-2 BMP-2/7 BMP-2 BMP-2/7
0.2ug 2ug

Figure 2: Comparison of the osteoinductive potential of BMP-2/7 and BMP-2 delivered
via a collagen-hydroxyapatite (CHA) scaffold in the abdominal muscle pouch in rats. (A,
top) Representative Micro-CT based 3D reconstructions of the bone tissue formed in the
abdominal muscle pouch model, 4-weeks post implantation (images from all animals are
presented in Fig. S1). (A, bottom) Quantification of the bone volume (BV) in the
presence of both low dose (left) and high dose (right) BMP molecules delivered using
the CHA scaffolds. In panel A, n=5 for BMP-2 group and n=8 for BMP-2/7 group. (B)
Histology based histomorphometric quantification of bone area in the neo-tissue formed
at 4-weeks using both low (left) and high (right) doses of BMPs. In panel B, n=5 for
BMP-2 group and n=7 for BMP-2/7 group. (C) Representative hematoxylin and eosin
stained neo-tissue sections from the muscle pouch model after 4-weeks of implantation.
Red color in the pseudo-colored images indicates new bone tissue, green shows bone
marrow and fibrous tissue and blue shows the glass surface. High magnification images
verify the presence of bone tissue (*), fibrous tissue (FT), muscle tissue (M), bone
marrow (BM) and remnants of the CHA scaffold (arrow). Data is presented as
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meanzSD. * indicates p<0.05 and ** indicates p<0.01, actual p-values are presented in
Table S5.

Histological analysis corroborated with the micro-CT results and indicated that the
harvested tissue was larger in the BMP-2/7 treated CHA specimens (Fig. 2B, C).
Significantly more new bone area was observed in the BMP-2/7 loaded CHA scaffolds

compared with the BMP-2 treated scaffolds, irrespective of the protein dose.

BMP-2/7 loaded CHA scaffolds demonstrate enhanced progenitor cell

homing and accelerated cartilage/bone formation from an early stage

Progenitor cell (cell populations identified in heterotrophic ossification specimens and
endosteal lining of long bones capable of efficient tri-lineage differentiation) homing
capabilities of CHA scaffold-BMP-2/7 combination was used as a surrogate for
unraveling the early cellular events that occurred with BMP-2/7 treatment. Progenitor cell
population markers were established based on earlier studies [35-37], and an
intermediate growth factor dose (0.5 ng) was chosen based on the results above (Fig.
2). Compared with BMP-2, BMP-2/7 loading of CHA scaffolds significantly enhanced the
progenitor cell homing in the implanted scaffolds/neo-tissue construct at day-10 (Fig. 3A,
Supplementary Figure 2). Representative images using Safranin O/Fast green and
hematoxylin and eosin staining indicated that the BMP-2/7 loaded CHA scaffolds
presented with more cartilage and bone tissue after 10-days of in-vivo implantation
compared to CHA+BMP-2 scaffolds implanted in the same animal (Fig. 3B). Histology
findings were also supported by the quantitative biochemical characterization of the
newly formed tissue. The total glycosaminoglycan (GAG) content/tissue as well as total
hydroxyproline/tissue were significantly higher in the BMP-2/7 loaded CHA scaffolds in

comparison with BMP-2 treated CHA scaffolds (Fig. 3C). However, no difference in GAG
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or hydroxyproline density (total content normalized to tissue weight) were observed
between the two groups indicating that the differences in GAG and hydroxyproline
content likely emanates from the differences in the tissue volume rather than density of

the extracellular matrix (Supplementary Table 1).
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Figure 3: Cellular, histological, and biochemical characterization of the neo-tissue
formed after 10-days of BMP-2 (0.5 pg) or BMP-2/7 (0.5 pug) treated CHA scaffold
implantation in the abdominal muscle pouch of rats performed in a biologically paired
experimental setup. (A) Flow cytometry based characterization of progenitor cell homing
in the BMP-2 (top) and BMP-2/7 (middle) treated CHA scaffolds (n=7). The
representative scatter plots and the gating indicates PDGFR-a*, SCA-1*, CD-31, and
CD-45" progenitor cell homing in the respective growth factor treated scaffold. Bottom
panel in A indicates a pairwise comparison of the % of progenitor cells (out of total cells
analyzed) homed in BMP-2 vs. BMP-2/7 treated CHA scaffolds. Inset in A, bottom
represents mean + SD of the same data. (B) Histological characterization of the neo-
tissue formed after implanting CHA+BMP-2 or CHA+-BMP-2/7 treated scaffolds using
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Safranin O/Fast green (top) and hematoxylin and eosin (bottom) (n=2). In the histology
images, C indicates tissue regions with chondrocytes; B indicates regions with bone
matrix; dashed black indicates regions with prominent cartilage (top) and bone (bottom)
tissue. (C) Biochemical characterization of the neo-tissue matrix using Alcian blue assay
for colorimetric glycosaminoglycan (GAG) quantification: top indicates 3 representative
samples from each group; middle: total GAG/tissue) (n=8); bottom: hydroxyproline assay
for collagen quantification (n=8). Data in the main panels is represented pairwise while
inset represents mean + SD. * ** and *** indicates p<0.05, p<0.01, and p<0.001,

respectively and actual p-values are presented in Table S5.

