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Abstract

Emulating autograft healing within the context of decellularized bone allografts has immediate
clinical applications in the treatment of critical-sized bone defects. The periosteum, a thin,
osteogenic tissue that surrounds bone, houses a heterogeneous population of stem cells and
osteoprogenitors. There is evidence that periosteum-cell derived paracrine factors, specifically
vascular endothelial growth factor (VEGF) and bone morphogenetic protein 2 (BMP2),
orchestrate autograft healing through host cell recruitment and subsequent tissue elaboration. In
previous work, we demonstrated that the use of poly(ethylene glycol) (PEG) hydrogels as a tissue
engineered (T.E.) periosteum to localize mesenchymal stem cells (MSCs) to the surface of
decellularized bone enhances allograft healing and integration. Herein, we utilize a mixed
population of 50:50 MSCs and osteoprogenitor cells to better mimic native periosteum cell
population and paracrine factor production to further promote allograft healing. This mixed cell
population was localized to the surface of decellularized allografts within degradable hydrogels
and shown to expedite allograft healing. Specifically, bone callus formation and biomechanical
graft-host integration are increased as compared to unmodified allografts. These results
demonstrate the dual importance of periosteum-mediated paracrine factors orchestrating host cell
recruitment as well as new bone formation while developing clinically translatable strategies for
allograft healing and integration.
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1. Introduction

The importance of the periosteum in coordinating autograft healing and repair is well
established [1-8]. The cells of the periosteum, particularly periosteal stem cells and
osteoprogenitors directly contribute to initial callus production, as well as through paracrine
activation and recruitment of host cells [5, 8-10]. Using lineage-tracing techniques and
murine femoral defect models, peak autograft callus formation occurs ~ 21 days post-
implantation, during which time initial donor periosteum-mediated cartilaginous matrix
production is replaced by host-derived mineralized tissue [10]. Furthermore, removal of the
periosteum results in a 63% decrease in new bone formation during autograft healing and
repair [10, 11]. Similarly, decellularized bone allografts, the clinical “gold standard” of
treatment for critical sized bone defects, exhibit a comparable 61% decrease in bone
formation as compared to autografts [12]. As previously noted, removal of the periosteum,
as is the case in decellularized allografts, not only results in the removal of critical stem cell
and osteoprogenitor cell populations, but also the growth factors produced by these cells [1-
8]. Following injury, bone lining cells, circulating platelets, and peripheral cell populations
release growth factors, including bone morphogenetic proteins (BMPs), fibroblast growth
factor (FGF), insulin-like growth factor (IGF), platelet derived growth factor (PDGF),
transforming growth factor-f (TFG-p), and vascular endothelial growth factor (VEGF) [1, 5,
8, 9, 13]. In particular, the cells of the periosteum have been shown to secrete large
quantities of VEGF and BMP2 following injury [14-19]. In addition, MSCs, which are
phenotypically comparable to periosteal stem cells, exhibit comparable paracrine factor
expression [5, 20].

VEGF and BMP2 play critical roles in initiating and regulating bone healing, and successful
remodeling requires precise activation and temporal expression of these factors [13, 21-25].
In the context of autografts, VEGF is critical in the early phases of healing and induces
angiogenesis, vascular sprouting, and capillary permeability [8, 26]. BMP2 plays a role in
later healing events, regulating matrix mineralization and new bone formation through both
intramembranous and endochondral ossification [13, 23, 27, 28]. VEGF and BMP2 also act
synergistically during early angiogenesis and matrix mineralization to promote cellular
proliferation, callus formation, and generation of cell populations necessary for
endochondral ossification [25, 26, 29-31]. In an effort to emulate autograft healing in the
context of decellularized bone allografts, numerous strategies have investigated growth
factor delivery strategies [10-12, 32-37]. In particular, dual delivery of VEGF and BMPs
has been commonly employed to synergistically enhance bone production with variable
success [10-12, 32-40]. However, exogenous administration of growth factors is
complicated by diffusion and degradation, as well as the supraphysiological doses required
for biological effects that may lead to off-target pathway activation [23, 41, 42]. As an
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example, Cao et al. demonstrated enhanced repair within a rabbit segmental defect model
via transplantation MSCs overexpressing ANG1 [43].

To overcome complications associated with the delivery of exogenous growth factors, some
approaches have focused on transplantation or recruitment of cells to promoted allograft
revitalization by producing cues for healing and repair [5, 8, 13, 21, 44]. [12, 36]. Long et al.
augmented decellularized allografts with MSC cell sheets and demonstrated significant
enhancements in callus bone formation and allograft healing and integration 6 weeks post-
implantation [36]. The healing was attributed to transplanted MSCs, which are known to
secrete myriad soluble factors that are critical for healing, including, but not limited to
VEGF, BMP2, angiopoietin 1 (ANG1), and stromal-derived factor-1 (SDF1) [1, 13, 21, 45—
48]. To better mimic native autograft cell populations and subsequent paracrine factor
production, ex vivo MSC differentiation strategies have also been utilized prior to MSC
transplantation [1, 13, 33]. For example, Ma et al. transplanted osteoblasts derived from
MSCs to enhance bone formation within a rabbit mandible defect [33]. Similarly,
transplantation of osteoblasts to critical sized calvarial defects were able to activate host
MSCs, resulting in enhanced bone formation and healing [49]. Although these studies did
not longitudinally track transplanted cell, the data suggests that ex vivo phenotypic
modulation of transplanted cells enhances healing, possibly through modified paracrine
factor production.

Previously, we demonstrated that PEG-based hydrogels can be used to localize MSCs to the
surface of decellularized bone allografts [4, 12]. T.E. periosteum-modified allografts result
in significant increases in graft vascularization, bone callus formation, and biomechanics, as
compared to unmodified allograft controls 16 weeks post-implantation in a segmental
femoral defect model [12]. Despite the observed increases in healing, endochondral
ossification was significantly delayed compared to autograft controls [12]. In an effort to
expedite the rate of endochondral ossification, enhance the rate of allograft healing and
integration, and further emulate the dual functionality of the native tissue, the T.E.
periosteum transplanted cell population was modified to mimic the native periosteum cell
population and subsequently native autograft paracrine factor production [2, 3, 5-7].
Towards this end, a subset of MSCs were differentiated into osteoprogenitor cells, combined
with unaltered MSCs in a 50:50 mixture, and transplanted in vivo to create a T.E. periosteum
to more closely emulate native periosteum-mediated healing observed in autografts [12, 33].

2. Materials and Methods

All materials were purchased from Sigma-Aldrich unless otherwise specified.

