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Abstract

BACKGROUND

A major problem in the healing of bone defects is insufficient or absent blood
supply within the defect. To overcome this challenging problem, a plethora of
approaches within bone tissue engineering have been developed recently. Bearing
in mind that the interplay of various diffusible factors released by endothelial cells
(ECs) and osteoblasts (OBs) have a pivotal role in bone growth and regeneration
and that adjacent ECs and OBs also communicate directly through gap junctions,
we set the focus on the simultaneous application of these cell types together with
platelet-rich plasma (PRP) as a growth factor reservoir within ectopic bone tissue
engineering constructs.

AIM
To vascularize and examine osteogenesis in bone tissue engineering constructs
enriched with PRP and adipose-derived stem cells (ASCs) induced into ECs and
OBs.

METHODS
ASCs isolated from adipose tissue, induced in vitro into ECs, OBs or just expanded
were used for implant construction as followed: BPEO, endothelial and osteogenic
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differentiated ASCs with PRP and bone mineral matrix; BPUI, uninduced ASCs
with PRP and bone mineral matrix; BC (control), only bone mineral matrix. At 1,
2, 4 and 8 wk after subcutaneous implantation in mice, implants were extracted
and endothelial-related and bone-related gene expression were analyzed, while
histological analyses were performed after 2 and 8 wk.

RESULTS

The percentage of vascularization was significantly higher in BC compared to
BPUI and BPEO constructs 2 and 8 wk after implantation. BC had the lowest
endothelial-related gene expression, weaker osteocalcin immunoexpression and
Sppl expression compared to BPUI and BPEO. Endothelial-related gene
expression and osteocalcin immunoexpression were higher in BPUI compared to
BC and BPEO. BPEO had a higher percentage of vascularization compared to
BPUI and the highest CD31 immunoexpression among examined constructs.
Except Vwf, endothelial-related gene expression in BPEO had a later onset and
was upregulated and well-balanced during in vivo incubation that induced late
onset of Spp1 expression and pronounced osteocalcin immunoexpression at 2 and
8 wk. Tissue regression was noticed in BPEO constructs after 8 wk.

CONCLUSION

Ectopically implanted BPEO constructs had a favorable impact on vascularization
and osteogenesis, but tissue regression imposed the need for discovering a more
optimal EC/OB ratio prior to considerations for clinical applications.

Key Words: Adipose-derived stem cells; Endothelial-related genes; Bone-related genes;
Ectopic osteogenesis; Vascularization; Platelet-rich plasma

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: For successful bone regeneration, osteogenesis and vasculogenesis should be
supported by the appropriate combination of cells, growth factors and biomaterials
(biological triad). Because the optimal triad composition is unknown, our aim was to
combine endothelial and osteogenic differentiated adipose-derived stem cells in the
same construct with platelet-rich plasma on bone mineral matrix as a carrier. This
construct was examined in a mouse subcutaneous implantation model that enabled
interplay between endothelial cells and osteoblasts in induction of ectopic osteogenesis.
The results indicated the potential of this approach, but further preclinical evaluations
in orthotopic model regarding optimization of ECs/OBs ratio are necessary.

Citation: Najdanovi¢ JG, Cvetkovi¢ VI, Stojanovié ST, Vukeli¢-Nikoli¢ MB, Zivkovié IM,
Najman SJ. Vascularization and osteogenesis in ectopically implanted bone tissue-engineered
constructs with endothelial and osteogenic differentiated adipose-derived stem cells. World J
Stem Cells 2021; 13(1): 91-114

URL: https://www.wjgnet.com/1948-0210/full/v13/i1/91.htm

DOI: https://dx.doi.org/10.4252/wjsc.v13.11.91

INTRODUCTION

Bone tissue is composed of various types of bone specialized cells, blood vessels and
mineralized collagen fibers that are organized in hierarchical order!l. This tissue has
excellent self-regeneration capacity and capability of generating a new blood vessel
network”. Natural healing involves three consecutive steps: Inflammation;
osteogenesis; and bone remodeling!’.

Congenital skeletal abnormalities, trauma, removal of cancer tissue or infections
remarkably reduce bone regeneration capacity due to insufficient or absent blood
vessels within the defect!”! that further causes a lack of oxygen and nutrition supply
and metabolic waste removall’. As a consequence, cell viability around the bone defect
is low, and cells diel*’l. To overcome the challenging problem of poor vascularization
within the bone defect, a plethora of approaches have been developed in the field of
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bone tissue engineering (BTE). Bearing in mind that the interplay of various diffusible
factors released by endothelial cells (ECs) and osteoblasts (OBs) have a pivotal role in
bone growth and regeneration! and that adjacent ECs and OBs also communicate
directly by proteins at gap junctions, we set the focus on the simultaneous
application of these two cells types within BTE constructs.

In order to obtain a sustainable source of ECs and OBs, adipose tissue is one of the
options. Adipose tissue consists mainly of mature adipocytes (90%), but it also
contains a stromal vascular fraction (SVF), which is attractive for the application in
bone regenerative medicine and in BTE!'). SVF is composed of a heterogeneous
population of cells, including preadipocytes, EC progenitors, pericytes, fibroblasts,
mast cells and macrophages, and about 2% is adipose-derived stem cells (ASCs)!"".
SVF can be applied directly!'], or ASCs can be induced in vitro towards various cell
types, including ECs and OBs!""*""l. Absence of HLA-DR expression makes ASCs
suitable for allogenic applications'l.

Two types of interactions are crucial for the development of BTE constructs. The
first one is the interaction between ECs and OBs, and the second is the interaction of
these types of cells with biomaterial®. Besides cells and biomaterials, a source of
regulatory molecules that have an influence on both ECs and OBs is essential for BTE
constructs. There are studies regarding the improvement of vascularization and
osteogenesis in BTE constructs that include the simultaneous application of ECs and
OBs. However, their outcome varies depending on the applied experimental model,
experimental animals, biomaterial, EC/OB ratio and source of growth factors or
conditions. When ASCs were differentiated in vitro into ECs and OBs and seeded onto
polylactic acid gas-plasma-treated scaffolds, applied as monocultures or co-cultures in
ratio 1:1 and implanted into critical-sized rat calvarial defect, vascularization was
enhanced in the ECs monoculture group, and osteogenesis was enhanced in both
monoculture groups. However, the coculture group did not enhance the
vascularization and osteogenesis compared to the group containing undifferentiated
ASCs!"l. Similarly, cocultivated ECs and OBs combined and applied with sterilized
and decellularized banked rat calvaria allografts have not brought success®.
However, it has been revealed that vascularization within critical-sized calvarial
defects is more advanced when the allografts were seeded with EC monocultures
compared to the allografts seeded with OB monocultures and allografts seeded with
EC/OB cocultures”.

Great success has been accomplished in another orthotopic model of critical-sized
bone defects in rat femur where mesoporous bioactive glass scaffolds were pre-
vascularized with ASCs induced into ECs and subsequently seeded with ASCs
induced into OBs*l. These constructs improved angiogenesis and induced a higher
mineral deposition rate in comparison with mesoporous bioactive glass seeded with
osteogenic differentiated ASCs and unseeded mesoporous bioactive glass scaffolds.
When it comes to ectopic osteogenesis models, double cell sheets of endothelial and
osteogenic differentiated ASCs combined with coral hydroxyapatite, where EC sheets
were inside and OB sheets were outside coral hydroxyapatite, were shown to have
more advanced vascularization and osteogenesis compared to other types of coral
hydroxyapatite-double cell sheet constructs®l. In vitro cocultivated endothelial and
osteogenic differentiated ASCs seeded together with CD14+ osteoclast progenitors
onto HA/bTCP scaffolds were implanted subcutaneously into nude mice dorsal
pockets and have shown a favorable effect on vascularization and bone-like tissue
formation 3 wk after implantation.