Transcriptomic signature of BMP-2/7 loaded CHA scaffolds elucidates

upregulation of key genetic determinants of bone formation

In comparison with the pristine non-BMP loaded CHA scaffolds, a total of 691 genes
were found to be commonly regulated in BMP-2/7 and BMP-2 treated CHA scaffolds;
1069 were specific to BMP-2/7, and 257 were specific to BMP-2 (Fig. 4A, B cut-off
absolute fold change>2 and p<0.05). In an unbiased analysis of the 15 most
differentially expressed genes, a majority of the genes were associated with cartilage
development, morphology and size of bone and bone mineralization, most notable of
which were Ibsp, Panx3, Dmp1l, Satb2, Cdh2, DIx5, Mmp13, Vdr, Pthlr, Sp7, Runx2 and
Alpl (Fig. 4C-E, supplementary table 2, and 3) and these genes were more highly
expressed with BMP-2/7 treatments. Finally, when performing a direct comparison of
BMP-2/7 and BMP-2 treated CHA scaffolds/regenerated neo-tissue specimens, BMP-
2/7 showed significant upregulation of genes responsible for bone formation (Bglap, Vdr,
Pthlr, and Alpl), BMP signalling (DIx5, Ccnl, Bmp4, and Bmp6) and endochondral
ossification (Mmp13, Dmp1, Ccnl, and Sik3) (Fig. 4F, G, supplementary tables 2, and

3).

28



Journal Pre-proof

A CJ“A"BGMP-Z'?'CM:‘BMP-? B c
ke s PCAZ, 20.4% 4,005 CHASBMP-2/7 CHAVBMP-2
1 = - -
CHA*BMP-2/7 . 8"024 | CHA CHA
256 4
ol Gk
3 %
' “ 184
PCA1, 4
] 436%
® 12 - .
QQQ\'@(}".‘:.(S e I S e
PCA3, % © B g ¢ W o
Agas CHA+BMP.2 o o P o W ¥ 9"&\“
D CHAVBMP-217 vs. CHABMP-2 vs. CHABMP-27 vs.
CHA CHA CHA+BMP-2
dog -log -log
shoroCintonnsi | (pvaiue)  *9™% | (ouaive)  *IF | (pvaive)  FEOE
Morphology of bone 386 208 aro 154 1" 73
T T Size of bona 314 123 283 " 156 54
2 B 13 4 Mineralization of bone 166 63 173 50 86 28
Fold Change > 2. P < 0,05 Bone mineral density 6.5 26
09,75 ¥ Remodelling of bone | | 5.1 25
E F
fosp . Bone regeneration
Ompft 4096 Hgher with BMP-217
Alpl 1 z
Oles g
) 1,024 4 Dt BMP signalling
an:/); d sace °°
S 28
O3 a Endochondral
Pthir % D5 g Vo ossification
Morp 13
Byiep 1 B84 —auhg, o m& -~
Sp7 o kodiad o Chondrogenesis
Fgbrt & 16 Ooe
Smagy s .o"
Bmp2 = 44 o ‘: Bone
0. e mineralization
Runx2 . Higher with BMP-2
Acwr? 1 T T T T T T Osteoblast
Caltat 1 ‘ 16 B4 256 1,024 4,006 differentiation
Shisdt Fold change (CHAYBMP-2 vs. CHA) uwociast
rentiation

CHA+BMP-277  CHA+BMP-2

va va. BEE K
CHA CHA CHA+BMP-2/7 vs. CHA+BMP-2
Log, Foid Change Foid Changs

Figure 4: Transcriptomic signature of the neo tissue constructs formed after 10-days of
implantation with CHA scaffold loaded with or without BMP-2 (0.5 ug) and BMP-2/7 (0.5
ug). (A) Heat map of all genes found to be common and specifically expressed in BMP-
2/7 and BMP-2 treated scaffolds compared with pristine CHA scaffolds without the
addition of any growth factor (n=3). (B) PCA plot indicating the % of most differentially
expressed genes in each treatment group. (C) Bar graph of 15 most differentially
expressed genes in BMP-2/7 and BMP-2 treated scaffolds in comparison with CHA
scaffolds. (D) Most significantly regulated functions in CHA+BMP-2/7 vs. CHA (left),
CHA+BMP-2 vs. CHA (middle) and CHA+BMP-2/7 vs CHA+BMP-2 (right) shows a
strong regulation of bone-related functions in the BMP treated scaffolds. (E) A heat map
of differentially expressed genes on the Log, scale indicating the log scale induction of
conventional genetic markers associated with bone regeneration. (F) Comparison of
genes upregulated with BMP-2/7 as well as BMP-2 treatment with respect to pristine
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CHA scaffolds. (G) List of key genes associated with bone regeneration, BMP signaling,
endochondral ossification and bone mineralization and their fold-change expression

presented after a direct comparison of BMP-2/7 vs. BMP-2 treatment.