2.1 Synthesis of Poly(ethylene glycol) (PEG) Macromolecular Monomers (Macromers)

Hydrolytically Degradable PEG Macromers—Hydrolytically degradable, PEG-based
tri-block copolymers PEGPLADM (methacrylate-poly(lactide)-b-PEG-b-poly(lactide)-
methacrylate) (Fig. 1A), were synthesized by functionalizing linear PEG (Alfa Aesar, MW
10 kDa) with d,l-lactide and performing microwave-assisted methacrylation, as previously
described [12, 50-53]. 1H-NMR analysis (Bruker Avance 400 MHz, CDCl3) was used to
determine the number of lactide units (m=3) and methacrylate functionality (>95%) per PEG
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macromer. (-CH,CH»0- (PEG), 908H, 3.2-3.8 ppm, multiplet; -OCH(CH3)COO-, 4H/PLA
repeat, 5.2-5.3 ppm, multiplet; -OCH(CH3)COO-, 12H/PLA repeat, 1.4-1.6 ppm, multiplet;
CH,=C(CHj3)-, 4H/macromer, 5.6 and 6.3 ppm, singlets; CH,=C(CH3)-, 6H/macromer, 1.9
ppm, singlet).

Synthesis of Acrylate-PEG-RGDS—The cell adhesive sequence Arg-Gly-Asp-Ser (Fig.
1; RGDS; 433 Da, EMD Chemicals, San Diego CA) was coupled to acrylate-PEG-N-
Hydroxysuccinimide (Jenkem Technology, Beijing China, MW 3500 Da, p=79) through the
amino terminus to allow for incorporation into hydrogels, as previously described [12, 51].
The product (Acrylate-PEG-RGDS, Fig. 1) was dialyzed against deionized water (molecular
weight cutoff = 1000 Da, Spectrum Labs, Rancho Dominguez CA), lyophilized, analyzed
via matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-
TOF, Bruker AutoFlex 111 SmartBeam); (solvent: 50% acetonitrile in HoO + 0.1% TFA,;
matrix: a-cyano-4-hydroxy cinnamic acid (TCI Europe); calibrant: Peptide Calibration
Standard (Bruker, #206195)) (m/z Cl-, 3854 Da), and stored at 4 °C.

2.2 Cell Culture

Bone marrow derived mouse MSCs expressing green fluorescent protein (GFP* mMSCs)
isolated from GFP transgenic mice (C57BL/6-Tg(UBC-GFP)30Scha/J) were obtained from
the mesenchymal stem cell distribution center at Texas A&M (passage 6) [54]. GFP*
mMSCs were grown at 37 °C and 5% CO> in growth media consisting of Iscove’s Modified
Dulbecco’s Medium (IMDM, Gibco) supplemented with 10% Fetal Bovine Serum (FBS),
10% horse serum (Atlanta Biologicals, Lawrenceville, GA, USA), 100 units/ml penicillin
(Lonza), 100 ug/ml streptomycin (Lonza), and 0.25 pg/ml amphotericin B (Lonza). Where
indicated, GFP* mMSCs were differentiated into osteoprogenitors via standard osteogenic
induction media for a period of 10 days [33, 55] (e.g., low-glucose Dulbecco’s Modified
Eagle Medium (DMEM, Thermo) supplemented with 10% FBS, 100 units/ml penicillin, 100
ug/ml streptomycin, 0.25 pg/ml amphotericin B, 100 nM dexamethasone, 10 mM j3-
glycerophosphate, and 50 uM ascorbic acid-2-phosphate (2-phospho-L-ascorbic acid)).
Osteogenic differentiation of MSCs was confirmed via gene expression analysis and
histological staining [51]. GFP* mMSCs were used prior to passage 10.

2.3 Bone Graft Preparation and Transplantation

Mouse Strains—Female 6-8 week old C57BL/6 mice were purchased from Taconic
(Hudson, NYY). Allogeneic bone grafts for implantation into C57BL/6 mice were dissected
from freshly euthanized, age-matched wild-type BALB/c mice obtained from various
research groups within the University of Rochester Medical Center.

Murine Segmental Femoral Graft Model—In vivo healing of bone grafts was assessed
using a previously established murine segmental femoral graft model [10-12, 56]. Briefly,
6-8 week old C57BL/6 mice were anesthetized via an intraperitoneal injection of ketamine
and xylazine (60 mg/kg and 4 mg/kg, respectively). An 8 mm long incision was made, and
blunt dissection was used to expose the mid-shaft of the femur. A Dremel with a diamond
blade attachment was then used to remove a 5 mm mid-diaphyseal segment from the femur.
A 5 mm cortical bone graft (autografts, allografts, or T.E. periosteum modified allografts)
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was transplanted into the femur defect and stabilized using a 22-gauge intramedullary pin.
For autograft transplantation, the graft was carefully dissected to maintain an intact
periosteum, and immediately transplanted back into the same mouse. For devitalized bone
allograft transplantation, the grafting procedure was performed between mice with
genetically different backgrounds. Allografts were scraped to remove periosteal tissue,
flushed repeatedly with phosphate buffered saline (PBS) to remove marrow, sterilized with
70% ethanol, rinsed in PBS to remove residual ethanol, and stored at —80 °C for at least 1
week prior to transplantation. All animal surgery procedures were performed under
protocols approved by The University of Rochester Committee of Animal Resources
(UCAR).

Cell Photoencapsulation in PEG Hydrogels Around Decellularized Allografts:
The Tissue Engineered Periosteum—A 10 wt% solution of PEGPLADM was
prepared in PBS with 2.0 mM Acrylate-PEG-RGDS (Fig. 1A). RGDS is included as
previous studies have shown integrin interactions are important for maintenance of MSC
viability [57-59]. The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) was synthesized as previously described [60], and added to the PEG+RGDS solution
at a final concentration of 0.05 wt%. Trypsinized MSCs (undifferentiated, osteogenic, or a
50:50 combination thereof) were added to the PEG macromer solution to achieve a final
total concentration of 25 million cells/mL. As previously described [4], a custom mold was
used to form tissue engineered (T.E.) periosteum modified allografts (Fig. 1). Briefly, 20 pL
of PEG/cell solution was pipetted into cylindrical molds containing allografts and exposed
to long-wavelength 365 nm light (5 mW/cm? intensity) for 10 min at room temperature to
form uniform PEG/cell hydrogel coatings with >95% cell viability [57, 61]. It should be
noted that the resultant 0.5 million cells localized to the graft surface is comparable to the
periosteal cell density observed during autograft healing and repair.