In the above-cited studies, there is no unique answer that can be given about the
optimal composition of BTE constructs. It is unequivocally clear that the appropriate
combination of biomaterial triad components (cells, growth factors and biomaterials)
have to be found. To the best of our knowledge, there are no data regarding
endothelial-related gene expression and the dynamic of this expression related to
osteogenesis in ectopic BTE constructs containing both endothelial and osteogenic
differentiated ASCs combined with platelet-rich plasma (PRP) and biomaterials
carrier. Our aim was to examine the effects of simultaneously applied endothelial and
osteogenic differentiated ASCs combined with PRP and delivered on the bone mineral
matrix (BMM) on vascularization and osteogenesis in ectopically implanted BTE
constructs. To examine the importance of in vitro endothelial and osteogenic induction,
BTE constructs containing uninduced ASCs, PRP and BMM were also prepared. BMM-
only constructs represented a basic group of constructs that served as a carrier control.
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MATERIALS AND METHODS

Institutional animal care and use committee statement

All animal procedures in this experiment were performed in accordance with the
Animal Welfare Act (Republic of Serbia), which is in compliance with European Union
guidelines for experimental animals. The animal procedures were approved by the
Institutional Ethics Committee of the Faculty of Medicine, University of Ni$, Serbia,
approval No. 01-2857-8.

Experimental animals

The animal protocol was designed to minimize pain or discomfort to the animals.
Adult, syngeneic, healthy male BALB/c mice weighing 22-24 g and 8-weeks-old were
used in this study. Mice were held in standard laboratory conditions at 25 °C and 12 h
light/12 h dark regime with an ad libitum access to food and water.

BMM

Deproteinized sterilized bovine bone, Bio-Oss®(Geistlich-Pharma, Wolhusen,
Switzerland), with granules 0.25-1 mm in size (size S) was used for the implant
construction. Due to its biocompatibility, osteoconductivity, highly interconnected
pores, high surface area™! and high structural similarity to hydroxyapatite in bone!,
this biomaterial is suitable as a carrier for growth factors and cells. In the present
study, Bio-Oss® was used as a carrier for cells and growth factors and therefore labeled
as BMM carrier.

PRP

PRP used for the implant construction was prepared in a two-step method. First, blood
taken from mice orbital sinus according to the previously described technique®! was
collected into tubes that contained anticoagulant 4% sodium citrate and centrifuged for
10 min at room temperature. In the first centrifugation step, the supernatant
containing plasma with platelets was collected and centrifuged for another 10 min.
After the second centrifugation step, the pellet with platelets was resuspended in a
small volume of supernatant plasma to get 4-5 higher concentration of platelets in PRP
than physiological®!. The number of platelets established in Malassez chamber (Paul
Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany) was 1.89 x 10°+ 0.5 x 10°
platelets per microliter of PRP. The final concentration of applied PRP in the liquid
component of the implants was 10% (v/v), which was reported as the optimal
concentration for combining with mesenchymal stem cells (MSCs)**1. One aliquot of
PRP was stored in RNA stabilization solution RNAlater® (Ambion, Life Technologies,
Paisley, United Kingdom) for RNA isolation step and further used as calibrator sample
in quantitative real-time (qQRT)-PCR analysis.

Isolation and cultivation of ASCs

ASCs were obtained from SVF of visceral epididymal adipose tissue of BALB/c mice,
according to a previously established protocol!’'>'***!l. Briefly, extracted, washed and
macerated tissue was digested (45 min, at 37 °C) using collagenase type I (Sigma-
Aldrich, Hamburg, Germany) dissolved at the concentration of 2000 IU per 1 mL in
Dulbecco’s Modified Eagles Minimal Essential Medium (DMEM, PAA Laboratories
GmbH, Pasching, Austria). Digested tissue was passed through a 180 pm mesh and
centrifuged (10 min, 1500 rpm, 4 °C) upon which the lipid “ring” from the top of the
tube and the middle portion were removed. The remaining pellet containing ASCs
was seeded among 25 cm? cell culture flasks (Greiner Bio-One, Frickenhausen,
Germany) at a density of 1 x 10° in complete DMEM (cDMEM), which is DMEM
supplemented with 10% fetal bovine serum (FBS, PAA Laboratories GmbH, Pasching,
Austria), 2 mmol/L L-glutamine (PAA Laboratories GmbH, Pasching, Austria) and 1%
antibiotic-antimycotic solution (PAA Laboratories GmbH) that contained 100 IU/mL
penicillin, 100 pg/mL streptomycin and 125 ng/mL amphotericin B. Cells were
monitored daily on inverted light microscope Axio Observer.Z1 (Carl Zeiss,
Oberkochen, Germany) equipped with the camera AxioCam HR (Carl Zeiss).

The cells were cultivated in cDMEM in standard cell culture conditions at a
temperature of 37 °C in humified atmosphere and in a presence of 5% CO,. The
medium was changed every 2-3 d to discard nonattached cells. Upon achieving 80%
confluence, the cells were passaged using trypsin/EDTA solution (PAA Laboratories,
GmbH). The cells were cultivated in cDMEM up to the third passage (P03) in order to
purify the MSCs from the other cell types contained within the SVF. One day after the
P03, RNA stabilization solution, RNAlater®, was added to one aliquot of cells. These
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cells were labeled as P03-1d cells, stored at -80 °C until RNA isolation and used as
calibrator samples in qRT-PCR analysis.

Endothelial and osteogenic differentiation of ASCs

At P03, the cells counted using Trypan blue dye-exclusion method were seeded into
24-well plates (Greiner Bio-One, Frickenhausen, Germany) at a density of 0.5 x 10* per
well. Three types of cell culture were established: (1) Endothelial differentiated ASCs.
Endothelial differentiation was induced by using complete endoprime medium that
was prepared by mixing components of EndoPrime Kit (PAA Laboratories GmbH,
Austria), 5% FBS and 1% antibiotic-antimycotic solution. Complete endoprime
medium, 2 mL in each well, consisted of 500 mL Base Medium, 5 mL EndoPrime
supplement, 1 mL vascular endothelial growth factor (VEGF), 1 mL epidermal growth
factor, 25 mL FBS, 2 mmol/L L-glutamine, 100 IU/mL penicillin, 100 pg/mL
streptomycin and 125 ng/mL amphotericin B; (2) Osteogenic differentiated ASCs.
Osteogenic differentiation was induced by using osteogenic media. Osteogenic media,
2 mL in each well, was prepared by mixing 500 mL of cDMEM, 1 x 10®¥mol/L
dexamethasone, 50 pg/mL ascorbic acid and 10 mmol/L p-glycerophosphate; and (3)
Uninduced ASCs. These cells were cultivated in cDMEM, 2 mL in each well, until the
12th day after the third passage (labeled as P03-12d cells). For gene expression
analysis, P03-12d cells were placed into RNAlater® and stored at -80 °C.

In our earlier studies, we established that relative expression levels of endothelial-
related genes in endothelial differentiated ASCs was the highest at the 12th day of
endothelial differentiation"! and that relative expression levels of bone-related genes
were the highest at the 15th day of osteogenic differentiation!"”!. In the present study,
the same expression pattern was observed in both types of induced ASCs (data not
shown). Therefore, we have applied ASCs at the 12th day of endothelial differentiation
and ASCs at the 15th day of osteogenic differentiation for the implant construction.

Preparation of implants and implantation procedure

All implants were composed from 20 pL of liquid component and 10 mg
(approximately 0.02 cm®) of BMM. Three types of implants were constructed: (1)
BPEO, composed of 0.5 x 10* ECs (obtained after 12 d of in vitro endothelial
differentiation of ASCs) in 9 pL of DMEM, 0.5 x 10* OBs (obtained after 15 d of in vitro
osteogenic differentiation of ASCs) in 9 pL of DMEM, 2 pL of PRP (finally 10% v/v) as
a liquid component and 10 mg of BMM; (2) BPUI, composed of 1 x 10* P03-12d cells in
18 pL of DMEM and 2 pL of PRP (finally 10% v/v) as a liquid component and 10 mg of
BMM; and (3) BC (carrier-control group), composed of 20 pL of DMEM as a liquid
component and 10 mg of BMM.

Before implantation, PRP used for the implant construction was activated with
calcium chloride, mixed with cell suspensions and quickly loaded onto BMM granules.
The cells were allowed to attach to the BMM surface for 10-15 minP”, which also
allowed for fibrin fibers to form. Each single implant was shaped into a lump after
clotting*l.

Seventy-two BALB/c mice were randomly divided into three groups (BPEO, BPUI
and BC) that consisted of twenty-four animals each. Mice were anesthetized by
peritoneal administration of ketamine hydrochloride according to the guidelines for
mice anesthesia. Surgical fields were cleaned with povidone-iodine solution, and mice
were shaved. Implants were placed ectopically into interscapular subcutaneous tissue
with a large, sterile biopsy needle. After the implantation procedure, surgical fields
were cleaned again with povidone-iodine solution.