BMP-2/7 and BMP-2 release kinetics from the CHA scaffold indicates a

similar sustained release profile for both proteins

To establish that the increased osteoinductivity of BMP-2/7 was not associated with the
release pattern of the protein from the CHA scaffold, we studied the in-vitro and in-vivo
release kinetics of both proteins using well established methods [15, 38, 39]. In-vitro
release kinetics experiment indicated an early burst release of approximately 5% (100
ng/mL) for both BMP-2/7 and BMP-2 during the first 24 h (Fig. 5A, B). At later time
points, the proteins were released at a more sustained pace and approximately 10% of
the loaded protein was released over the 5-week period. On the contrary, the ACS
scaffold demonstrated an increased release of both BMP-2 and BMP-2/7 at all time
points when compared with the CHA scaffold and nearly 60% of the total loaded protein
was released in 5-weeks. No differences in the in-vitro release kinetics could be

observed for both the proteins for both ACS and CHA materials at any of the time points.

To determine the in-vivo pharmacokinetics of BMP-2/7 and BMP-2, in-vivo imaging
(IVIS) was performed on mice implanted with fluorescently labelled protein loaded CHA
scaffolds in the subcutaneous space on the dorsum. In-vivo release kinetics data
demonstrated a progressive deterioration in the fluorescence signal with the passage of
time (Fig. 5C). Importantly however, both proteins were retained at the implantation site
for up to 20 days, after which the signal-to-noise ratio was significant enough to impact
robust quantification. The fluorescence image analysis from the IVIS experiment

indicated a significant drop (~ 40%) in signal intensity between 2 h and 24 h time point,
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corroborating well with the initial burst release of the protein. Beyond the 24 h time point,
the signal gradually reduced at each time point until the end of the experiment on day
20, at which time the signal was reduced to 25% of the initial measurement at 2 h (Fig.

5D).
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Figure 5: BMP-2 and BMP2/7 release kinetics. (A, B) Shows the in-vitro cumulative
release in % (A) and in absolute values (concentration) (B) for BMP-2 and BMP-2/7
released from the CHA and ACS scaffolds; the data are presented as mean + SD with

n=5 for each protein and time point. (C) A mouse model (using BALB/c mice) of
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subcutaneous implantation was used to study the in-vivo BMP-2 and BMP-2/7 release
from the CHA scaffold, and the images represent one mouse from each treatment group
at different time points. Implants were prepared using fluorescently labeled (VivoTag 680
NIR) BMP-2 or BMP-2/7 proteins. Labeled BMP-2 or BMP-2/7 loaded CHA scaffolds
were deposited on the dorsum of mice. The mice were analyzed by longitudinal in-vivo
fluorescence imaging using the IVIS spectrum. Representative images show
fluorescence acquisition from mice at 2 h to 20 days after the implantation. (D) The bar
graph shows the in-vivo release kinetics plotted as fluorescence measured from the
region of interest (ROI) around the implantation site using the IVIS images; the data is

presented as mean = SD with 6 mice per treatment (n=12). Scale bar indicates ~3 mm.

Ultra-low dose BMP-2/7 delivered via a CHA scaffold promotes critical

femoral defect healing in rats

Early response to BMP-2/7 treatment shows accelerated fracture healing in comparison
with dose matched BMP-2
After establishing the increased potency of the BMP-2/7 delivered via the CHA scaffolds

in the muscle pouch model and its release kinetics, we then tested the efficacy of the
developed delivery system in a rat critical femoral defect model with the goal to reduce
the overall BMP doses required for efficient healing [31]. BMP-2 (10 pg) delivered using
the CHA scaffold was used as a positive control, since majority of previous studies have
shown complete healing with this BMP-2 dose. The experimental dose of 0.5 pug was
chosen based on the fact that the critical fracture healing with such low dose of BMP-2
has not been successful in earlier studies [20, 40] and we hypothesized that due to an
increased osteoinductive effect, BMP-2/7 could potentially be sufficient at this dose. At
3-weeks, PET-CT imaging with Na-'®F revealed minimal tracer uptake in the defect gap
in the empty and the CHA scaffold group (Fig. 6A). Growth factor loading of the CHA
scaffolds with either BMP types enhanced the radioactive tracer uptake irrespective of

the dose (Fig. 6A, bottom).
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At 4-weeks, none of the specimens in the empty, CHA and BMP-2 (0.5 ug) group were
radiographically bridged while 10 out of 12 specimens bridged in the BMP-2 (10 ug)
group. Quite remarkably, 9 out of 13 specimens achieved radiographic bridging (Fig. 6B,
top left) in the BMP-2/7 (0.5 pg) group already at the 4-week time point, showing
significantly better results than a dose-matched BMP-2 group. When compared with
BMP-2 (0.5 ng), the BMP-2 (10 ng) and BMP-2/7 (0.5 nug) groups exhibited significantly
higher radiographic union scale scores (modified RUST; a marker for radiographic
healing adapted for femur fractures) (Fig. 6B, bottom left). Micro-CT based 3D
reconstructions indicated complete defect regeneration only in CHA scaffolds loaded
with BMP-2 (10 ng) and BMP-2/7 (0.5 pg) with continuous cortices across the entire
length of the defect (Fig. 6C, top right). Quantification of bone volume in the defect ROI
indicated significantly higher BV in the BMP-2 (10 ng) and BMP-2/7 (0.5 pg) treated
groups when compared with BMP-2 (0.5 ug) group (Fig. 6C, bottom right). At the
intermediate time points of 6 and 8 weeks, BMP-2/7 (0.5 pg) group performed at par
with  BMP-2 (10 pg) group in terms of radiographic healing and RUST score
(Supplementary Figure 8). However, it is important to note that the micro-CT based BV

