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Abstract

New strategies to fulfill craniofacial bone defects have gained attention in recent years due to the morbidity of autologous
bone graft harvesting. We aimed to evaluate the in vivo efficacy of bone tissue engineering strategy using mesenchymal
stem cells associated with two matrices (bovine bone mineral and a-tricalcium phosphate), compared to an autologous
bone transfer. A total of 28 adult, male, non-immunosuppressed Wistar rats underwent a critical-sized osseous defect
of 5 mm diameter in the alveolar region. Animals were divided into five groups. Group | (n = 7) defects were repaired
with autogenous bone grafts; Group 2 (n = 5) defects were repaired with bovine bone mineral free of cells; Group 3
(n = 5) defects were repaired with bovine bone mineral loaded with mesenchymal stem cells; Group 4 (n = 5) defects
were repaired with o-tricalcium phosphate free of cells; and Group 5 (n = 6) defects were repaired with o-tricalcium
phosphate loaded with mesenchymal stem cells. Groups 2-5 were compared to Group |, the reference group. Healing
response was evaluated by histomorphometry and computerized tomography. Histomorphometrically, Group | showed
60.27% % 16.13% of bone in the defect. Groups 2 and 3 showed 23.02% * 8.6% (p = 0.01) and 38.35% * 19.59% (p =
0.06) of bone in the defect, respectively. Groups 4 and 5 showed 51.48% * 11.7% (p = 0.30) and 61.80% * 2.14% (p =
0.88) of bone in the defect, respectively. Animals whose bone defects were repaired with a-tricalcium phosphate and
mesenchymal stem cells presented the highest bone volume filling the defects; both were not statistically different from
autogenous bone.
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to regenerate needed tissue. Concerning bone tissue engi-
neering (BTE), advances in technology of biomaterials and
characterization of mesenchymal stem cell (MSC) immu-
nophenotype have contributed tremendously to this area.®
As strategies of BTE continue to gain more solid scientific
footing, they may fulfill an important gap in plastic and
reconstructive surgery and may create opportunities to heal
osseous defects with high efficiency and low morbidity.

At this point, there are at least six stages necessary to
achieve effective BTE: (1) selection of the extracellular
matrix scaffold, (2) isolation and characterization of the
stem cells in vitro, (3) cell expansion and characterization,
(4) inoculation of stem cells into extracellular matrix scaf-
fold, (5) surgical application of the chosen BTE strategy
into an osseous defect, and (6) evaluation of the effective-
ness of the BTE strategy.>’?

Calcium phosphate matrices have been used in animal
models to replace bone in critical-sized defects.!%!" The
main representatives of this group are a-tricalcium phos-
phate (TCP) and B-TCP.'2 Although they have similar
chemical structures (a-Ca,(PO,), and $-Ca,(PO,),, respec-
tively), they differ in their crystalline structure,'> namely,
the solubility of a-TCP is higher than 3-TCP.!* Alpha-TCP
can be added to calcium sulfate hemihydrates to increase
solubility capacity, and it provides a higher porosity to
facilitate cell adherence and ease osteoconductivity.!> The
bovine bone mineral, Bio-Oss collagen® (Geistlich
Pharmaceutical®, Wolheisen Switzerland), possesses oste-
oconductive and biocompatibility properties.!* It is charac-
terized by a spongy structure and interconnected pore
system that may facilitate cell adherence.!>-'7 These bio-
material properties have driven researches to use them in
the development of BTE strategies. The next stage of
developing a BTE strategy is to define the source of cells
to be used.

MSCs are adult clonogenic, non-hematopoietic cells.
According to the Mesenchymal and Tissue Stem Cell
Committee of the International Society for Cellular
Therapy, the following criteria define MSCs:!5-1° (1) They
are plastic-adherent when maintained in standard culture
conditions. (2) They express the surface markers CD73/
CD90/CD105 and lack expression of CD14/CD34/CD45,
CD11b/CD79 and CD19/HLA-DR. (3) They are capable
of differentiation into osteoblasts, chondrocytes, and adi-
pocytes in vitro. (4) They present positive surface reaction
for the CD73, CD90, and CD105 markers, all of which are
key for defining MSCs.

Our group characterized the immunophenotype of mus-
cle-derived stem cells from the orbicularis oris of patients
born with cleft lip and palate.?’ BTE strategies based on
these cells may represent a promising alternative to autog-
enous bone transfers.