Assessment of Encapsulated MSC-Mediated Paracrine Factor Release—T.E.
periosteum modified allografts encapsulating MSCs, osteogenic MSCs, or a 50:50
combination thereof, as well as unmodified allografts and excised autograft controls were
cultured in 24-well plates containing growth media for a period of 24 hours. Growth media
was subsequently collected and vascular endothelial growth factor (VEGF), bone
morphogenetic protein-2 (BMP2), angiopoietin 1 (ANG1), and angiopoietin 1 (ANG2) was
quantified on a per-graft basis using enzyme-linked immunosorbent assays (ELISA) (VEGF
and BMP2 Quantikine ELISA Kits; R&D Systems; Minneapolis, MN, ANG1 and ANG2
MyBioSource ELISA Kits; San Diego, CA).

2.4 Analysis of In Vivo Bone Graft Healing

Assessing Transplanted MSC Gene Expression via Laser Capture
Microdissection—Following T.E. periosteum modified allograft transplantation, mice
designated for laser capture microdissection (LCM) were fixed with 4% paraformaldehyde
(PFA), prepared in diethylpyrocarbonate (DEPC) treated water to preserve RNA quality, via
intravenous perfusion at either 1.5, 3, 6, or 9 weeks, as previously described [12, 62]. DEPC
treated water was prepared at 0.001% vl/v, stirring overnight, and autoclaving to inactivate
DEPC prior to use. Following tissue fixation, T.E. periosteum modified allografts were
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harvested and decalcified in 14% ethylenediaminetetraacetic acid (EDTA) overnight.
Samples were then incubated for 24 hours each in 10%, 20%, and 30% solutions of sucrose
in phosphate buffered saline (PBS), and embedded in optimal cutting temperature compound
(Tissue-Tek OCT Compound; Sakura Finetek; Torrance, CA) [63]. Sections (5 pm) were cut
using the CryoJane Tape Transfer System (Leicra Biosystems; Buffalo Grove, IL) on a
Shandon Crytome FE (Thermo Scientific; Waltham, MA) and stored at =80 °C until LCM
was performed [63]. A total of 15 sections (5 sections at 3 different levels) were obtained for
each specimen. Immediately prior to LCM, sections were stained with hematoxylin (blue,
basophilic cytoplasm/nuclei). LCM was performed using a Zeiss Palmbeam Laser Capture
Microdissection Microscope (Zeiss; Oberkochen, Germany) and fluorescence microscopy
was utilized to verify that only transplanted GFP* mMSC were captured.

Reverse-transcription polymerase chain reaction (RT-PCR) was used to assess gene
expression of transplanted GFP* mMSCs collected via LCM. Sample RNA was isolated
using the QIAGEN RNeasy Kit (Qiagen; Valencia, CA) and RNA concentrations were
normalized across groups to account for variations in the number of collected cells. RT was
performed using the iScript cDNA Synthesis Kit (Bio-Rad; Hercules, CA) incubated at 25
°C for 5 min, 42 °C for 30 min, and terminated at 85 °C for 5 min. PCR was performed
using a CFX96 Real-Time PCR System (Bio-Rad, SsoFastEvaGreen Master Mix). Primers
for B-actin, runt-related transcription factor 2 (Runx2, also known as core-binding factor
subunit alpha-1, Cbfal), alkaline phosphatase (ALP), sex determining region Y-box 9
(Sox9), alpha-1 type-1 collagen (Collal), vascular endothelial growth factor (VEGF), and
bone morphogenetic protein-2 (BMP2) were used. Primer sequences utilized are listed in
Table S1 [64-67]. The PCR parameters used were as follows: hold at 95 °C for 5 min,
followed by 40 cycles of: 95 °C for 15 sec denaturation, 60 °C (55 °C for BMP2) for 60 sec
annealing, and 72 °C for 20 sec extension. Threshold cycle (Cy) analysis was used to
quantify PCR products normalized to the housekeeping gene -actin. Relative gene
quantification was performed using the Pfaffl Method, taking into account the variation
between primer efficiencies [68].

Histological Staining and Histomorphometric Analysis—Femur grafts were
harvested, and alcian blue (blue, glycosaminoglycans/proteoglycans) and orange G (pink,
bone/soft tissue) stained sections were prepared as previously described [12]. At least three
nonconsecutive sections were prepared from each specimen and imaged at 40x
magnification using an Olympus VS110 Virtual Microscopy System for whole-slide
scanning. Subsequently, histomorphometric analysis of bridging callus formation was
carried out using Visiopharm software (Visiopharm, Denmark). Briefly, a 7 mm region of
interest (ROI) was selected spanning the entire 5 mm graft with 1 mm of host overlap
proximally and distally. The graft itself was removed from the selected ROI and only
bridging callus on the surface of the graft and host bone was quantified. Mesenchyme,
cartilage, and woven bone area were reported based on color threshold intensities and means
of 3 nonconsecutive sections were averaged and used to represent area values for each graft.

Immunohistochemical Labeling—To visualize transplanted GFP* mMSCs, paraffin
embedded sections (5 um) of grafted femurs were immunostained using a polyclonal anti-
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GFP antibody, as previously described [12]. Briefly, slides were deparaffinized, quenched of
endogenous peroxidase activity (DAKO Dual Endogenous Enzyme Blocking Reagent;
DAKO S2003), and blocked with 5% normal rabbit serum (NRS) (Vectastatin ABC Kit,
Vector Laboratories, Burlingame, CA). Slides were incubated with goat polyclonal anti-GFP
antibody (1:1500 dilution; #ab6673, Abcam Inc., Cambridge, MA) in 3% NRS in phosphate
buffered saline with Tween-20 (PBST) overnight at 4 °C. Slides were then washed and then
incubated in biotinylated rabbit anti-goat antibody (1:200 dilution; BA-5000, VVector
Laboratories) in PBST, washed, and incubated with Vectastain ABC reagent. Finally, slides
were developed using a Vector Impact DAB Kit and counter-stained for 1 min using
hematoxylin (Invitrogen).

To qualitatively analyze vascularization during healing, paraffin embedded sections (5 pm)
of grafted femurs were immunostained for CD31 (platelet endothelial cell adhesion
molecule; PECAM). Briefly, slides were deparaffinized and proteolytically digested using
proteinase K (# S3004, DAKO, Carpinteria, CA). Slides were incubated with rat monoclonal
anti-CD31 antibody (1:100 dilution; #CM303, Biocare Medical, Concord, CA) in 5%
normal goat serum (NGS) in UltraClean dilutent (#TA125UC, Thermo Fisher Scientific,
Waltham, MA) for 90 min at room temperature. Finally, slides were developed using GBI
Polymer HRP for Rat antibody (#D46-18, Golden Bridge International, Bothell, WA) and a
KPL TrueBlue Chromagen Kit (#71-00-65, KPL, Gaithersburg, MD) and counter-stained for
5 min using nuclear fast red.