was significantly higher in the BMP-2 (0.5 ng) group when compared to BMP-2/7 (0.5

ug) group (p<0.05).
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Figure 6: Fracture healing at 3- and 4-weeks using BMP-2 and BMP-2/7 loaded CHA
scaffolds. (A) Shows two representative images from each group obtained during the
PET-CT imaging using a bone seeking tracer *®F with the arrow heads pointing to the
tracer uptake in the defect gap. The scatter bar graph in the bottom shows the
quantitative uptake of the ‘®F tracer in a defined region of interest (ROI) in the fracture
gap (n=2 for empty group and n=3 for the rest of the groups). (B, left) In-vivo micro-CT
based representative 2D coronal and sagittal views from the middle of the defect along
with the total number of defects bridged in each treatment group at 4-weeks. The bar
graph in the bottom indicates the results from the modified radiographic union scale
(RUST) scoring. (B, right) Representative 3D images of the entire defect area and some
native bone in both whole and cross-sectional views and the bar graph in the bottom
indicates quantification of micro-CT based bone volume (BV) in the defect (ROI
height=4.5 mm). In panels B and C, n=6 for empty and CHA groups, n=12 for BMP-2 (10
ug) group and BMP-2 (0.5 ug) group and n=13 for BMP-2/7 (0.5 ug) group. Data in the
bar graphs is presented as meanzSD. Scale bar in A represents ~5 mm, B represents
~1.5 mm and C represents ~2 mm. *, *** gnd, **** indicates p<0.05, 0.001, and 0.0001,

respectively. Actual p-values are presented in Table S5.

BMP-2/7 loading of CHA scaffolds perform similar to a 20-times higher dose of BMP-2:
Comparison of defect healing at the terminal time point of 12-weeks
At the terminal time point of 12-weeks, the empty and the CHA groups failed to bridge

the bone defect (Fig. 7A-D, Supplementary Figures 9, 10, 11 and 15) confirming the
critical size of the defect. Radiographically, both the positive control (BMP-2, 10 ng)
group, and the BMP-2/7 (0.5 ug) group demonstrated exceptional radiographic outcome
and achieved radiographic union in 10 out of 11 and 12 out of 13 specimens,
respectively (Fig. 7A, Supplementary Figures 13-15). Conversely, only 7 out of 12 BMP-
2 (0.5 ug) treated specimens had a completely bridged defect (Fig. 7A, Supplementary
Figure 12 and 15). Other specimens failed to unite on at least two of the cortices, most
often towards the side that was closer to the fixation plate. Furthermore, while the BMP-

2 (10 pg) and BMP-2/7 (0.5 ng) specimens had a well-defined marrow cavity indicating

36



Journal Pre-proof

active bone remodelling, the marrow cavity in the BMP-2 (0.5 ug) specimens appeared
to be different and was filled with cancellous bone like structures, most likely
compensating for the unhealed cortices (Fig. 7A). BMP-2 (10 pg) and BMP-2/7 (0.5 ug)
had higher RUST scores compared to BMP-2 (0.5 ug) (Fig. 7A, bottom). Despite a
significantly better RUST score in the BMP-2 (10 pug) and BMP-2/7 (0.5 pg) groups, no
differences in the bone volume was observed for BMP-2 (10 ug) vs. BMP-2/7 (0.5 ng),
while the bone volume in the BMP-2 (0.5 ng) was significantly higher than the BMP-2/7
(0.5 ng) group (Fig. 7B, bottom). This was most likely caused by the excessive intra-

medullary bone formation in the BMP-2 (0.5 ng) group.
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Figure 7: Fracture healing at 12 weeks using BMP-2 and BMP-2/7 loaded CHA
scaffolds. (A) Ex-vivo micro-CT based representative 2D coronal and sagittal views from
the middle of the defect along with the total number of defects bridged in each treatment
group at 12-weeks. The bar graph in the bottom indicates the results from the modified
radiographic union scale (RUST) scoring. (B) Representative 3D images of the entire
defect area and some native bone in both whole and cross-sectional views and the bar
graph in the bottom indicates quantification of micro-CT based bone volume (BV) in the