Each animal carried four implants of the same type. At 1, 2, 4 and 8 wk (in vivo
experimental periods) after implantation procedure, six animals were sacrificed per
group per time point. Implants extracted after each in vivo experimental period were
stored in RNAlater® at -80 °C until several endothelial-related and one bone-related
gene expression analysis, while implants extracted after 2 and 8 wk of in vivo
experimental period were also placed in 10% neutral buffered formalin (NBF) for
subsequent histological analysis.

Gene expression analysis
Endothelial-related gene expression was examined in P03-12d cells. To assess whether
simultaneously applied endothelial and osteogenic differentiated ASCs combined with
PRP have an impact on vascularization and osteogenesis in ectopically implanted BTE
construct, relative expression of four endothelial-related and one bone-related gene
was examined.

Total RNA from cultivated cells and extracted implants was isolated using the
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RNeasy Mini Kit® (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. For residual DNA on-column digestion, DNase I RNase-free set (Qiagen)
was applied according to the manufacturer’s instructions. Immediately after RNA
isolation, the concentration of RNA in the samples was determined according to the
manufacturer’s instructions using Qubit® 2.0 fluorometer and Qubit® RNA assay kit
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States).

Isolated total RNA was reverse transcribed into single-stranded cDNA using High-
capacity cDNA Reverse Transcription Kit (Applied Biosystems®, Thermo Fisher
Scientific, Waltham, MA, United States) according to the manufacturer’s protocol.
Reactions were performed in three steps (10 min at 25 °C; 120 min at 37 °C, and 5 min
at 85 °C), in a SureCycler 8800 (SureCycler8800; Agilent Technologies, Santa Clara, CA,
United States).

The relative expression level of endothelial-related genes in P03-12d cells was
determined regarding the expression levels of the same genes in the cell culture
established 1 d after the third passage (labeled as: P03-1d cells, calibrator sample). The
relative expression level of endothelial-related genes and one bone-related gene in the
implants was determined regarding expression of the same genes in the P03-1d cells
combined with PRP (calibrator sample).

Gene expression was quantified by qRT-PCR using Kapa Sybr® Fast Universal gPCR
Master Mix (2 x) kit (Kapa Biosystems, Wilmington, MA, United States) in accordance
with the manufacturer’s recommendation. Amplification was performed, monitored
and analyzed by a RealTime thermal cycler and its software Stratagene MxPro-
Mx3005P (Agilent Technologies, Santa Clara, CA, United States). Amplification
reactions were performed for 40 cycles. The following thermal profile was set for each
cycle: enzyme activation for 3 min at 95 °C; denaturation 3 s at 95 °C; annealing 20 s at
55 °C; and extension 1 s at 72 °C. Primer-dimer presence and specificity and quality of
PCR products were performed after 40 cycles of the amplification reaction by melting
curve analysis (ramp from 55 °C to 95 °C). Commercially available primers for mice
(Quantitect primer assays; Qiagen) were used for target genes (Table 1). Relative gene
expression in all samples, including calibrator samples, was normalized to the
housekeeping gene, B-actin, which was used as an endogenous control.

Histology and histomorphometry
The implants extracted 2 and 8 wk after implantations that were placed in 10% neutral
buffered formalin were decalcified in 10% EDTA solution (pH 7.4), dehydrated in
ascending concentrations of ethanol and embedded in paraffin. Paraffin tissue blocks
were sectioned (4 pm) on a microtome Leica RM2235 (Leica Microsystems, Solms,
Germany). Obtained tissue sections were deparaffinized with xylene and stained with
hematoxylin and eosin and Masson’s trichrome stains. Stained sections were analyzed
under light microscope LEICA DMR and imaged using a LEICA DC 300 camera.
Histomorphometric measurements were performed in the NIS-Elements software
version 3.2 (Nikon, Tokyo, Japan) on hematoxylin and eosin stained tissue sections.
The images were obtained on a microscope Leica DMLS equipped with the camera
CMEX-10 Pro (Euromex Microscopen BV, Netherlands) at 100 x magnification. The
total area of implants and the total area of blood vessels were measured using the
“Annotations and Measurements” tool in the software. The percentage of
vascularization (%) was calculated as follows: (total vessel area/ total area of implants)
% 100.

Immunohistochemistry

The implants extracted 2 and 8 wk after implantation that were placed in 10% neutral
buffered formalin were decalcified in 10% EDTA solution (pH 7.4), dehydrated in
ascending concentrations of ethanol, embedded in paraffin and sliced at 4 pm on a
microtome Leica RM2235. Tissue sections were further deparaffinized. To unmask
antigenic sites, antigen-retrieval process was performed using 10 mmol/L sodium
citrate buffer (pH 6.0) in the microwave oven prewarmed at 96 °C. After that, tissue
sections were left at room temperature for 30 min to cool off.

Rabbit specific HRP/DAB detection kit (ab64261, Abcam, Cambridge, United
Kingdom) was used for visualization according to the manufacturer’s instruction. This
kit contains: 0.3% Hydrogen Peroxide Block, Protein Block, Biotinylated goat anti-
rabbit IgG, Streptavidin Peroxidase, DAB substrate and DAB chromogen. First,
Hydrogen Peroxide Block was applied (10 min, room temperature) to block
endogenous peroxidase activity, and then the tissue sections were treated with Protein
Block (5 min, room temperature) to abolish nonspecific binding of the primary
antibodies. After this step, tissue sections were incubated with the following primary
antibodies overnight at 4 °C: anti-VEGFR-2 (ab2349; Abcam, Cambridge, United
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Table 1 List of the primers used for quantitative real-time PCR

Gene name (abbreviation)

QuantiTect primer assay

B-actin (Actb)
von Willebrand factor (Vwy)

Early growth response 1 (Egr1)

Mm_Actb_2_SG, QT01136772
Mm_Vwf_1_SG, QT00116795

Mm_Egrl_1_SG, QT00265846

Vascular endothelial growth factor receptor 1 (FIt1) Mm_Flt1_1_SG, QT00096292

Vascular cell adhesion molecule 1 (Vcam1)

Osteopontin (Spp1)

Mm_Vcaml_1_SG, QT00128793

Mm_Sppl_1_SG, QT00157724

Jaishideng®

Kingdom) at a dilution of 1:200; anti-CD31 (PAA363Mu01; Cloud-Clone Corp.,
Houston, TX, United States) at a dilution of 1:1000; and anti-osteocalcin (ab9386;
Abcam) at a dilution of 1:200. Negative controls were the sections prepared in the
same way but primary antibodies were omitted.

Further, the sections were incubated with Biotinylated goat anti-rabbit IgG (10 min,
room temperature), Streptavidin Peroxidase (10 min, room temperature) and DAB
chromogen mixed with DAB substrate (10 min, room temperature). The sections were
counterstained with Mayer’s Hematoxylin (5 min, room temperature), rinsed in tap-
water, dehydrated and mounted (VectaMount®; Vector Laboratories, Burlingame, CA).
Stained sections were analyzed and imaged on a light microscope LEICA DMR
equipped with LEICA DC 300 camera.

To quantify VEGFR-2, CD31 and osteocalcin immunoexpression, Image] free
software version 1.53 (National Institute of Health, Bethesda, MD, United States) (Java
1.8.0_172) was used. Tissue sections were imaged on a light microscope LEICA DMR
equipped with LEICA DC 300 camera, at 40 x objective magnification. The
immunohistochemistry (IHC) optical density (OD) score was applied to validate the
intensity of VEGFR-2, CD31 and osteocalcin immunoexpression in the infiltrated tissue
according to a previously established protocol™ by using the open source plugin IHC
profiler in the Image] software. Because OD is relative to the concentration of the
applied stain (Lambert-Beer law)"* the amount of detected stain determines the OD at
a wavelength specific for the stain. We applied hematoxylin and DAB for IHC
staining, and the IHC profiler developed by Varghese et all*™ was suitable for our IHC
sections.

The THC profiler automatically counts the semiquantitative OD score that
corresponds to the intensity of each pixel ranked from negative to highly positivel*.
Semiquantitative data were converted into a quantitative result by using the following
formula adapted from Seyed Jafari et al™!: IHC OD score = percentage contribution of
high positive x 4 + percentage contribution of positive x 3 + percentage contribution of
low positive x 2 + percentage contribution of negative x 1.

Under 40 x objective magnification, five regions of interest (per group/per
antibody/ per experimental period) were selected randomly in IHC-stained sections to
count the average IHC OD score. IHC OD in the sections was analyzed only in the
infiltrated tissue with granules excluded.