Quantification of Bone Callus Volume using Micro-Computed Tomography
(LCT)—Analysis of bone callus volume was preformed using a pCT imaging system
(Explore; GE HealthCare), as previously described [10, 12, 69]. Briefly, two-dimensional
(2D) images were reconstructed and an appropriate threshold was selected for bone voxels.
Both the threshold and volume of interest (VOI) were kept constant throughout the analysis
of all femur specimens. To measure new bone callus volume, contour lines were drawn in
the 2D images to exclude both the transplanted bone graft and the host cortical bone. New
bone callus volume in a VOI spanning the entire length of the transplanted bone graft and 1
mm of the proximal and distal host cortical bone was used to evaluate graft healing.

Quantification of Vascularization using Micro-Computed Tomography—Host-
mediated graft vascularization was examined using UCT analysis after vascular perfusion
with a radiopaque lead chromate silicon rubber contrast agent (Microfil MV-122, Flow
Tech; Carver, MA), as previously described [12, 62]. Following perfusion, femur specimens
were isolated and scanned using UCT to image both vascularization and mineralized bone.
Samples were subsequently decalcified (10% EDTA, 14 days) and scanned again to image
only the remaining vasculature. 2D slices were registered before and after decalcification
and contour lines were drawn to isolate a VOI that only included the vasculature within or
immediately adjacent to the bone graft or the graft-host junctions.

Assessment of Graft Torsional Biomechanics—The proximal and distal ends of
harvested femur specimens were cemented into 6.35 mm square aluminum tubes using bone
cement prepared to the manufactures specifications (DePuy Endurance; Warsaw, IN). A
custom jig was used to ensure axial alignment and the maintenance of a 7 mm gauge length
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for all samples. Samples were mounted on an EnduraTec TestBench system (200 N-mm
torque cell; Bose Corp., Minnetonka, MN) and tested in torsion until failure to determine
ultimate torques [11, 12, 70].

Union Ratio Calculation—The union between host callus and transplanted bone graft
was calculated from pCT images as previously described [12, 71]. For each graft, the
reconstructed image was split into proximal and distal halves and the associated graft-host
connectivity was calculated. The total graft-host connected surface area for each half was
divided by the total graft surface area associated with the half in question. The union ratio
for the total graft was defined as the lesser of the proximal and distal connectivity ratios.

2.5 Statistical Analysis

3. Results

Data is presented as mean + standard error of the mean, unless otherwise noted, with at least
five replicates averaged for each data point. Statistics were assessed with GraphPad Prism
Software using two-way ANOVAs with Bonferroni post-hoc analysis or paired Student’s t-
tests. A p-value of less than 0.05 was considered significant.

3.1 Mimicking Autograft Paracrine Production within T.E. Periosteum Modified Allografts

Previously, we demonstrated that T.E. periosteum modified allografts transplanting MSCs
alone exhibited increased healing compared to unmodified allografts. However,
endochondral ossification was significantly delayed compared to autograft controls [12]. In
addition, it has been demonstrated that paracrine factors from the periosteum are important
for autograft repair [8, 22, 44, 72]. To expedite the rate of allograft healing and integration
within T.E. periosteum modified allografts, and further emulate the dual functionality of
native periosteal cells, the transplanted MSC population was modified to provide similar
cellular and paracrine factor stimulation of healing as autograft controls. Therefore, a subset
of MSCs were exposed to standard osteogenic culture conditions for a period of 10 days to
generate osteoprogenitors [33]. Osteoprogenitors exhibited significantly increased
expression of osteogenic markers Runx2 (2.9-fold; Fig. 2A) and ALP (4.9-fold; Fig. 2B), as
well as mineralized matrix production (Fig. 2C; von Kossa, hydroxyapatite), as compared to
MSC controls. Utilizing our previously described methods [12], T.E. periosteum modified
allografts were subsequently fabricated localizing a 50:50 mixture of MSCs and
osteoprogenitors (mixed) to the graft surface.

The production of vascular endothelial growth factor (VEGF) and bone morphogenetic
protein-2 (BMP2) of autografts, allografts, and T.E. periosteum modified allografts were
quantified ex vivo [1, 22, 24, 32, 73]. T.E. periosteum modified allografts including MSCs
alone exhibit 2.2-fold (470.8 pg/mL/day) greater VEGF production, and a 4.9-fold (28.6
pg/mL/day) lower BMP2 production (Fig. 2D) compared to autograft controls. Furthermore,
if osteoprogenitors are utilized in lieu of MSCs, there is a significant 2.6-fold (80.6 pg/mL/
day) reduction in VEGF production, and 1.5-fold (206.3 pg/mL/day) greater BMP2
production (Fig. 2D). In contrast, allografts modified with a 50:50 mixture of MSCs and
osteoprogenitors exhibit a 1.8-fold (386.7 pg/mL/day) greater VEGF production.
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Furthermore, encapsulation of a mixed cell population within T.E.-periosteum modified
allografts results in statistically comparable levels (1.1-fold greater; 156.3 pg/mL/day) of
BMP2 production, as compared to autograft controls (Fig. 2D). Interestingly, VEGF
produced by mixed cell populations (386.7 pg/mL/day) is 1.4-fold greater than the sum of
the expected VEGF produced by MSCs (235.4 pg/mL/day) and osteoprogenitors (40.3
pg/mL/day). Similarly, BMP2 production by a mixed cell population is 1.3-fold greater than
the sum of the expected BMP produced by mixtures of MSC and osteoprogenitor cell
populations (14.3 and 103.2 pg/mL/day, respectively).