defect (region of interest height=4.5 mm). (C) Digital photographs of specimens taken at
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the time of harvest, and images post 3-point bending test (i.e. only for BMP treated
groups, right panel). The bar graph in the bottom shows the peak force required to
fracture specimens from different treatment groups. Dashed black line in panel C
indicates the average peak force to fracture the contralateral femurs. (D, left) An
overview image of the histologically stained specimens (Masson’s trichrome); notice that
only BMP-2 (10 ug) and BMP-2/7 (0.5 ug) specimens show completely bridged cortices,
also shown by the micro-CT images (panels A, B). (D, right) High magnification images
selected to emphasize the tissue composition in the area of the original defect. In bottom
panels of A and B, n=6 for empty and CHA groups, n=11 for BMP-2 (10 pg) group, n=12
for BMP-2 (0.5 pug) group and n=13 for BMP-2/7 (0.5 pg) group and. In bottom panel of
C, n=9 for BMP-2 (10 pg) group, n=10 for BMP-2 (0.5 ng) and BMP-2/7 (0.5 pg) groups.
Scale bar in A represents ~2 mm, B represents ~2 mm, and C represents ~5 mm. Scale
bar in the overview images in D represents ~1.5 mm, and high magnification images

represents 0.1 mm. * indicates p<0.05. Actual p-values are presented in Table S5.

In terms of mechanical healing of the fractures, no apparent differences in the peak
fracture force could be observed between any of the BMP treated groups (Fig. 7C,
bottom). Similar results were observed for other flexural parameters including stiffness
and work to fracture (Supplementary Figure 16). Furthermore, complete restoration of
mechanical properties (with respect to the non-fractured contralateral femur) could not
be observed for any of the BMP treated groups (Supplementary Figure 17). Micro-CT
based quantification of the bone mineral density (BMD) of the regenerated bone in the
defect region indicated that the BMD in the defect area was significantly lower than the
BMD of a similar region in the contralateral femur in all treatment groups
(Supplementary Figure 18). This lack of hydroxyapatite maturation could possibly be
responsible for the results concerning the strength restoration of the regenerated bone.
Similar results were also observed for cortical bone volume in the defect region in all

treatment groups (Supplementary Figure 19).
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Histology results corroborated well with the radiographic and micro-CT analysis. As it
can be seen in the representative images in Fig. 7D, both BMP-2 (10 pug) and BMP-2/7
(0.5 ng) groups, demonstrated that the defect gap was filled with cortical bone along the
entire length of the defect (Fig. 7D). Further, the intramedullary canal was filled with
bone marrow like tissue. BMP-2 (0.5 ug) group demonstrated cortical bridging on only
one side, while the side with the PEEK fixation plate failed to show cortical bridging. The
intramedullary space in the BMP-2 (0.5 npg) groups was filled with unorganized
cancellous structures as also seen in the micro-CT images. The defect gap in the empty

and the CHA alone groups was predominantly filled with fibrous tissue or no tissue at all.

Discussion

Orchestrating bone regeneration is a complex undertaking due to the involvement of
multiple cell types and signaling molecules. Yet, some BMP family proteins can drive the
entire process unaided, right from initiating cell migration/nhoming to bone remodeling
[41]. Despite all the promising pre-clinical/clinical data and widespread use, BMP-2 has
also garnered criticism, particularly from its clinical users [14]. Exorbitant therapeutic
doses and an inefficient delivery system comprising of a type | collagen sponge are
often cited as the culprits for the decline in the usage of BMP-2 in the clinical settings
[14]. To overcome the current challenges associated with sub-optimal BMP delivery
systems and the use of supraphysiological doses, significant research has been carried
out towards developing novel carrier systems that can be tailored to provide a sustained
protein release. In parallel, considerable amount of research has also gone into
evaluating other BMP family proteins and genes and designing cell-free extra cellular
matrix (ECM) templates in the quest for using physiological growth factor doses in

experimental fracture healing [15, 31, 42-44]. Herein, we aimed to combine the above
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mentioned two approaches to create an off-the-shelf substitute for long bone
reconstruction in a critical bone defect model in rats, hypothesized to recapitulate

considerable bone trauma in the clinical situation [45].

We report that a heterodimer of BMP-2/7 delivered via a CHA scaffold at near
physiological doses is more osteoinductive than its commercially approved and clinically
used counterpart BMP-2 homodimer. An in-vivo snapshot of the early stages involved in
the bone “autoinduction” process indicated that the heterodimer significantly improves
homing of osteoprogenitor cells at the implantation site, which consequently express
upregulated levels of key genetic determinants of bone formation and enhanced
cartilage and bone ECM components. We further show that an ultra-low dose of BMP-
2/7 delivered via a CHA scaffold accelerated fracture healing in a critical femoral defect
in rats, and that a 20-times higher dose of the homodimer BMP-2 was required to

achieve a similar effect.

The rat muscle pouch model provides an excellent environment to test the
osteoinductive properties of biomaterials alone or enhanced with growth factors. The
muscle being the closest neighbor to bone nevertheless possesses a genuine lack of
endogenous hone inducing signaling molecules, unless stimulated by inflammation,
growth factors or genetic abnormalities [46], and the absence of a bone marrow niche.
Irrespective of the low BMP-2/7 doses of 0.2 and 2 ug delivered using the CHA scaffold,
significantly higher new bone formation was observed in the muscle pouch compared
with respective BMP-2 doses. Various BMP-2 carrier systems have been evaluated in
the rat muscle pouch model with variable degrees of success yet none of the previous