The objective of this study was to evaluate the in vivo
efficacy of a BTE strategy based on a-TCP and bovine
bone mineral matrices associated with muscle-derived

MSCs. We also aimed to compare its efficacy with autolo-
gous bone transfer. For this purpose, we used a critical-
sized alveolar osseous defect in a rat model?!?? that shows
the anatomical parameters and its relation to teeth, maxil-
lary sinus, and nasal cavity that could resemble a patient
born with cleft deformity. These current BTE strategies
have not yet been tested, and we aimed to bring evidence
for the use of BTE in the rehabilitation of cleft patients.

Methods and materials

Study design

Our experimental protocol was approved by the Ethical
Committee of the Institute of Biosciences at the University
of Sao Paulo (USP), Brazil (permit numbers 076/2008;
588/2009). Rats were kept according to guidelines in the
Guide for the Care and Use of Laboratory Animals
(Institute for Laboratory Animal Research, 1996) and
according to the ethical principles of the Brazilian
College on Animal Experimentation (COBEA). Adult,
male Wistar rats weighing 300-370 g were individually
housed in a temperature-, light-, and humidity-controlled
environment.

A total of 28 adult, male non-immunosuppressed Wistar
rats underwent a 5-mm round critical-sized osseous defect
in the alveolar region.?!2* Previous studies using these par-
ticular types of MSCs and other types of MSCs have dem-
onstrated that BTE strategies with human MSCs used to
repair osseous defects in rats do not provoke immunologi-
cal response or suffer rejection. 202429

Animals were divided into five groups (Figure 1). In
Group 1 (n=7), our reference group defects were repaired
with autogenous bone grafts; in Group 2 (n = 5), defects
were repaired with bovine bone mineral free of cells; in
Group 3 (n = 5), defects were repaired with bovine bone
mineral loaded with MSCs; in Group 4 (n = 5), defects
were repaired with a-TCP free of cells; and in Group 5 (n
= 6), defects were repaired with a-TCP loaded with MSCs.
Due to technical difficulties and following the recommen-
dation of the Ethical Committee Board of Animal Research
of the Institution, it was not possible to have the planned
seven animals per group.

Isolation of stem cells from the orbicular oris
muscle of cleft patients

Stem cells were isolated from small fragments of the
orbicularis oris muscle, which was discarded after the pri-
mary correction of cleft lip repair. This study included tis-
sue samples from three 3-month-old cleft lip and palate
patients, randomly selected among 20 patients, who were
enrolled by a consent form signed by their parents, in
accordance with the guidelines of the Ethical Committee
of the Institute of Biosciences at the USP (permit number
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Figure I. lllustration of the alveolar osseous defect of animals.

037/2005). We only included donors who did not present
systemic diseases and/or oral infections and who were not
syndromic.

Cell culture

MSCs were obtained using a pre-plating technique, previ-
ously described by our group.?’ They were cultured in a
Dulbecco’s modified Eagle medium (DMEM)/F12
medium (Invitrogen®, Sao Paulo, Brazil) with 15% fetal
bovine serum (FBS; Hyclone, Hyclone Laboratories,
Logan, UT, USA), 2 mM L-glutamine, 2 mM nonessential
amino acids (Invitrogen), 100 units/mL penicillin, and 100
mg/mL streptomycin (Invitrogen) with medium changes
every 3 days. The target concentration of cells after a
15-day culture used to seed the matrices was 1.0 x 106
cells/mL, obtained at third passage.

Immunophenotype of the MSCs from the
orbicularis oris muscle

The osteogenicity of MSCs from the orbicularis oris mus-
cle has been studied by our laboratory and has been previ-
ously shown to induce in vitro and in vivo bone formation
in critical-sized calvarial osseous defects in rats.?

Flow cytometry analysis was performed using a Guava
Easy Cyte microcapillary flow cytometer (Guava
Technologies, Hayward, CA, USA) utilizing laser excita-
tion and emission wavelengths of 488 and 532 nm. Cells
were pelleted and resuspended in phosphate-buffered
saline (PBS; Gibco-Invitrogen®, Carlsbad, CA, USA) at a
concentration of 1.0 x 10° cells/mL and stained with satu-
rating concentrations of antibodies. After a 45-min incuba-
tion in the dark at room temperature, cells were washed

three times with PBS and resuspended in 0.25 mL of cold
PBS. In order to analyze cell surface expression of typical
protein markers, adherent cells were treated with the fol-
lowing primary anti-human antibodies: CD29-PE-Cys5,
CD31-PE, CD45-FITC, CD73-PE, CD90-R-PE, and
CD105-PE (Becton Dickinson, Franklin Lakes, NJ, USA).
Unstained cells were gated on forward scatter to eliminate
particulate debris and clumped cells. A minimum of 5000
events were counted for each sample.