3.2 In Vivo Healing Efficacy of T.E. Periosteum

3.2.1 T.E. Periosteum-Mediated Vascularization—The in vivo healing efficacy of
T.E. periosteum modified allografts was investigated within the context of a murine femur
segmental defect model [4, 10-12]. Vascularization was examined as it is critical in the
initiation of graft healing, and has been shown to be influenced by periosteal VEGF and
BMP2 signaling, as well as other paracrine factors [24, 47, 74, 75]. To investigate the
efficacy of transplanted MSCs on initiating this healing cascade, host-mediated vascular
infiltration was assessed 6 and 9 weeks following implantation using contrast enhanced
vascular perfusion and subsequent pCT-based reconstruction techniques (Fig. 3A) [12, 62].
Quantitative analysis of graft vascular volume demonstrated that compared to untreated
allograft controls, T.E. periosteum-modified allografts transplanting only MSCs exhibited a
2.0- (0.9 mm?3) and 1.4-fold (0.9 mm3) increase in vascular volume at 6 and 9 weeks post-
implantation (Fig. 3B). In contrast, T.E. periosteum-modified allografts transplanting only
osteoprogenitors exhibited a 2.5- (0.4 mm3) and 1.9-fold (0.5 mm3) reduction in vascular
volume at 6 and 9 weeks post-implantation, as compared to transplantation of MSCs alone
(Fig. 3B). Furthermore, T.E. periosteum-modified allografts transplanting a combination of
MSCs and osteoprogenitors exhibited a 2.7- (0.3 mm?3) and 2.3-fold (0.4 mm3) reduction in
vascular volume at 6 and 9 weeks post-implantation, as compared to transplantation of
MSCs alone (Fig. 3B). Further quantification revealed that at 6 weeks post-implantation,
allografts modified with MSCs, osteoprogenitors, or a combination of MSCs and
osteoprogenitors exhibited comparable vascular diameter distributions (Fig. 3Ci). However
at 9 weeks post-implantation, allografts modified with either osteoprogenitors, or a
combination of MSCs and osteoprogenitors exhibited a significant decrease in large vessel
formation and a significant increase in small vessel formation (Fig. 3Cii). In addition,
compared to allografts modified with MSCs, allografts modified with either
osteoprogenitors, or a combination of MSCs and osteoprogenitors exhibited a qualitative
decrease in vessel circumference and diameter within the bridging callus, as assessed via
CD31+ staining (Fig. 3D), at both 6 and 9 weeks post-implantation. To further assess the
underlying reason for the apparent shift from large vessel arteriogenesis to small vessel
angiogenesis, per graft paracrine production of angiopoeietin 1 (ANGL1), an inhibitor of
large vessel arteriogenesis, as well as angiopoeietin 2 (ANG2), an inhibitor of small vessel
arteriogenesis was quantified (Fig. 4A) [47, 48, 75-77]. While graft-mediated ANG2
production remained undetectable ANG1 was shown to be increased 3.6- and 2.1-fold in
allografts modified with osteoprogenitors, or a mixed cell population, respectively, as
compared to allografts modified with MSCs alone (Fig. 4B).
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3.2.2 T.E. Periosteum-Mediated Bone Callus Formation—To further investigate
how changes in T.E. periosteum-mediated paracrine production alters allograft healing, bone
callus formation was quantified using PCT analysis 6 and 9 weeks post-implantation (Fig.
5). As previously demonstrated [12], autografts exhibit uniform callus formation with
extensive graft resorption and the formation of a complete bridging bone collar (Fig. 5A).
Autografts also exhibit a callus bone volume of 3.5 mm?3 6 weeks post-implantation and this
volume decreases to 2.6 mms3 by 9 weeks as a result of graft resorption and remodeling (Fig.
5B). In contrast to autografts, unmodified allografts exhibit a significant 2.6- (1.4 mm?3) and
1.3-fold (2.0 mm3) decrease in callus bone formation at 6 and 9 weeks, respectively (Fig.
5B). In addition, allograft callus bone formation is localized only to the proximal and distal
ends of the graft with a failure to form a completely bridged callus (Fig. 5A). T.E.
periosteum modified allografts transplanting a mixture of MSCs and osteoprogenitors
exhibit a significant 3.7- (5.0 mm3) and 2.8-fold (5.7 mm3) increase in bone callus formation
6 and 9 weeks post-implantation, as compared to unmodified allograft controls (Fig. 5B).
Furthermore, bone callus formation of T.E. periosteum modified allografts transplanting a
mixed cell population were 3.0- (1.66 mm?3) and 1.5-fold (3.8 mm?3) greater than
transplantation of MSCs alone, and 1.2- (4.2 mm3) and 1.4-fold (4.1 mm3) greater than
transplantation of osteoprogenitors alone, at 6 and 9 weeks respectively (Fig. 5B).

3.2.3 T.E. Periosteum-Mediated Bridging Callus and Endochondral Bone
Formation—Histological sections were examined both 6 and 9 weeks after implantation to
further elucidate how T.E. periosteum mediates callus bone formation (Fig. 6). As has been
previously observed [12], autograft healing was marked by significant graft resorption, (Fig.
6A) and the simultaneous formation of a uniform bridging callus bone collar (Fig. 6B). In
contrast to autografts, unmodified allografts fail to remodel (Fig. 6C-D). In addition,
allografts do not generate a bridging callus bone collar; instead only minimal amounts of
callus bone are formed at the proximal and distal graft-host interfaces (Fig. 6C) with
complete resorption of callus occurring by 9 weeks (Fig. 6D). Unlike allografts, T.E.
periosteum modified allografts transplanting MSCs (Fig. 6E—F), osteoprogenitors (Fig. 6G—
H), or a mixture of MSCs and osteoprogenitors (Fig. 61-J) exhibited a significant increase in
bridging callus formation. In particular, T.E. periosteum modified allografts transplanting
MSCs (Fig. 6E-F; black arrows) or osteoprogenitors (Fig. 6G—H; black arrows) exhibited
significant increases in bridging cartilaginous matrix production, as indicated by alcian blue
staining. In contrast, T.E. periosteum modified allografts transplanting a mixed cell
population exhibited qualitatively comparable bridging callus formation but a significant
reduction in bridging cartilaginous matrix production was observed (Fig. 61-J; black
arrows).

To quantify the marked increase in T.E. periosteum-mediated bridging callus formation,
histomorphometric analysis was performed on alcian blue/orange G stained tissue sections
(Fig. 6). Using colorimetric thresholding techniques, total callus area, as well as total
mesenchyme, total cartilage, and total woven bone area were quantified (Fig. 7). Compared
to unmodified allografts, T.E. periosteum modified allografts transplanting mixtures of
MSCs and osteoprogenitors, MSCs, or osteoprogenitors exhibited statistically comparable
2.9- (10.9 mm?2) and 4.0-fold (10.7 mm?2), 2.6- (9.5 mm?) and 3.5-fold (9.5 mm?), and 2.8-
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(10.1 mm?) and 3.9-fold (10.5 mm?) increases in total callus area, after 6 and 9 weeks of
healing (Fig. 7A). Compared to unmodified allografts, T.E. periosteum modified allografts
transplanting mixed cell population exhibited a 4.0- (Fig. 7B; 3.9 mm?), 6.0-fold (Fig. 7C;
0.24 mm?), and 3.4-fold (Fig. 7D; 6.5 mm2) increase in total mesenchyme, cartilage, and
woven bone area 9 weeks post-implantation. Furthermore, T.E. periosteum modified
allografts transplanting a mixed cell population exhibited an 1.2- (Fig. 7B; 4.8 mm?) and
6.3-fold (Fig. 7C; 1.5 mm?) decrease in total mesenchyme and cartilage area compared to
transplantation of MSCs only, and an 1.3- (Fig. 7B; 5.1 mm?2) and 5.9-fold (Fig. 7C; 1.4
mm?) decrease in total mesenchyme and cartilage area compared to transplantation of
osteoprogenitors only at 9 weeks post-implantation. In contrast, T.E. periosteum modified
allografts transplanting mixtures of MSCs and osteoprogenitors exhibited a 2.1- (3.1 mm?)
and 1.6-fold (4.0 mm?) increase in total woven bone area as compared to transplantation of
MSCs or osteoprogenitors at 9 weeks post-implantation (Fig. 7D).