studies have indicated osteoinduction at a 0.2 pg dose in this model. This not only
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highlights the increased bone forming potential of BMP-2/7 but also the importance of
sustained growth factor release kinetics from the CHA scaffolding system. Different in-
vitro molecular mechanisms have been proposed to be responsible for the increased
osteoinductivity of BMP-2/7. It has been shown using a zebrafish embryo model that the
heterodimer of BMP-2/7, unlike homodimers of BMP-2 or BMP-7, possessed a strong
affinity to the BMP receptors and a different receptor binding-mechanism leading to an
efficient activation of downstream signaling [47-49]. Zhu and co-workers have also
shown that Noggin, the BMP antagonist does not effectively block the activity of the
heterodimer leading to an improved osteoinductive effect compared to the respective
BMP-2 and 7 homodimers [50]. Another similar atiempt to decipher the improved
bioactivity of BMP-2/7 by Miao et al. showed that BMP-2/7 mediated downstream
signaling is not only dependent on the canonical Smad pathway but also an appreciable
upregulation of the extracellular signal-related kinase (ERK) [17]. Here, for the first time,
we report the in-vivo effects of prolonged BMP-2/7 delivery on progenitor cell homing,

neo-tissue characteristics and fracture healing on a sophisticated mechanistic level.

After establishing the increased osteoinductive effect of BMP-2/7, we first aimed to
compare progenitor cell homing capabilities of both BMP-2/7 and BMP-2 at an early time
point of 10 days. The timepoint was chosen based on previous experiments, and the
time interval between 1-2 weeks represents the post inflammatory
reparative/regenerative phase where both cartilage and bone induction has been
observed in rodents [51, 52]. Earlier studies have indicated that platelet derived growth
factor receptor-a* (PDGFR-a") cells are resident in the interstitial tissue in the muscle
and are responsible for heterotrophic ossification [37, 53]. Interestingly, Morikawa and

co-workers [36] demonstrated that PDGFR-a and SCA-1 could be used for isolation of a
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potent MSC sub-type of non-hematopoietic origin (CD-45, CD-31) found in the
endosteal linings of long bones [54]. Taken together, these findings strongly suggest
that PDGFR-a*, SCA-1*, CD-45", and CD-31" cells forms an important progenitor cell
population in bone regeneration. Quite evidently, BMP-2/7 led to a significantly
increased homing of progenitor cells in the CHA scaffold/neo-tissue construct compared
to BMP-2 loaded CHA implant in our model, which could potentially be responsible for
imparting BMP-2/7 with superior osteoinductive properties. To further characterize the
biochemical and genetic signature of the neo-tissue at an early stage of regeneration,
evaluation of matrix composition and microarray analysis was performed. It was
confirmed that the neo-tissue formed after BMP-2/7 loaded CHA scaffold implantation
contained significantly more total GAG and collagen. These are key components of
cartilage and bone ECM and are upregulated during endochondral ossification [55]. The
use of BMP-2/7 also led to a significant upregulation of Mmp13 and Dmp1, key genes
upregulated during endochondral ossification [56-58], DIx5, a BMP responsive
translational activator responsible for osteoblast differentiation [57, 58] as well as the

classical genetic determinants of bone formation such as Bglap, Alp, Pthlr and Vdr.

To ascertain that the differences in the osteoinductive potential of the two BMP
molecules tested in this study did not emanate from the differences in the release
kinetics of the respective proteins from the CHA scaffold, we tested both in-vitro and in-
vivo release kinetics of the two molecules. Both in-vitro and in-vivo data indicated an
initial burst release followed by a more prolonged release at least for 3-weeks. Carrier
systems for BMP-2 delivery comprise of polymers, ceramics or composites with tunable
release characteristics [59], but due to the excellent biocompatibility and biochemical

resemblance to bone ECM, collagen based delivery systems were first to be clinically
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approved. Experimental studies on the pharmacokinetics of BMP-2 loaded collagen
sponges have shown a very rapid “early” burst release of up to 30% within the first 3
hours of implantation, 50% within 3 days and a complete release in a period of less than
2-weeks [16]. Jeon et al. and La et al. emphasized the importance of tailoring the BMP-2
release by comparing bone formation at ectopic and orthotopic locations, respectively
using a rapid release system (mimicking BMP-2 release kinetics from the absorbable
collagen sponge (ACS) scaffold) and a slow release delivery system [60, 61]. They
convincingly demonstrated that a more gradual release of recombinant human BMP-2
was required for better bone regeneration in both models. Considering the results from
the in-vitro protein release assay in this study, much of the BMPs are actually retained in
the CHA scaffold contrary to the ACS scaffold and this difference in release (ACS) vs.
retention (CHA) might explain the superiority of the CHA scaffold as a BMP delivery
system. BMP-2 has been shown to have a short biological half-life of a few minutes [62],
which implies that the protein has a very short time to bind to its target and failure to do
so would render the protein ineffective. Contrary to the in-vitro protein release assay, the
in-vivo release of BMPs from the CHA scaffold was higher and this is in line with
previous reports [15, 63]. The in-vivo environment is more dynamic and the biomaterial
is continually exposed to proteases and cells that can mediate a faster degradation of
the material and thereby lead to an increased protein release. Based on the results from
this study as well as the previous reports, we therefore recommend that BMP delivery
systems be characterized in both in-vitro and in-vivo assays in order to establish the

efficacy of the delivery system.