Statistical analysis

All statistical evaluations were performed in the SPSS version 15.0 (SPSS for Windows;
SPSS Inc., Chicago, IL, United States). Results of qRT-PCR analyses,
histomorphometric analysis and IHC OD score analysis were statistically processed
and mean values were calculated for all samples. Mean values are shown with
standard deviation (SD). After calculating mean values + SD, Kruskal-Wallis
nonparametric ANOVA test for the determination of statistical significance was
conducted. Post hoc Mann-Whitney test was used for the determination of statistically
significant differences between examined groups at the same observation points.
Differences were considered significant at P < 0.05.

RESULTS

Gene expression analysis in cells
Relative expression of endothelial-related genes (Vwf, Egrl, Fit1 and Vcaml) in
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uninduced ASCs at the 12th day after the P03 was upregulated compared to the
expression of the same genes in the calibrator sample (P03-1d cells) (Figure 1).

Gene expression analysis in implants

Relative expression levels of four endothelial-related genes and one bone-related gene
in the BC, BPUI and BPEO implant groups were determined in implants extracted at 1,
2, 4 and 8 wk after implantation and compared to the expression of the same genes in
P03-1d cells combined with PRP (calibrator sample) (Figure 2). Because all animals
have survived until the end of the determined in vivo experimental periods, there were
twenty-four samples for gene expression analysis per each group (n = 24). Number of
sacrificed mice per experimental period per group was six. Therefore, there were six
samples (1 = 6) per group per experimental period [n (BC) = 6, n (BPUI) = 6, n (BPEO)
= 6] for gene expression analysis. For each examined gene expression, results were
presented as mean value + SD (Figure 2). Differences in relative genes expression
between examined groups at the same observation points were considered significant
at P <0.05 (Figure 2).

Downregulation of Vwf gene expression was registered in all types of implants at
each observation point (Figure 2A). In 1-week-old implants, Vwf gene expression was
higher (°P < 0.05) in BPEO in comparison with BPUI implants (Figure 2A). Among 4-
week-old implants, BPEO had higher Vwf gene expression compared to BC (*P < 0.05)
and BPUI (°P < 0.05) implants (Figure 2A). At 2 and 8 wk after implantation, BPUI
implants had higher Vwf gene expression compared to the BC (*P < 0.05) and BPEO (‘P
< 0.05) type of implants (Figure 2A).

Upregulation of Egrl (Figure 2B) and FIt1 (Figure 2C) gene expression was
estimated in all examined types of implants, but gene expression profiles for these two
genes were different. In 1-week-old and 2-week-old implants, Egr] gene expression
(Figure 2B) was higher in BPUI implants compared to BC (*P < 0.05) and BPEO (P <
0.05) implants. At 4 wk after implantations, the highest Egr1 gene expression was
estimated in BC implants, which was higher (°P < 0.05) compared to BPEO implants.
In 8-week-old implants, Egr]l gene expression was higher in BPEO implants in
comparison with the other two types of implants (°P < 0.05 and “P < 0.05).

In 1-week-old, 2-week-old and 4-week-old implants, Fit1 gene expression was
higher (°P < 0.05) in BPUI compared to BC implants (Figure 2C). In 1-week-old
implants, FIt1 gene expression was higher (‘P < 0.05) in BPUI compared to BPEO and
in BC compared to BPEO (°P < 0.05) implants (Figure 2C). Almost the same Fit1 gene
expression level was found in 4-week-old BPUI and BPEO implants (Figure 2C). In 8-
week-old implants, FIt1 gene expression in BPUI implants decreased so that all types
of implants had similar FIt1 gene expression levels (Figure 2C).

The expression of the Vcam1 gene was higher (P < 0.05) in BPUI compared to BPEO
and BC at almost every observation point throughout the entire experimental period
(Figure 2D). Interestingly, Vcaml gene expression was higher (*P < 0.05) in BC
compared to BPEO implants in 1-week-old and 8-week-old implants (Figure 2D).

The Spp1 gene expression was lower in BC implants compared to BPUI and BPEO
implants during the entire experimental period (Figure 2E). The Spp1 gene expression
was higher (°P < 0.05) in BPUI compared to BC implants at each single observation
point, and higher (°P < 0.05) in BPUI compared to BPEO implants at the first three
observation points (Figure 2E). In 2-week-old implants, Sppl gene expression was
higher (°P < 0.05) in BPEO than in BC implants (Figure 2E).

Histology and histomorphometry

Multinucleated giant cells (MNGCs) were rare and located onto or between BMM
granules in 2-week-old BC type of implants. Loose connective tissue composed of
weave-like collagen bundles, fibroblast-like and polymorphonuclear cells and blood
vessels were seen between BMM granules (Figures 3A and 4A). Numerous MNGCs
were noticed on and between BMM granules in 8-week-old BC implants (Figures 3D
and 4D). Blood vessels (Figure 3D) and hemorrhagic fields (Figure 4D) were seen
between BMM granules and at the areas of resorbed BMM (Figures 3D and 4D).
Collagen fibers were well-organized near the granules, but in the spaces more distant
from the granules, these fibers were still weave-like (Figure 4D). Cellularity of BC
implants was good, but slightly weaker than at the previous observation point
(Figures 3D and 4D). Also, bone-lining, osteoblast-like cells were seen at some places
(Figure 3D).

Two-week-old BPUI implants had rare MNGCs (Figure 4B), and signs of BMM
granules were seen (Figure 3B). Loose connective tissue was composed of weave-like
collagen, various types of cells and hemorrhagic fields (Figure 4B). Regular connective
tissue was seen next to BMM granules (Figure 4B). At the 8-wk observation point,
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Figure 1 Relative endothelial-related gene expression in uninduced adipose-derived stem cells. Relative endothelial-related gene expression in
uninduced adipose-derived stem cells at the 12th day after the third passage (P03-12d cells) compared to uninduced adipose-derived stem cells obtained 1 d after
the third passage (P03-1d cells; calibrator sample). Upregulation of expression of all examined endothelial-related genes (Vwf, Egr1, Flt1 and Vcam1) was found in
P03-12d cells. Vwf: Von Willebrand factor; Egr1: Early growth response 1; Flt1: Vascular endothelial growth factor receptor 1; Vcam1: Vascular cell adhesion

molecule 1.
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MNGCs were placed onto or into BMM granules (Figures 3E and 4E) thus invading
and resorbing them, while osteoblast-like cells that adhered onto BMM granules were
seen only sporadically (Figure 3E). At some places, osteon-like structures invaded
BMM granules (Figure 3E). Connective tissue consisted of rare blood vessels
(Figure 3E), both well-organized and weave-like collagen fibers (Figure 4E).

In 2-week-old BPEO implants, BMM granules were surrounded with MNGCs, and
the signs of BMM granule resorption were pronounced (Figures 3C and 4C). Collagen
fibers around BMM granules and in the places more distant from the granules were
mostly regular (Figure 4C). This regular connective tissue was comprised of fibroblast-
like and polymorphonuclear cells, blood vessels (Figures 3C and 4C) and hemorrhagic
fields (Figure 3C). Osteoblast-like cells lined and attached BMM granules and osteon-
like structures invaded the granules at some places (Figure 3C). In 8-week-old BPEO
implants, osteoclast-like cells (Figures 3F and 4F) and signs of BMM granules
resorption (Figure 3F) were seen. Tissue between the granules had moderate
vascularization (Figures 3F and 4F), well organized collagen fibers (Figure 5F) and
moderate cellularity (Figure 4F). On the surface of BMM granules, osteoblast-like cells
and lining cells were noticed (Figures 3F and 4F). Also, tissue regression between
BMM granules was noticed (Figure 3G).

The percentage of vascularization in the BC, BPUI and BPEO groups was
determined in implants extracted 2 and 8 wk after implantation. Four samples (1 = 4)
per each group per experimental period [n (BC) = 4, n (BPUI) = 4, n (BPEO) = 4] were
taken for this analysis. For each group for both experimental periods, results were
presented as mean value £ SD (Figure 5).

Among the examined types of implants, BC implants had the highest percentage of
vascularization at both observation points (Figure 5). At 2 wk, those differences were
significant between BC and BPUI (“P < 0.01) and between BC and BPEO group (°P <
0.01) (Figure 5A). Also, at this observation point BPEO implants had a higher
percentage of vascularization (P < 0.05) in comparison with BPUI implants. In
implants extracted after 8 wk (Figure 5B), differences in the percentage of
vascularization was significant between BC and BPUI (‘P < 0.01) as well as between
BC and BPEO implants (5P < 0.05).