These cells presented high expression of MSC markers
(CD73-PE, CD90-R-PE, CD105-PE) and lack of expres-
sion of hematopoietic and endothelial markers (CD29-
PE-Cy5, CD31-PE, CD45-FITC).

Preparation of matrices

A quantity of 100 mg of Bio-Oss collagen, a bovine bone
mineral matrix with spongy consistency in commercial
form, was equally divided into three parts of 33 mg each.
Each part was used to seed 1.0 x 10¢ cells/mL of undiffer-
entiated MSCs and placed on a 35-mm plate (six-well plate;
Corning, NY, USA). Prior to transplantation, the cells were
supplemented with 2.5 mL of medium and incubated at
37°C and 5% CO, for 24 h in order to adhere to the spongy
surface of the Bio-Oss collagen. The same type of medium
culture was used with the Bio-Oss collagen, free of cells,
and transplanted into animals from the control group.

Alpha-TCP matrix (Labiomat®, Brazil), consisted of a
powder (75% of a-TCP and 15% of calcium sulfate hemi-
hydrate), and a solution containing an accelerator (2.5% of
Na,HPO,) was added until a solid consistency was formed.
The a-TCP matrices were prefabricated into a 5-mm round
matrix, and then leached and seeded with 1.0 x 10 cells/
mL of undifferentiated MSCs using the same protocol as
previously described.?® After removing both matrices con-
taining the MSCs from the 35-mm plate, the remaining
cells that did not attach with the matrices were counted
using a cell counter (Invitrogen) and ranged from 300 to
500 cells. These leftover cells were considered insignifi-
cant in comparison to 1.0 x 106 cells/mL included on the
matrices. The same medium culture was used with the cus-
tomized o-TCP implants, free of cells transplanted into
animals of the control group.

Surgical model

Preoperatively, all animals were shaved and weighed and
aseptic techniques were used. Animals were anesthetized
with an intraperitoneal injection (0.3 mL/100 g body
weight) of ketamine hydrochloride (5%) combined with
xylazine (2%). Supplemental local anesthetic (2% lido-
caine with 1:100,000 epinephrine, 7 mg/kg lidocaine, 5 p/
kg epinephrine) was also used.

The rats were placed in a lateral position for the surgical
procedure. Lidocaine with adrenaline (0.3 mL) was used



Journal of Tissue Engineering

for anesthesia of the oral mucosa. A 2-cm incision was
made in the transitional zone of dry to wet oral mucosa.
The underlying muscle and maxillary periosteum were
elevated. The maxilla and zygomatic bones were com-
pletely dissected. A high-speed trephine burr of 5 mm in
diameter was used with constant irrigation to create the
osseous defect in the alveolar region. The same trephine
was used to harvest a full-thickness calvarial bone grating
from the parietal region, which was inserted into the cre-
ated osseous defects of Group 1.

The matrices were inserted into animals of Groups 2, 3,
4, and 5 after the creation of alveolar osseous defects,
according to the distribution of the groups. The matrices
were secured in place using local muscle flaps. Skin inci-
sions were closed by layers of superficial sutures using
nylon 5-0 (Ethicon, Brazil).

Animals were fed a standard soft diet for 1 week after
surgery and a regular diet for the subsequent weeks. After
8 weeks, the rats were killed by carbon dioxide narcosis,
and histomorphometric analysis was performed on the
alveolar region of all animals to quantify bone and fibrosis
formation in all groups. Before being killed, five animals
of each group underwent a computerized tomography
(CT) examination.