Collagen and hydroxyapatite not only mimic the organic and inorganic components of

bone but recently Lackington and co-workers showed that by incorporating
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hydroxyapatite in the collagen scaffolds, more prolonged release of BMP-2 could be
achieved [23]. In fact, it was hydroxyapatite Urist and co-workers used in the purification
of BMP in their very early protocols [64]. BMP-2 interaction with HA is electrostatically
controlled via the formation of water bridged hydrogen bonds with the hydroxyl, amine
and carboxylic domains interacting individually or in tandem with the HA crystal
depending on the protein orientation [65]. Despite a short BMP incubation time of 10
min, significantly more BMP was retained in the CHA scaffolds when compared to the
ACS biomaterial. Our results from the BMP-HA interaction are in line with the previous
findings and provide a mechanistic insight into BMP-HA binding, which makes CHA
scaffolds superior to the FDA-approved ACS material. Many strategies for successfully
customizing BMP release using technigues such as nano/micro particle based carriers
or functionalized polymer/ECM scaffolds have been devised [59, 66-69]. However, the
degree of complexity involved in the fabrication and upscaling of such systems is

cumbersome and face challenging regulatory hurdles leading to slow clinical translation.

Following the studies involving the release kinetics of the two BMP molecules from the
CHA scaffold, we then investigated the role of BMP-2/7 in fracture healing. The results
from the femur defect study showed that 0.5 pg BMP-2/7 loaded CHA scaffolds
accelerated radiographic union rate already at 4-6 weeks, which was at par with high
dose BMP-2 (10 ug) loaded CHA scaffolds. The accelerated bone forming potential of
BMP-2/7 was verified early on at 3-weeks using Na-'®F, a marker of bone formation
which preferentially binds to exposed hydroxyapatite particles laid out by the osteoblasts
in the new bone matrix. Mathavan and co-workers have shown that increased uptake of
this tracer at an early time point provides a good prognostic tool for the early detection of

bony union [51]. In-vivo radiology and micro-CT data corroborated well with the initial
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PET-CT findings. Mechanical testing of the “mechanically” consolidated femurs at the
terminal time point did not show any differences in peak force between different BMP
treated groups and neither did any of the groups show complete restoration of
mechanical properties at the terminal time point of 12-weeks. The use of the rigid
fixation setup in our study could be a potential confounding factor responsible for
delaying the physiological bone remodeling and consequent mechanical properties.
Previous fracture healing studies have demonstrated that the use of stiff fixation plates
can have a negative effect on the mechanical properties of healing fractures in similar
animal models [70], and the use of compliant fixation methods that allow for dynamic in-
vivo loading during fracture healing could be evaluated in future studies [71-73]. These
hypotheses are supported by the data on BMD as well as cortical bone volume, both of
which show that despite successful cortical bridging in many of the specimens, the BMD
and the cortical BV was not restored completely in comparison with the healthy
contralateral side. Histology corroborated well with the micro-CT findings and showed
the presence of fully bridged cortices as well as a well-defined intramedullary space in
both BMP-2/7 and BMP-2 (10 pg) groups. These results are of clinical importance and
show that an ultra-low dose of BMP-2/7 not only reduces the overall healing time, but
the healing is at par with high dose BMP-2. Early fracture healing has direct implications
on both load bearing, which has been shown to be a key factor in long bone fracture
healing [74] as well as in reducing fracture associated costs, both for the patient and the
public healthcare system. Caution must however be taken with the use of BMP-2/7 in
clinical use especially since it is an experimental molecule, unapproved by the
healthcare regulatory agencies. In addition, future studies on large animal models must

be performed before clinical translation.
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The FDA approved dosage for the use of BMP-2 in tibial shaft fractures is 1.5 pg/mm? of
the ACS carrier material [75], although even higher doses have been reported in off-
label studies [76]. In our study, we used a scaffold volume of approximately 63 mm?to
deliver 0.5 ug of the heterodimer BMP-2/7, which led to a radiographic union in 12 out of
13 tested animals. The used BMP-2/7 dose in this study equates to a dose of 0.008
ng/mm?3, or an overall dose reduction by 187 times, which is a significant step towards
the use of physiological growth factor doses in fracture healing. On the contrary, it was
demonstrated that a 0.16 pg/mm?® dose of the homodimer BMP-2 was required to
achieve similar results, once again highlighting the potency of BMP-2/7 in an orthotopic
environment. Despite a 20-fold difference in the doses of BMP-2 and BMP-2/7 required
to achieve radiographic healing, it is important to highlight that even the BMP-2 dose
used in this study was approximately 10 times lower than the recommended dose of 1.5
ng/mm?, used with the ACS biomaterial. In an earlier study involving the delivery of 0.4
Hng BMP-2/7 via a collagen sponge in a similar animal model, Zhang et al., demonstrated
inconsistent bridging of the bone defects and ectopic bone formation in all treated
specimens [20]. This difference again highlights and verifies the importance of
incorporating hydroxyapatite in bone targeted drug delivery devices required for
achieving a controlled and sustained spatial growth factor release kinetics [77-80].
Ectopic bone formation is another important matter of concern with the use of BMP-2
especially when used in areas of proximity to major nerves, such as during spinal
indications [81]. Irrespective of the type and dose of BMP used in our study, we did not
observe any ectopic bone formation in the femur defect model during the entire course
of observation. Reduction of therapeutic BMP doses is of clinical importance and we

have shown that by providing a sustained release of the more potent BMP-2/7 molecule
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using the CHA scaffold delivery system, it is possible to reduce the side-effects

associated with the use of BMP-2.