Immunohistochemical analysis

VEGFR-2 immunoexpression: VEGFR-2 immunoexpression was detected in all
examined types of implants at the 2-wk and 8-wk observation point (Figure 6).
VEGFR-2 immunoexpression in 2-week-old BC implants was localized in the tissue
distributed between BMM granules and close to the BMM granules (Figure 6A). In 2-
week-old BPUI implants, immunoexpression of VEGFR-2 was seen mostly next to the
BMM granules (Figure 6B). Two weeks after implantation, BPEO implants had
VEGEFR-2 positive cells between BMM granules, next to the BMM granules and around
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Figure 2 Dynamics and patterns of relative gene expression levels in ectopic osteogenic implants. Relative gene expression levels in BC
(implants containing only BMM carrier), BPUI (implants containing uninduced adipose-derived stem cells) and BPEO (implants containing simultaneously applied
endothelial and osteogenic differentiated adipose-derived stem cells) implants extracted at one (1w), two (2w), four (4w) and eight (8w) weeks after implantation
(observation points) were presented comparing the expression of the same genes in the calibrator sample (P03-1d cells combined with PRP). A: Von Willebrand
factor; B: Early growth response 1; C: Vascular endothelial growth factor receptor 1; D: Vascular cell adhesion molecule 1; E: Osteopontin. Number of sacrificed mice
per experimental period (1w, 2w, 4w, 8w) per group was six, giving six samples per group [n (BC) = 6, n (BPUI) = 6, n (BPEO) = 6] for relative gene expression
analysis. For each examined gene expression, results were presented as mean value + standard deviation. Error bars represent standard deviation. ?P < 0.05 BC vs
BPUI within the same observation point. °P < 0.05 BC vs BPEO within the same observation point. °P < 0.05 BPUI vs BPEO within the same observation point. Viwf:
Von Willebrand factor; Egr1: Early growth response 1; Fit1: Vascular endothelial growth factor receptor 1; Vcam1: Vascular cell adhesion molecule 1; Spp1:
Osteopontin; BC: Implants containing only bone mineral matrix carrier; BPUI: Implants containing uninduced adipose-derived stem cells, platelet-rich plasma and
bone mineral matrix carrier; BPEO: Implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived stem cells, platelet-rich
plasma and bone mineral matrix carrier.

blood vessels (Figure 6C). The analysis of IHC OD score revealed that, among the
implants extracted 2 wk after implantation, BPUI implants had the highest VEGFR-2
IHC OD score (Figure 6G), which was higher compared to the BC (*P < 0.01) and BPEO
(°P < 0.001) implants.

VEGFR-2 immunoexpression, distributed mainly in cells located next to the BMM
granules was seen in BC implants after 8 wk (Figure 6D). At the same observation
point in BPUI implants, VEGFR-2 immunoexpression was observed next to the BMM
granules and in the tissue between them (Figure 6E). At the 8-wk observation point,
VEGEFR-2 immunoexpression in BPEO implants was similar to the expression observed
in the 2-wk BPEO implants (Figure 6C and 6F), which was confirmed by IHC OD score
analysis (Figure 6G). At this observation point, BPUI implants had higher VEGFR-2
immunoexpression in comparison with BPEO implants (‘P < 0.001) (Figure 6G).

CD31 immunoexpression: At the 2-wk observation point, CD31 immunoexpression in
BPEO implants was stronger compared to BC (°P < 0.001) and BPUI (“P < 0.01)
implants (Figure 7A-7A and 7G). CD31 immunoexpression was weak in BPUI
implants but slightly more pronounced in 2-week-old compared to 8-week-old
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Figure 3 Representative hematoxylin and eosin sections of ectopic osteogenic implants. Representative hematoxylin and eosin sections of: A:
Two-week-old BC [implants containing only bone mineral matrix (BMM) carrier]; B: Two-week-old BPUI (implants containing uninduced adipose-derived stem cells,
platelet-rich plasma and BMM carrier); C: Two-week-old BPEO (implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived
stem cells, platelet-rich plasma and BMM carrier); D: Eight-week-old BC implants; E: Eight-week-old BPUI implants; F and G: Eight-week-old BPEO implants. All
images acquired at bright field. Scale bars show 50 pm (A-F) and 100 um (G). BMM granules (orange star), cellularity (black circle), blood vessels (orange arrows),
osteoblast-like cells (orange arrowhead), multinucleated giant cells (black arrowhead), osteon-like structures (rounded rectangle), hemorrhagic fields (orange circle),
area of resorbed granules (ellipse), tissue regression between BMM granules (orange ellipse).

implants (Figure 7B and 7E). CD31 was immunoexpressed in blood vessel walls and in
the tissue distributed between BMM granules in the BPEO implants at 2 wk.
(Figure 7C). In the BPEO implants extracted after 8 wk, CD31 was mostly
immunoexpressed in blood vessel walls (Figure 7F). Eight weeks after implantation,
the IHC OD score was higher in BPEO in comparison with the BC (“P < 0.05) and the
BPUI (°P < 0.001) group (Figure 7G).

Osteocalcin immunoexpression: Osteocalcin immunoexpression in BC implants after
2 wk was found in the space between the BMM granules (Figure 8A). It had similar
distribution but lower (P < 0.01) IHC OD score at the 8-wk observation point in
comparison with the previous observation point (Figures 8A, 8D and 8G). In BPUI
implants, osteocalcin immunoexpression was seen at both observation points
(Figure 8B and 8E), but it was weaker in 2-week-old (Figure 8E) compared to 8-week-
old implants (Figure 8B), which was verified by the IHC OD score (8P < 0.001)
(Figure 8G). In 2-week-old BPEO implants, most of the tissue between BMM granules
was osteocalcin positive (Figure 8C). In 8-week-old BPEO implants, the distribution
pattern of osteocalcin immunoexpression was the same as in 2-week-old (Figure 8C
and 8F), but the IHC OD score showed an increase in the intensity of osteocalcin
immuno- expression (Figure 8G). Statistical significance in osteocalcin immuno-
expression was shown between all examined types of implants and at both
observation points except between BC and BPEO implants at the 2-wk observation
point (Figure 8G).
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Figure 4 Representative Masson’s trichrome sections of ectopic osteogenic implants. Representative Masson'’s trichrome sections of: A: Two-
week-old BC [implants containing only bone mineral matrix (BMM) carrier]; B: Two-week-old BPUI (implants containing uninduced adipose-derived stem cells,
platelet-rich plasma and BMM carrier); C: Two-week-old BPEO (implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived
stem cells, platelet-rich plasma and BMM carrier); D: Eight-week-old BC implants; E: Eight-week-old BPUI implants; F: Eight-week-old BPEO implants. All images
acquired at bright field. Scale bar shows 50 ym; BMM granules (orange star), cellularity (black circle), blood vessels (orange arrows), osteoblast-like cells (orange
arrowhead), multinucleated giant cells (black arrowhead), hemorrhagic fields (orange circle), weave-like collagen fibers (curved double-arrow connector), regular
collagen fibers (elbow double-arrow connector).
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Figure 5 Histomorphometric analysis of ectopic osteogenic implants. Percentage of vascularization was determined in: A: Two-week-old and B: Eight-
week-old BC [implants containing only bone mineral matrix (BMM) carrier], BPUI (implants containing uninduced adipose-derived stem cells, platelet-rich plasma and
BMM carrier) and BPEO (implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived stem cells, platelet-rich plasma and
BMM carrier). Four samples (n = 4) per each group per experimental period [n (BC) = 4, n (BPUI) = 4, n (BPEO) = 4] were taken for this analysis. For each group for
both experimental periods, results were presented as mean values + standard deviation. Error bars represent standard deviation. 2P < 0.01 BC vs BPUI. °P < 0.01 BC
vs BPEO. °P < 0.05 BPUI vs BPEO. ¢P < 0.05 BC and BPEO. BC: Implants containing only bone mineral matrix carrier; BPUI: Implants containing uninduced
adipose-derived stem cells, platelet-rich plasma and bone mineral matrix carrier; BPEO: Implants containing simultaneously applied endothelial and osteogenic
differentiated adipose-derived stem cells, platelet-rich plasma and bone mineral matrix carrier.