3.2.4 T.E. Periosteum-Mediated Allograft Biomechanical Stability—Torsion
testing was performed 6 and 9 weeks post-implantation to assess the extent of graft host
integration for the various T.E. periosteum. As observed previously [11, 12], autografts
(31.2 and 31.9 N-mm) exhibited maximal torque values that were comparable to intact
femurs (26.5 and 24.4 N-mm) controls, at both 6 and 9 weeks, respectively (Fig. 8). In
contrast to autografts, unmodified allografts exhibited a statistically significant 7.8-fold (3.4
N-mm) and 7.2-fold (3.4 N-mm) decrease in maximal torque at 6 and 9 weeks (Fig. 8).
Unlike allografts, T.E. periosteum modified allografts transplanting both MSCs and
osteoprogenitors exhibit a significant 2.7-fold (9.0 N-mm) increase in maximal torque 9
weeks post-implantation, as compared to unmodified allografts (Fig. 8). Furthermore,
maximal torque values for T.E. periosteum modified allografts transplanting a mixed cell
population were 2.2-fold (4.1 N-mm) greater than transplantation of MSCs alone, and 1.9-
(4.7 N-mm) greater than transplantation of osteoprogenitors alone, at 9 weeks, respectively
(Fig. 8). Increased mechanical stability was further supported by increasing trends in graft-
host connectivity, as determined by pCT-based union ratio calculations (Table. 1). While
statistical significance was not achieved, T.E. periosteum modified allografts transplanting
both MSCs and osteoprogenitors exhibited a 1.4- (13.9%), 1.2- (15.9%), and 1.3-fold
(15.4%) increase in graft-host connectivity 9 weeks post-implantation, as compared to
unmodified allografts and T.E. periosteum modified allografts transplanting only MSCs or
osteoprogenitors.

3.2.5 In Vivo Gene Expression of T.E. Periosteum Transplanted Cells—To
elucidate the cellular contributions of transplanted MSCs, gene expression was analyzed at
0, 1.5, 3, 6, and 9 weeks post-implantation. Immunohistochemical labeling of green
fluorescent protein (GFP) showed that transplanted GFP™ mMSCs exhibit minimal
engraftment into newly formed bone callus (Fig. 9A). However, laser capture
microdissection (Fig. 9B) and subsequent gene expression for transplanted cells revealed
that mixed cell populations exhibited trends towards increases in markers of endochondral
ossification (Fig. 9C). Although not statistically significant, compared to MSCs, the mixed
population of transplanted MSCs exhibited a 1.6-fold increase in Sox9 expression 1.5 weeks
post-implantation (Fig. 9Ci). Furthermore, by 9 weeks post-implantation the mixed
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population of MSCs exhibited a significant 3.7-fold reduction in Sox9 expression as
compared to MSCs (Fig. 9Ci). In addition, as Sox9 expression decreased within the mixed
population of MSCs, Runx2 expression steadily increased, reaching 1.7-fold that of MSCs
by week 9 (Fig. 9Cii). In contrast to MSCs, transplantation of a mixed population of MSCs
resulted in a 4.9-fold increase in Collal expression by week 3, before decreasing to a level
that was comparable to MSC controls (Fig. 9Ciii).

Transplanted MSCs retained both VEGF (Fig. 9Civ) and BMP2 (Fig. 9Cv) expression.
Compared to MSCs, transplantation of a mixed population of MSCs resulted in a 2.7-fold
decrease and 3.9-fold increase in VEGF and BMP2 expression respectively, immediately
following transplantation (Fig. 9Civ and 9Cv). This trend remained consistent through 9
weeks where transplantation of a mixed MSC population exhibited a 2.1-fold decrease and
1.8-fold increase in VEGF and BMP2 expression respectively, as compared to MSCs alone
(Fig. 9Civ and 9Cv).

4. Discussion

4.1 Summary

The periosteum is critical in orchestrating autograft repair through direct tissue elaboration
during initial callus production and paracrine-mediated host cell activation and recruitment
[8, 13, 22, 23, 44, 72]. The focus of this study was to build upon our previous work
developing a PEG-based T.E. periosteum [4, 12], and further modulate allograft healing by
altering the transplanted MSC population to mimic both the cell population and paracrine
factor elaboration of the native periosteum. Our results demonstrate that by biasing half of
the transplanted MSC population into osteoprogenitors, T.E. periosteum-modified allografts
exhibit comparable BMP2 production as autografts ex vivo and enhanced healing in vivo. In
particular, when transplanted into a murine femoral segmental defect model, T.E.
periosteum-modified allografts transplanting a combination of MSC and osteoprogenitors
exhibit increased callus bone formation, graft-host integration, and biomechanics, compared
to all other groups.

4.2 Stem cells and osteoprogenitors are critical modulators of bone healing

Unlike previous studies focused on transplanting single cell populations, mainly MSCs [12,
36, 49], the work herein focused on transplanting a mixture of periosteum-emulating MSCs
and osteoprogenitors [2, 3, 5-7]. As previously discussed, transplantation of either MSCs or
osteoblasts has been shown to promote bone formation, but to date, co-transplantation of
these cell populations has not been a typical approach [12, 36, 49]. In the work presented
herein, following in vivo transplantation, T.E. periosteum including MSCs and
osteoprogenitors were shown to increase the rate of allograft healing. As demonstrated by
histomorphometric analysis, T.E. periosteum transplantation of mixed MSC populations
results in a 1.8-fold (6.5 mm?) increase in total woven bone callus area over an otherwise
additive enhancement anticipated from 50:50 mixed MSC (1.6 mm?2) and osteoprogenitor
(2.0 mm?) cells. Only in T.E. periosteum-modified allografts encapsulating mixed cell
populations was there a significant transition of cartilaginous matrix to ossified tissue (Fig.
7C). Consistent with histological findings, gene expression of the mixed population showed
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expedited progression through endochondral ossification (Fig. 9C). The process of
endochondral ossification and the transition from cartilaginous matrix to mineralized woven
bone is required for the healing of critical sized bone defects, a process largely mediated by
periosteal cells [10]. Furthermore, we previously demonstrated that transplanted MSCs
contributed directly to the initial callus production [12], suggesting that the introduction of
an osteogenic cell population promotes matrix mineralization. Similarly, transplantation of
osteogenic differentiated rabbit MSCs resulted in increased expression of markers of
endochondral ossification, and a subsequent 2.1-fold increase in bone deposition, as
determined by histological analysis 4 weeks after implantation into a rabbit mandibular
defect [33]. These results support the hypothesis that the heterogenous periosteum cell
population, consisting of both stem cells and osteoprogenitors, is critical for replicating
autograft healing in the context of decellularized allografts.