Although the use of BMP-2/7 delivered via the CHA scaffolds shows promising results in
our work so far, it is important to acknowledge some of the limitations of this study.
Despite accelerated radiographic fracture healing in BMP-2/7 treated animals, the
mechanical properties of the regenerated tissues were evaluated only at the terminal
time point at which all BMP treated specimens had similar mechanical properties. We
believe that the information on dynamic changes in the mechanical properties of the
regenerated bone over the entire course of healing as well as data on complete
restoration of mechanical properties are missing in this study. Future studies would
require focusing on answering these important questions, perhaps by studying the
change in mechanical properties of bone over time or by using dynamic in-vivo loading
during the course of fracture healing and by extending the study duration to later time
points. It is also noteworthy to mention that the specimens that demonstrated cortical
bridging early on maintained the cortical structure throughout the course of the
experiment while similar was true for the specimens that demonstrated woven bone
morphology. Understanding the factors causing these differences in bone architecture
could be an important future step in order to improve the overall union rates. Although,
0.5 ug dose BMP-2/7 was sufficient for fracture healing in this model, both time and
minimum BMP-2/7 doses required for complete radiographic and mechanical healing
need to be further identified as the most important challenge in BMP mediated bone
regeneration is to use the least amount of growth factor doses in order to avoid side
effects. Finally, BMP-2/7 heterodimer was only compared with homodimer BMP-2 and

not BMP-7. In light of the existing data, BMP-7, in general is less potent than BMP-2 [20,
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82] and earlier studies have already compared the two homodimers to the heterodimer
BMP-2/7 and concluded that BMP-2/7 is more potent than the respective homodimers
[17]. From a clinical perspective, BMP-7 has been discontinued from the market making

its evaluation in this study less relevant from a translational perspective.

Conclusion

In this study, we show that the presence of hydroxyapatite in CHA scaffolds allows for
significantly improved sequestration and effective delivery of BMP when compared to a
pristine collagen biomaterial. We then report that a heterodimer of BMP-2/7 delivered
using a CHA scaffold possesses significantly better osteoinductive properties than the
current FDA-approved growth factor BMP-2. At the molecular level, we found that BMP-
2/7 treatment of CHA scaffolds in comparison to BMP-2 treated CHA scaffolds led to an
increased chemotaxis of progenitor cells, which consequently presented with an
upregulated transcriptomic signature favorable for bone regeneration. BMP-2/7
treatment led to formation of larger tissue in general and contained more cartilage and
bone ECM components. We also show that the CHA scaffolding system provided a
congenial release profile of both BMP-2 and BMP-2/7 for up to 5-weeks in-vitro and 3-
weeks in-vivo and it was indeed the increased potency of the BMP-2/7 molecule that
was responsible for the aforementioned effects rather than the difference in the release
profile of the two molecules. Irrespective of the protein type, our results show that in
terms of a sustained delivery system for BMP delivery, the protein release kinetics from
the CHA scaffold with an initial BMP burst release followed by retention of the protein for
3-5 weeks appears to be critical to achieve optimal results. Finally, the use of an ultra-
low dose BMP-2/7 aided in complete bridging of critical femoral defects in rats already at

an early time point of 4-weeks, while a dose-matched BMP-2 molecule could only
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achieve union in 7/12 specimens, even at the terminal time point of 12-weeks. A 20-
times higher dose of BMP-2 was required to achieve results similar to BMP-2/7. This
improved osteoinductive effect of BMP-2/7 is of significant clinical importance, especially
to overcome the drawbacks associated with the use of high dose BMP-2. Combining the
CHA scaffolds with a low dose BMP-2/7 could potentially be used as an off-the-shelf

bone substitute in the future.
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Statement of significance

e Incorporation of hydroxyapatite (HA) in a collagen scaffold dramatically improves bone
morphogenic protein (BMP) sequestration via biophysical interactions with BMP,
thereby providing more controlled BMP release compared with pristine collagen.

56



Journal Pre-proof

e We then investigate the molecular mechanisms responsible for increased osteoinductive
potential of a heterodimer BMP-2/7 with is clinically used counterpart, the BMP-2
homodimer.

e The superior osteoinductive properties of BMP-2/7 are a consequence of its direct
positive effect on progenitor cell homing at the implantation site, which consequently
leads to upregulation of cartilage and bone related genes and biochemical markers.

e An ultra-low dose of BMP-2/7 delivered via a collagen-HA (CHA) scaffold leads to

accelerated healing of a critical femoral defect in rats while a 20-times higher BMP-2
dose was required to achieve comparable results.
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