DISCUSSION

In uninduced ASCs, examined endothelial-related genes, Vwf, Egrl, Flt1 and Vcam1,
were upregulated 12 d after the P03 compared to the calibrator sample (P03-1d cells).
Vasculogenic potential of uninduced ASCs could be attributed to the fact that upon
isolation and transfer to a culture dish, MSCs may proceed to differentiate in
accordance with the culture conditions” or by the influence of growth factors
contained within FBSI™.

Relative expression levels of endothelial-related genes in implants were generally
higher in BPUI compared to BC and BPEO implants. One of the reasons for such an
expression pattern in BPUI implants was probably the presence of biological factors
released upon PRP activation because these factors accelerate and improve ASC in vivo
differentiation**1. One of those growth factors is platelet-derived growth factor,
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Figure 6 Inmunoexpression of vascular endothelial growth factor receptor 2 in representative sections of ectopic osteogenic implants. A:
Two-week-old BC [implants containing only bone mineral matrix (BMM) carrier]; B: Two-week-old BPUI (implants containing uninduced adipose-derived stem cells,
platelet-rich plasma and BMM carrier); C: Two-week-old BPEO (implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived
stem cells, platelet-rich plasma and BMM carrier); D: Eight-week-old BC implants; E: Eight-week-old BPUI implants; F: Eight-week-old BPEO implants, G: Vascular
endothelial growth factor receptor 2 immunohistochemistry optical density score in implants extracted two (2w) and eight (8w) weeks after implantation (observation
points). All images acquired at bright field. Scale bar shows 20 um. Immunoreactivity is visualized as brown color and represents immunoexpression of the applied
antibody. Vascular endothelial growth factor receptor-2 positive cell (black circle); Vascular endothelial growth factor receptor-2 negative cell (orange circle). 2P < 0.01
BC 2w vs BPUI 2w. °P < 0.001 BC 8w vs BPEO 8w. °P < 0.001 BPUI 2w vs BPEO 2w. %P < 0.001 BPUI 8w vs BPEO 8w. VEGFR-2: Vascular endothelial growth
factor receptor 2; BC: Implants containing only bone mineral matrix carrier; BPUI: Implants containing uninduced adipose-derived stem cells, platelet-rich plasma and
bone mineral matrix carrier; BPEO: Implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived stem cells, platelet-rich
plasma and bone mineral matrix carrier; IHC: Immunohistochemistry; OD: Optical density.

which induces angiogenesis both indirectly and directly. Indirect influence is reflected
in enhancing VEGF secretion that further leads to EC migration and vascular tubule
formation"'*. Directly, platelet-derived growth factor induces endothelial
differentiation of stem cells via the Akt signaling pathway!*l.

Additionally, uninduced cells that are components of the BPUI implants had
upregulated expression of endothelial-related genes prior to implantation. Egrl,
activated by angiopoetin-1 via the Erk1/2, PI-3 kinase/ AKT and mTOR signaling
pathway, can be upregulated in response to growth factors, cytokines or hypoxia'* in
various types of cells including ECs, smooth muscle cells, fibroblasts and
leukocytes!“l. The highest fold change in Egr1 gene expression was estimated in BPEO
implants at the 8-wk observation point compared to the 4-wk observation point. The
transcription factor that controls FIt1"! and Vcam1"! gene expression is encoded by
Egrl. Therefore, the increase in the expression of these two genes in BPEO implants at
later observation points could be explained by later onset of Egrl gene expression.

Expression of FIt1 was the highest at the 2-wk observation point in BPUI implants
and at the 4-wk observation point in BC and BPEO implants. The Fit1 gene encodes
VEGEFR-1, a protein responsible for recruitment of EC progenitors!*], but it is also
expressed on monocytes and macrophages thus regulating their migrationl.
Therefore, FIt1 gene expression in our implants could be related to ECs and their
progenitors as well as monocytes and macrophages.

Veam1 gene expression was the highest at the 4-wk observation point in BC and
BPEO implants and in BPUI implants at the 8-wk observation point. At each
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Figure 7 Immunoexpression of CD31 in representative sections of ectopic osteogenic implants. A: Two-week-old BC [implants containing only
bone mineral matrix (BMM) carrier]; B: Two-week-old BPUI (implants containing uninduced adipose-derived stem cells, platelet-rich plasma and BMM carrier); C:
Two-week-old BPEO (implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived stem cells, platelet-rich plasma and BMM
carrier); D: Eight-week-old BC implants; E: Eight-week-old BPUI implants; F: Eight-week-old BPEO implants; G: CD31 immunohistochemistry optical density score in
implants extracted two (2w) and eight (8w) weeks after implantation (observation points). All images acquired at bright field. Scale bar shows 50 um. Immunoreactivity
is visualized as brown color and represents immunoexpression of the applied antibody. CD31 positive cells (black circle), CD31 negative cells (orange circle). 2P <
0.01; BC 8w vs BPUI 8w. °P < 0.001; BC 2w vs BPEO2w. °P < 0.05; BC 8w vs BPEO 8w. %P < 0.01; BPUI 2w vs BPEO 2w. P < 0.001; BPUI 8w vs BPEO 8w. BC:
Implants containing only bone mineral matrix carrier; BPUI: Implants containing uninduced adipose-derived stem cells, platelet-rich plasma and bone mineral matrix
carrier; BPEO: Implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived stem cells, platelet-rich plasma and bone mineral
matrix carrier; IHC: Immunohistochemistry; OD: Optical density.

observation point, Vcam1 expression was the highest in BPUI implants. Its expression
can be contributed to ECs that express Vcam1 after stimulation by cytokines thus
mediating adhesion of lymphocytes or monocytes to the vascular endothelium®! but
also with stromal cells that express this gene during the interaction with its
corresponding ligand on osteoclast precursors®™ and pericytes™!.

The expression of Vwfin BPEO implants was the highest at the 4-wk observation
point, while in BC and BPUI implants, the expression peak of this gene was estimated
at the 8-wk observation point. These results are not surprising because Vwf is
expressed in late angiogenesist™l. Vwf encodes large plasma glycoprotein mainly
expressed in vascular ECs™. Besides ECs, this expression could be attributed to
megakaryocytes and platelets™.

Among the examined groups, the IHC OD score for VEGFR-2 was the highest in
BPUI implants at both observation points, which was statistically significant. VEGFR-2
is highly expressed on EC progenitors in early embryogenesis but later decreases!™,
which is reflected in the VEGFR-2 immunoexpression pattern in the BPUI implants.
High VEGFR-2 immunoexpression in BPUI implants is most likely related to the
presence of numerous EC progenitors and not with well-developed blood vessels
because the percentage of vascularization was low in this implant. VEGFR-2 is a
tyrosine kinase type receptor for VEGF isoform A (VEGF-A). VEGF-A/VEGFR-2 is the
most notable ligand-receptor complex within the VEGF system™. Specifically, binding
of VEGF-A to VEGFR-2 phosphorylates tyrosine residues and activates VEGFR-2,
which further regulates angiogenesis and EC functions™!. Through such action on ECs,
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Figure 8 Immunoexpression of osteocalcin in representative sections of ectopic osteogenic implants. A: Two-week-old BC [implants containing
only bone mineral matrix (BMM) carrier]; B: Two-week-old BPUI (implants containing uninduced adipose-derived stem cells, platelet-rich plasma and BMM carrier]; C:
Two-week-old BPEO (implants containing simultaneously applied endothelial and osteogenic differentiated adipose-derived stem cells, platelet-rich plasma and BMM
carrier); D: Eight-week-old BC implants; E: Eight-week-old BPUI implants; F: Eight-week-old BPEO implants; G: Osteocalcin immunohistochemistry optical density
score in implants extracted two (2w) and eight (8w) weeks after implantation (observation points). All images acquired at bright field. Scale bar shows 20 pm.
Immunoreactivity is visualized as brown color and represents immunoexpression of the applied antibody; osteocalcin-positive fields (orange ellipse). 2P < 0.01; BC 2w
vs BPUI2w. ®P < 0.001; BC 8w vs BPUI 8w. °P < 0.001; BC 8w vs BPEO 8w. °P < 0.05; BPUI 2w vs BPEO 2w. °P < 0.001; BPUI 8w vs BPEO 8w. P < 0.01; BC 2w
vs BC8w. ¢P < 0.001; BPUI 2w vs BPUI 8w. BC: Implants containing only bone mineral matrix carrier; BPUI: Implants containing uninduced adipose-derived stem
cells, platelet-rich plasma and bone mineral matrix carrier; BPEO: Implants containing simultaneously applied endothelial and osteogenic differentiated adipose-
derived stem cells, platelet-rich plasma and bone mineral matrix carrier; IHC: Immunohistochemistry; OD: Optical density.

which increases blood vessel density, VEGF consequently increases osteogenesis!"!l.
In addition, VEGFRs are also expressed on MSCs, OBs and osteoclasts, so VEGF can
directly bind to osteoprogenitor MSCs!*”l, OBs[*”! and osteoclasts!*l. The results of those
VEGEF-VEGEFRs interactions can be enhanced by mineralization in osteoprogenitor
cells!, increased activity of alkaline phosphatasel™ and enhanced capability of
migration and differentiation of OBs[*’l.