Radiographic analysis

The rats’ craniofacial skeletons were immediately imaged
after surgery and postoperatively at 8§ weeks by CT using a
Shimadzu® SCT-7800TC (n = 5 in each group). Serial
1-mm-thick coronal sections of full craniofacial segments
yielded 56 slices per sample. Scans were reconstructed as
three-dimensional isosurfaces using Osirix Dicom Viewer®
software (Apple Inc. (Website)). Radiological analysis
assessed the remaining osseous defects and the amount of
bone tissue like in the osseous defects based on three pos-
sibilities: partial bone healing scored 1 point, complete
heterogeneous bone healing scored 2 points, and complete
homogeneous healing scored 3 points. The minimal
remaining full-thickness osseous defects classified the ani-
mals’ defects as partial bone healing. Flat bone tissue like
that filled the entire osseous defect seen in the lateral,
basal, and oblique tomographic profiles classified the ani-
mals’ defects as homogeneous bone healing. Any type of
exacerbation of bone-like tissue shown in the lateral, basal,
and oblique tomographic profiles classified the animals’
defects as heterogeneous bone healing. A maximum of 15
points were possible per group and determined complete
homogeneous healing of all animals in the group. The
average scores were given in each group by two blinded
observers, who analyzed 25 samples (five samples for
each of the five groups).

Histomorphometric analysis

The regions of osseous defects were dissected and cut
using a micro saw (Aesculap®, Germany). They were cut

into a square shape preserving the proximal segment of the
zygomatic arch as an anatomic landmark to orient subse-
quent histomorphometric cuts.

The specimen was fixed in 70% dehydrated ethanol,
embedded in methylmetacrylate, and sectioned longitudi-
nally using a Polychrome S microtome (Reichert-Young®,
Heidelberg, Germany). We obtained 5-um sections from
the original osseous defects of the specimens. The 5-um
sections were stained with 0.1% toluidine blue at a pH of
6.4, and at least two non-consecutive sections were exam-
ined for each sample. The static indices of the bone struc-
ture were bone volume as a percentage of the tissue volume
(BV/TV) and fibrosis volume as a percentage of the total
volume (Fb.V/TV).30 Assessment of fibrosis volume was
used to quantify the amount of scarring tissue induced by
the BTE strategies.?

All analyses were performed under a light microscope
using 125% of magnification (Nikon®, Japan) and a semi-
automatic method (Osteometrics Inc®, Atlanta, GA).
Histomorphometric indices were reported according to the
standard nomenclature recommended by the American
Society of Bone and Mineral Research.’® Sequential alter-
nated markings with short intervals using tetracycline (20
mg/kg) and calcein (10 mg/kg), two doses of each in alter-
nating weeks, were performed to study the overall healing
distribution and to complement the imaging obtained by
CT and histomorphometric evaluation.

Statistical analysis

Data were expressed as mean + standard deviation, and
statistical significance was determined using the Mann—
Whitney test. Cohen’s kappa coefficient was used to eval-
uate interobserver agreement on radiographic analysis. A
value of p <0.05 was considered significant. All analyses
were completed using Statistical Package for Social
Science (SPSS® version 10.0 for Windows, Inc., Chicago,
IL, USA).

Results
Radiographic analysis

The mean scores for the five groups rated by the two
observers was 2 + 0 for Group 1, 1.4 + 0.52 for Group 2,
1.5+0.53 for Group 3, 1.6 £ 0.52 for Group 4, and 1.8 +
0.42 for Group 5 (Figures 2—4). The comparison of Group
1 with Group 2 (p = 0.051), Group 3 (p = 0.053), Group 4
(»p = 0.134) and Group 5 (p = 0.317) did not statistically
differ. The observers scored an identical value for all
groups, except for Group 3, which presented interobserver
variability of 1 (k = 0.911) (Table 1).

Histomorphometric analysis

Through histomorphometric analysis, at 8 weeks post-sur-
gery, we observed average bone volumes in the alveolar
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Figure 2. Reformatted computerized tomography imaging showing the initial size of the bone defect as 5 mm in diameter. The
blue arrows show the alveolar osseous defect.

Autogenous
Bone

Bovine bone
mineral free
of cells

Bovine bone
mineral+
MSCs

Figure 3. Reformatted computerized tomography imaging showing one example of three modalities of treatment containing the
best distribution of bone into the osseous defect at 8 weeks after surgery repaired with autogenous bone graft (first row), bovine
mineral bone free of cells (second row), and bovine mineral bone loaded with mesenchymal stem cells (third row). The blue arrows
show the region of the alveolar osseous defect repaired with the different modalities, except the donor region of autogenous bone
shown in the last column of the first row.