4.3 Transplanted cell paracrine factors corrdinate bone healing

In addition to direct cell contributions to endochondral ossification, periosteal cell paracrine
factors, including VEGF and BMP2, coordinate autograft healing and repair [13, 21-25].
While VEGF is an important regulator of angiogenesis, a critical step in bone remodeling, it
also promotes ossification and new bone formation, functions that are synergistically
enhanced by BMP2 [26, 39, 78-80]. Consistent with previous observations, transplantation
of mixed MSC populations resulted in synergistic enhancements of both VEGF and BMP2
production, as compared to delivery of either MSCs or osteoprogenitors alone (Fig. 2D) [20,
25, 81]. Transplantation of only MSCs or osteoprogenitors resulted in production of 470.8
and 80.6 pg/mL/day of VEGF, respectively. Accounting for the contributions of half of each
population, it would be expected that T.E. periosteum encapsulating a 50:50 mixed cell
population would exhibit an average of 275.7 pg/mL/day of VEGF production, however,
386.7 pg/mL/day was observed, a 1.4-fold increase over averaged values. This is an
insignificant reduction in VEGF production as compared to T.E. periosteum-modified
allografts including MSCs alone. Similarly, transplantation of MSCs or osteoprogenitors
alone resulted in production of 28.6 and 206.3 pg/mL/day of BMP2, respectively. Again,
accounting for the contribution of half of each population, it would be expected that T.E.
periosteum encapsulating a 50:50 mixed cell population would exhibit 117.5 pg/mL/day of
BMP?2 production, however, 156.3 pg/mL/day was observed, a 1.3-fold increase over
expected levels. As previously highlighted, transplantation of a mixed cell population results
in increased callus bone formation (Figures 5 & 7), graft-host integration (Figure 6 & Table
1), and biomechanics (Figure 8), compared to all other groups.

Similar to our observations, silk hydrogel-mediated release of VEGF alone resulted in ~60%
less new bone area when compared to release of a combination of both VEGF and BMP2 in
a rabbit maxillary sinus floor defect model [80]. VEGF and BMP2 co-delivery versus BMP2
alone results in a 1.8-fold increase in endochondral ossification within murine calvarial
defect models [79]. In particular, BMP2 is critical for initial steps in fracture healing [82];
Yu et al. demonstrated that recombinant BMP2 treatment of non-stabilized tibial fractures
expedited cartilage resorption and bone deposition during endochondral bone formation
[35]. Similarly, allografts coated with self-complementary adeno-associated virus serotype
2.5 vector for BMP2 (scAAV2.5-BMP2) demonstrated a statistically significant 2.3-fold
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increase in callus bone formation, and a 10.9-fold increase in torsional rigidity 6 weeks post-
implantation, compared to allograft controls [83]. As shown in vitro (Fig. 2D) and in vivo
(Fig. 9C) here, BMP2 is significantly lacking in T.E. periosteum-modified allografts
encapsulating MSCs alone. Compared to T.E. periosteum-modified allografts transplanting a
mixed cell population, transplantation of MSCs alone results in a 1.5-fold decrease in bone
callus formation (3.8 mm?3 vs. 5.7 mm3; Fig. 5B). Together, this demonstrates that the mixed
cell population within T.E. periosteum may exhibit synergistic VEGF and BMP2
production, possibly due to paracrine/autocrine signaling, resulting in expedited
mineralization and callus bone formation, leading to a subsequent increase in biomechanical
stability and overall graft healing.

While the roles of VEGF and BMP2 are clear, there are other factors important for bone
healing [26, 39, 78-80, 84]. For example, angiopoietins 1 and 2 (ANG1, ANG2), along with
VEGF, regulate angiogenesis and vessel maturation, contributing to bone healing [47, 48,
75-77]. ANG2, in particular, destabilizes pericyte/endothelial cell interactions and
promoting vascular remodeling and growth during large vessel arteriogenesis [76]. In
contrast, ANG1, an ANG2 agonist, stabilizes pericyte/endothelial cell interactions and
promotes vascular maturation in the late stages of angiogenesis [47]. Inhibition of ANG2
within a murine femoral segmental defect model via anti-angiopoietin-2 peptibody (L1-10)
treatment was shown to enhance healing by increasing the number of small, interpenetrating
vessels within the bridging callus [75]. Furthermore, osteoblast-specific ANG1 over-
expression has been shown to increase bone mass [85]. These results support our observed
increase in small vessel formation within T.E. periosteum-modified allografts including
mixed cell populations, or osteoprogenitors alone (Fig. 3). Furthermore, observed increases
in ANG1 by T.E. periosteum-modified allografts including mixed cell populations or
osteoprogenitors (Fig. 4) is consistent with literature findings that an osteogenic cell
population increases local ANG1 production, thereby inhibiting macroscopic vessel
formation [75, 85]. These findings also suggest that an increase in small interpenetrating
vessels, as verified by CD31 labeling, may be underrepresented by the lead contrast
perfusion imaging techniques utilized herein, thereby contributing to observed decreases in
overall vascular volume.

4.4 Replicating native periosteal cells results in promising allograft healing

Here, evidence is provided that by altering the phenotype of cells encapsulated within T.E.
periosteum modified allografts to better replicate native periosteal cell populations and
subsequent paracrine factor production, allograft healing and integration can be enhanced [4,
12]. As previously noted, T.E. periosteum coated allografts encapsulating a mixed cell
population resulted in a statistically significant 1.5-fold increase in callus bone formation 9
week post-implantation (Fig. 5B) [12]. Furthermore, temporal progression through
endochondral mediated matrix ossification was expedited, more closely following trends
observed in autograft healing (Fig. 6 & 7). Compared to T.E. periosteum mediated
transplantation of MSCs alone, transplantation of a mixed MSC population results in an
increased rate of cartilaginous matrix resorption, ossification, and as a result, graft-host
biomechanical integration, 9 weeks post-implantation (Fig. 8 & Table. 1). Specifically, the
increase in torsional biomechanics achieved herein at 9 weeks utilizing a mixed MSC
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population is 1.6-fold greater than our previously-reported biomechanical increases obtained
16 weeks post-implantation using MSCs only [12]. Taken together, this work demonstrates
that by mimicking native periosteum cell population and subsequent paracrine expression
profiles in T.E. periosteum-modified allografts, an enhanced rate of healing is achieved that
is in line with autograft healing. While this modification does not fully restore allograft
healing to the levels observed in autografts, it is a significant step towards emulating the
critical structure-function relationship of the periosteum. In addition, this bottom-up design
approach utilizing PEG hydrogels affords further modification to allow for controlled
growth factor release, potentially further optimizing this therapeutic strategy [86-89].