CD31 is an adhesion protein responsible for vascular permeability, coagulation and
transmigration of inflammatory cells!l. At the 2-wk observation point, the IHC OD
score for CD31 was statistically higher in BPEO compared to BC and BPUI implants.
This indicates the existence of large numbers of junctions between adjacent ECs in
BPEO implants because this protein is highly expressed at these junctions!"l. However,
a slight decrease in the IHC OD score for CD31 was estimated at the 8-wk observation
point compared to the 2-wk observation point in BPEO implants. It may indicate that
initially strong stimulation of vascularization achieved by simultaneous application of
ECs and OBs in this type of implant decreases during a longer experimental period.
However, the IHC OD score for CD31 at 8-wk was still significantly higher in BPEO
implants in comparison with the other two groups. Besides being the most sensitive
pan-endothelial marker expressed on numerous microvessels”! and on single
endothelial progenitor®! or mature ECs!**”l, CD31 can also be expressed on leukocytes,
some hematopoietic cells and platelets!””".. These findings could explain how BPUI
implants possess CD31 immunoexpression and a low percentage of vascularization at
the same time.
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At first glance, some results of gene expression and the IHC OD score analysis
seemed contradictory compared to histomorphometric analysis. Specifically, the
percentage of vascularization was higher in the BC group compared to the other two
groups at both observation points and higher in the BPEO than in the BPUI group at
both observation points. This discrepancy can be explained by two facts. First,
histomorphometric measurements were done only on those blood vessels with the
histological characteristics of the blood vessel, whereas endothelial-related genes and
proteins are expressed in blood vessel cells and in EC progenitors and in a few other
types of cells (mentioned above). Second, some tissue sections had hemorrhagic fields
that were not included in histomorphometric measurements, but they can contribute
to higher endothelial-related gene expression.

At the 2-wk observation point, resorption of BMM granules was more pronounced
in BPEO than in the two other types of implants, which could be in relation with
MNGCs that were the most abundant in this group. As a consequence in BPEO
implants, signs of intensive resorption of BMM granules at the 8-wk observation point
could be seen. In BC and BPUI implants MNGCs were more abundant and signs of
BMM granule resorption were more advanced at 8-wk compared to the previous
observation point but still weaker than in BPEO implants. Although regular collagen
fibers replaced weave-like collagen fibers at the 8-wk observation point and osteoblast-
like cells were seen at some places, mineralization of the tissue that had osteoid-like
appearance in BC implants was poor, which was indicated by osteocalcin
immunoexpression. Osteoblast-like cells in BC implants are probably differentiated
from resident MSCs that are recruited in an intramembranous pathway induced by
implanted biomaterial”. Namely, BC implants had only Bio-Oss™, a calcium-
phosphate (CP)-based biomaterial in their composition. CP-based biomaterials elicit an
inflammatory response upon implantation that attracts the infiltration of resident
mono- and multinucleated cells and subsequently activates osteoclastogenesis!’?,
which results in CP degradation and resorption.. Released Ca?" and PO,* stimulate
osteoprogenitor cell differentiation and bone matrix depositionl. Presence of
osteoblast-like cells and significantly higher IHC OD score for osteocalcin in BPUI
implants in comparison with BC and BPEO implants could be attributed to the effect
elicited by combination of PRP and uninduced ASCs in the composition of these
implants, which is in accordance with the synergistic effect earlier observed between
these two components!. Regardless of the application of the source of growth factors,
CP-based biomaterials can accelerate osteogenic differentiation of stem cells®™. One of
the possible underlying mechanisms is an increase in calcium ions that enhance
osteogenic differentiation through the L-type calcium channel-mediated signal
pathway. Also, an increase in phosphate ions accelerate the sodium-phosphate
symporter that move the ions and as a consequence induce osteogenic differentiation
of nonskeletal cells as well as formation of apatitel’*”’. It has also been reported that
transplanted ASCs are able to differentiate into vascular ECs and OBs, which can be
one more explanation for the presence of endothelial-like and osteoblast-like cells in
BPUI implantsl.

Unlike BC and BPUI implants, BPEO implants had regular collagen fibers at both
observation points. Osteon-like structures invaded, and cuboidal-shaped osteoblast-
like cells lined and attached BMM granules in BPEO implants at the 2-wk observation
point; at the 8-wk observation point some cells that lined BMM granules were still
cuboidal-shaped, while others had a flattened appearance, similar to inactive OBs.
BPEO implants had mild osteocalcin immunoexpression at 2-wk and strong
osteocalcin immunoexpression at 8-wk, which the IHC OD score for osteocalcin
confirmed. Interaction of implanted OBs and ECs in BPEO implants through few
existing types of gap junctions, including Cx43, Cx37 and Cx40"}, is one of the possible
explanations for the observed histological picture and osteocalcin immunoexpression
within these implants. Communication via Cx43 gap junctions induced expression of
markers of OB differentiation including osteocalcin®”, an osteogenic marker with the
most selective expression pattern among the products of OBsP*'. Mature OBs produce
osteocalcin that is further deposited onto extracellular matrix, which indicates bone
repairt®.

The second possible mechanism that led to development of the osteogenic process
in BPEO implants is crosstalk between diffusible factors released from ECs and OBs.
OBs secrete VEGF and fibroblast growth factor™l. VEGF is a powerful stimulator of EC
differentiation”*!, while fibroblast growth factor stimulates EC migration and
proliferation®l. In turn, ECs secrete bone morphogenic protein-2, endothelin-1,
platelet-derived growth factor, transforming growth factors {3, insulin-like growth
factor, epidermal growth factor and osteoprotegerin®**! that can induce
differentiation of osteoprogenitor cells into OBs or have mitogenic and/or chemotactic
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effects on OBs.

At each observation point, Sppl gene expression was the lowest in the BC group,
while it was upregulated in BPEO group at the 1-wk and 8-wk observation points. The
BPUI group had higher Spp1 gene expression than the other two groups, probably due
to the ability of ASCs to secrete cytokines and chemokines that are homing signals for
endogenous stem and progenitor cells to the site of injury™. The presence of
osteopontin is critical for remodeling of the mature bone when its role is in anchorage
of osteoclasts to mineralized bone matrix*!. Along with osteocalcin, it is a marker of
middle and late osteogenic process. In spite of all favorable features of BPEO
implants, the regression of the tissue between BMM granules was observed, which
could be a sign that stimulation was too strong,.

Osteocalcin immunoexpression and Sppl gene expression were lower in BC
compared to BPUI and BPEO implants. Specifically, Sppl gene expression was
significantly higher in BPUI compared to BC implants at each observation point and
significantly higher in BPEO implants compared to BC implants at the 2-wk
observation point. The IHC OD score for osteocalcin was significantly higher at both
observation points in BPUI than in BC implants and significantly higher in BPEO than
in BC implants at the 8-wk observation point. The existence of more intensive
osteocalcin immunoexpression, higher Sppl gene expression and more osteoblast-like
cells in the types of implants enriched with cells and PRP compared to BC implants is
in accordance with one study performed on an orthotopic model®. On a dog
mandible defect model, bone regeneration was faster and bone quality much better in
the defects filled with the biological triad compared to the ones without MSCs. Maybe
the key reason for the positive effect of the biological triad is that adult MSCs,
fibroblasts, OBs and ECs express membrane receptors specific for growth factors that
are released upon PRP activation™. In addition, PRP contains fibrin, fibronectin and
vitronectin that act as cell adhesion molecules important for migration of ECs,
fibroblasts and the cells of epithelial typel™. Also, similarity in Spp1 gene expression
between BPUI and BPEO implants indicate that factors released out of activated PRP
induce the process in which Spp1 is expressed.