5. Conclusion

By mimicking autograft cell populations and subsequent paracrine signaling within T.E.
periosteum-modified allografts, and thereby further replicating the dual functionality of
native periosteal stem cells, allograft healing and integration was enhanced, as compared to
all other transplanted cell populations. Specifically, T.E. periosteum BMP2 production was
matched to autograft controls. When T.E. periosteum-modified allografts encapsulating a
mixed cell population to match autograft BMP2 production were transplanted into a murine
femoral segmental defect model, bone callus formation, bridging endochondral bone
formation, and biomechanical stability were significantly increased as compared to
unmodified allograft controls. These results demonstrate that periosteum-mediated paracrine
signaling is critical for graft healing and integration. Furthermore, the work presented herein
has established a strong foundation for the development of clinically translatable,
therapeutic, and increasingly efficacious strategies for the treatment of critical sized bone
defects.
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Figure 1.
Schematic representation of the poly(ethylene glycol) (PEG) based tissue engineered

periosteum. Hydrolytically degradable PEG macromers (n=227, m=3, p=79) were utilized to
photopolymerize MSCs, osteoprogenitors, or a 50:50 mixed combination thereof around
decellularized allografts using custom molds to fabricate tissue engineered periosteum
modified allografts.
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Figure 2.
Gene analysis for markers of osteogenesis (Cbfal; A, ALP; B) and histological assessment

of mineralization (von Kossa, hydroxyapatite; C) of GFP* MSCs following 10 days of
osteogenic differentiation (n=6; error bars represent standard deviation; p-value of <0.05
indicates significance compared to controls (*)). Quantification of graft vascular endothelial
growth factor (VEGF) and bone morphogenetic protein-2 (BMP2) paracrine factor
production showed that tissue engineered periosteum modified allografts transplanting a
mixed population of MSCs and osteoprogenitors best matched paracrine release profiles of
autograft controls (D) (n=5-7; error bars represent standard deviation; p-value of <0.05
indicates significance compared to allograft (*) or autograft (#)).
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Figure 3.
Micro-computed tomography (UCT) scans taken 6 and 9 weeks post-implantation were

reconstructed to assess in vivo host-mediated graft vascular infiltration (A). Subsequent
guantification revealed that tissue engineered periosteum modified allografts transplanting a
combination of MSCs and osteoprogenitors, or osteoprogenitors alone exhibited reduced
vascular volume as compared to transplantation of MSCs alone (B) (n=6; error bars
represent standard error of the mean; p-value of <0.05 indicates significance compared to
allograft (*) or autograft (#)). This reduction in total vascular volume was shown to be due
to decreased arteriogenesis and increased small vessel formation; as verified by micro-
computed tomography thresholding (C) (n=6; error bars represent standard deviation; p-
value of <0.05 indicates significance compared to MSCs (*), mixed (#), or osteoprogenitors
(%)), and immunohistological staining for CD31 (D) (black; CD31, and pink; nuclear fast red
counter stain and muscle).
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Figure 4.
Schematic representation of paracrine mediated vascular infiltration in which angiopoietin 1

(ANG1) drives small vessel angiogenesis while angiopoietin 2 (ANG2) drives vascular
remodeling and promotes large vessel arteriogenesis (A). Quantification revealed that tissue
engineered periosteum modified allografts transplanting a mixed cell population, or
osteoprogenitors alone resulted in a significant increase in ANG1 production, as compared
to transplantation of MSCs alone (B) (n=5-7; error bars represent standard deviation; p-
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value of <0.05 indicates significance compared to allograft (*), autograft (#), or allograft +
MSCs ($)).
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Figure 5.
Micro-computed tomography (UCT) scans taken 6 and 9 weeks post-implantation were

reconstructed to assess in vivo bone callus formation (A; intact and sagital cut views).
Subsequent quantification revealed that tissue engineered periosteum modified allografts
transplanting a mixed cell population significantly increased bone callus volume as
compared to transplantation of either MSCs or osteoprogenitors alone, as well as allograft
only controls (B) (n=5-6; error bars represent standard error of the mean; p-value of <0.05
indicates significance compared to allograft (*) or autograft (#)).
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Figure 6.
Histological analysis of graft sections was performed using alcian blue (blue;

glycosaminoglycans and proteoglycans) and orange G staining (pink; bone and surrounding
soft tissue) (A-J). T.E. periosteum modified allografts transplanting a mixed cell population
were shown to have significantly reduced bridging cartilaginous matrix staining (black
arrows) as compared to T.E. periosteum modified allografts transplanting only MSCs or
osteoprogenitors.
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Figure 7.

Histomorphometric analysis of stained graft sections (Fig. 5) revealed a comparable total
callus area (A), but a decrease in total mesenchyme callus (B) and total cartilage callus (C)
area, and an increase in total woven bone callus (D) area in tissue engineered periosteum
modified allografts transplanting a mixed cell population as compared to transplantation of
either MSCs or osteoprogenitors (n=10; error bars represent standard error of the mean; p-
value of <0.05 indicates significance compared to allograft (*), autograft (#), or allograft +
MSCs ($)).
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Figure 8.

Maximal torsion strength of tissue engineered periosteum modified allografts transplanting a
mixed cell population was significantly increased over unmodified allograft controls, and
tissue engineered periosteum modified allografts transplanting either MSCs or
osteoprogenitors 9 weeks post-implantation (n=8-10; error bars represent standard error of
the mean; p-value of <0.05 indicates significance compared to intact femur (*), autograft
(#), or allograft ($)).
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Figure 9.
Representative immunohistological staining for green fluorescent protein (GFP) showed

limited incorporation of mixed (GFP* mMSCs and osteoprogenitors) into the newly formed
bone callus 9 weeks post-implantation (A). Despite this finding, fluorescence microscopy
was used to locate transplanted mixed GFP* mMSCs and osteoprogenitors within prepared
histological sections (B) and laser capture microdissection (LCM) was performed to remove
selected cells (#; Ci—Civ). Subsequent RNA isolation and gene expression analysis revealed
that cells transplanted in a 50:50 ratio of MSCs to osteoprogenitors exhibited trends towards
expedited endochondral ossification as determined by Sox9 (Ci.), Runx2 (Cii.), Collal
(Ciii.), VEGF (Civ), and BMP2 (Cv) gene expression (n=5-6; error bars represent standard
error of the mean; p-value of <0.05 indicates significance compared to MSCs (*), 50:50
MSCs (#), or osteogenic MSCs ($)).
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