Two weeks after implantation, BC implants had a higher percentage of
vascularization compared to BPUI and BPEO implants, while VEGFR-2
immunoexpression was similar to the one in implants enriched with cells. It was
estimated that these implants initially have higher expression of endothelial-related
genes than BPEO implants. Also, BC implants had mild osteocalcin immunoexpression
and osteopontin gene expression. However, a problem for clinical use that would be
controlled for a longer period of time is the lowering of bone-related gene and protein
expression.

The expression of endothelial-related genes and IHC OD score for osteocalcin in
BPUI implants compared to BC and BPEO implants was higher in almost every
observation point, which was mostly significant. Regardless, the percentage of
vascularization was the weakest in BPUI among the examined types of implants at
both observation points (P < 0.05) and (P < 0.01). Also, there was no statistically
significant change in the percentage of vascularization between the 2-wk and 8-wk
observation points in the BPUI group. In addition to a low percentage of
vascularization, Spp1l gene expression decreased during the in vivo experimental
period, which could be a drawback for translation of the approach that includes
uninduced ASCs in osteogenic implants to the clinical application.

In BPEO implants, tissue regression between BMM granules is large, which could be
a sign that stimulation was too strong in BPEO implants and could represent the
problem for their clinical application. Too strong stimulation could be related to the 1:1
ratio of ECs/OBs. According to some studies, ECs and OBs applied in this ratio have a
more favorable effect on vascularization and osteogenic process than the application of
endothelial differentiated ASCs or osteogenic differentiated ASCs alone or uninduced
ASCsl™! seeded into RADA16-I scaffolds. Others have reported that the same ratio of
ECs/OBs did not lead to enhanced vascularization or osteogenic process in
comparison with uninduced ASCs seeded on polylactic acid gas-plasma-treated
scaffolds!'”. Therefore, in order to favor their beneficial effects on vascularization and
osteogenic process and to avoid tissue regression, different EC/OB ratios should be
further analyzed. When determining the optimal EC/OB ratio in osteogenic implants,
the following considerations should be account for: (1) OBs secrete VEGF; (2) ECs
secrete bone morphogenic protein-2; (3) VEGF and bone morphogenic protein-2 have a
synergistic effect on bone formation and regeneration; and (4) These two molecules in
an inappropriate ratio can cause adverse effect on this processes” .. In addition, it was
found that overexpressed VEGF can be a reason for enhanced bone tissue resorption”.

To summarize, the percentage of vascularization was significantly higher in BC
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constructs compared to BPUI and BPEO constructs 2 and 8 wk after implantation.
Also, BC constructs had a mild IHC OD score for VEGFR-2. However, BC constructs
had the lowest endothelial-related gene (Vwf, EQr1, Fit1 and Vcam1) expression among
the examined types of constructs that was followed by the weakest osteocalcin
immunoexpression confirmed by the IHC OD score and mostly downregulated Spp1
gene expression. Endothelial-related gene expression was generally higher in BPUI
constructs compared to BC and BPEO constructs, which was mostly significant, but
histomorphometrical analysis showed the lowest percentage of vascularization in the
BPUI group. BPEO constructs had a higher percentage of vascularization compared to
BPUI constructs at 2 wk and 8 wk. Endothelial-related gene expression in BPEO
constructs had a later onset. However, with the exception of Vwyf, these genes were
upregulated and well-balanced through the whole in vivo experimental period. CD31
immunoexpression was significantly higher in BPEO implants compared to BC and
BPUI implants at both observation points. The Sppl gene expression was higher in 8-
week-old BPEO implants compared to 1-week-old, 2-week-old and 4-week-old BPEO
implants. Osteocalcin immunoexpression was pronounced at eight weeks in BPEO
constructs, and the IHC OD score showed that it increased in 8-week-old compared to
2-week-old BPEO implants. However, in 8-week-old BPEO constructs, strong tissue
regression was observed between BMM granules.

CONCLUSION

BPEO constructs, which consist of both endothelial and osteogenic differentiated
ASCs, have a favorable impact on vascularization and osteogenesis in an ectopic bone-
forming model. However, tissue regression at later time points imposes the need for
discovering the optimal ratio of ECs/OBs within the BPEO constructs prior to
considerations for clinical applications.

ARTICLE HIGHLIGHTS

Research background

A major problem in the healing of bone defects is insufficient or absent blood supply
within the defect. To overcome this challenging problem, a plethora of approaches
within bone tissue engineering (BTE) have been developed recently. For successful
bone tissue regeneration, osteogenesis and vasculogenesis should be supported by an
appropriate combination of cells, growth factors and biomaterials, which represent the
biological triad components.

Research motivation

Despite emerging developments of various approaches in the field of BTE, an optimal
combination of the biological triad factors is still unknown. Bearing that in mind, our
motivation was to combine endothelial differentiated and osteogenic differentiated
adipose-derived stem cells (ASCs) in the same construct together with platelet-rich
plasma (PRP) as a growth factor reservoir on the bone mineral matrix (BMM) as a
carrier. This approach was applied in a mouse subcutaneous implantation model to
examine the ectopic osteogenic potential of this type of construct, which enables
interplay between endothelial cells (ECs) and osteoblasts (OBs) in induction of ectopic
osteogenesis.

Research objectives

The objective of our study was to examine the effects of simultaneously applied
endothelial and osteogenic differentiated ASCs combined with PRP and delivered on
the BMM on vascularization and osteogenesis in ectopically implanted BTE constructs.
To examine the significance of in vitro endothelial and osteogenic induction, BTE
constructs containing uninduced ASCs, PRP and BMM were also prepared. BMM-only
constructs represented a basic group of constructs that served as a carrier control.

Research methods

ASCs obtained from a stromal vascular fraction of visceral epididymal adipose tissue
of BALB/c mice were cultivated up to the third passage (P03). At the P03, three types
of cell cultures were established: ASCs induced into ECs, ASCs induced into OBs and
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ASCs expanded in vitro without induction towards any cell type (uninduced ASCs).
Upon cultivation and/or differentiation, three types of ectopic BTE constructs were
prepared: (1) BPEO constructs: BTE constructs containing simultaneously applied
endothelial and osteogenic differentiated ASCs combined with PRP and seeded onto
BMM carrier; (2) BPUI constructs: BTE constructs containing uninduced ASCs,
combined with PRP and seeded onto BMM carrier; and (3) BC constructs (control):
BTE constructs that contained only BMM carrier. BTE constructs extracted 1, 2, 4 and 8
wk after implantation were analyzed regarding relative endothelial-related and bone-
related gene expression. Histochemical, immunohistochemical and histomorphometric
analyses were performed on constructs extracted 2 and 8 wk after implantation.

Research results

The percentage of vascularization was significantly higher in BC constructs compared
to BPUI and BPEO after 2 and 8 wk. However, BC constructs had the lowest
endothelial-related gene (Vwf, Egr1, FIt1 and Vcam1) expression among the examined
types of constructs. This was followed by significantly weaker osteocalcin
immunoexpression in comparison with BPUI and BPEO implants and mostly
downregulated Sppl gene expression. Endothelial-related gene expression was
generally higher in BPUI constructs compared to BC and BPEO constructs, which was
mostly significant. However, histomorphometric analysis showed the lowest
percentage of vascularization in the BPUI group. BPEO constructs had a higher
percentage of vascularization compared to BPUI constructs at 2 wk and 8 wk.
Endothelial-related gene expression in BPEO constructs had a later onset, but with the
exception of Vuf, these genes were upregulated and well-balanced through the whole
in vivo experimental period. In addition, CD31 immunoexpression was significantly
higher in BPEO compared to BC and BPUI implants at both observation points. This
also led to the late onset of Sppl gene expression, although osteocalcin
immunoexpression was pronounced at both observation points. The IHC OD score
showed osteocalcin immunoexpression increased in BPEO implants at 8 wk compared
to 2 wk. In BPEO constructs, tissue regression was observed between BMM granules
after 8 wk.

Research conclusions

Ectopically implanted BPEO constructs have a favorable impact on vascularization
and osteogenesis but observed tissue regression at later time points imposes the need
for discovering the optimal ratio of ECs/OBs within the BPEO constructs prior to
consideration for clinical applications.

Research perspectives

Obtained results unequivocally indicate the potential of such an approach, which
could be used for further preclinical evaluations in the orthotopic model regarding
optimization of EC/OB ratio within bone tissue-engineered constructs.
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