MSC: mesenchymal stem cell.
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u-TCP free
of cells

o-TCP+
MSCs

Figure 4. Reformatted computerized tomography imaging showing one example of two modalities of treatment at 8 weeks after
surgery using o-TCP free of cells (first row) and a-TCP loaded with mesenchymal stem cells (second row). The blue arrows show the

alveolar osseous defect repaired with the different modalities.
TCP: tricalcium phosphate; MSC: mesenchymal stem cell.

defect of 60.27% + 16.13% for Group 1, 23.02% + 8.6%
for Group 2, 38.35% + 19.59% for Group 3, 51.48% =+
11.7% for Group 4, and 61.80% =+ 2.14% for Group 5. The
bone volume of Group 1 was not statistically different
from Group 4 (p = 0.3) or Group 5 (p = 0.88), whereas it
statistically differed from Group 2 (p =0.01) and presented
a trend toward statistical difference from Group 3 (p =
0.06). The animals of Group 3 presented a trend to gener-
ate statistically more bone than Group 2 (p =0.06), whereas
Group 5 did not present statistically more bone than Group
4 (p > 0.05) (Figures 5 and 6).

Through histomorphometric analysis, at 8 weeks post-
surgery, average fibrosis volumes in the alveolar defect
were 3.89 + 10.24% for Group 1, 19.85% + 7.04% for
Group 2, 18.55% + 12.41% for Group 3, 13.24% + 12.07%
for Group 4, and 0.64% + 1.56% for Group 5.

Group 1 showed uniform platforms of bone formation
labeled by calcein and tetracycline labeling, while Groups
2 and 3 showed an island of bone healing, and Groups 4
and 5 showed bone healing surrounding the a-TCP matri-
ces (Figure 7).

Discussion

This study tested the capability of BTE strategies to heal
alveolar bone defects in rats and their negative controls

(matrices free of cells) and compared them with autoge-
nous bone transfers. Our results indicate that BTE strate-
gies induced statistically similar bone volume in the defect
compared to autogenous bone transfers. Bio-Oss matrix
free of cells statistically differed from autogenous bone
transfers, while a-TCP free of cells did not differ either
from autogenous bone transfers or Group 5 (a-TCP loaded
with MSCs).

Several variables may interfere with the success of BTE
testing.>631-33 These include (1) species and age of the
chosen animal model, (2) anatomical site of the osseous
defect, (3) physical and chemical properties of a chosen
matrix and its capacity to regenerate bone free of osteoin-
ductive agents or MSCs, and (4) type and density of an
osteoinductive cells. Each of these variables is discussed
below.

First, in terms of species and age, a rat model is easy to
manipulate, the animals are easy to house and feed, and it
is a less expensive model compared to other bigger models
involving rabbits, dogs, and goats, for example.!4

Second, although a calvarial rat model is a well-docu-
mented model for evaluating bone healing,'* it does not
represent a close parallel to the alveolar osseous defects
present in patients born with cleft lip and palate. The
alveolar region has its own particular characteristics, pre-
dominantly consisting of cancellous bone that is thinner
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Table I. Blinded scoring system rated for two observers based on computerized tomography imaging evaluation.

Animals Observer | Observer 2 Average (M) Total Group average (M £ SD)
Group | | 2 2 2 10 2+0
2 2 2 2
3 2 2 2
4 2 2 2
5 2 2 2
Group 2 | | | I 7 1.4 +0.52
2 2 2 2
3 2 2 2
4 | | I
5 | | |
Group 3 | | | | 7.5 1.5+0.53
2 2 2 2
3 2 2 2
4 | 2 1.5
5 | | I
Group 4 | | | | 8 1.6 +0.52
2 2 2 2
3 2 2 2
4 | | |
5 2 2 2
Group 5 | 2 2 2 9 1.8 +0.42
2 | | |
3 2 2 2
4 2 2 2
5 2 2 2

M: mean; SD: standard deviation; Group |: autogenous bone graft; Group 2: bovine bone mineral free of cells; Group 3: bovine bone mineral +
mesenchymal stem cells (MSCs); Group 4: a-tricalcium phosphate (TCP) free of cells; Group 5: a-TCP + MSCs.

and has higher porosity than the calvarial bone.** Thus, it
is an ideal site to test less brittle materials: first, because
there is no need to protect the underlying neurovascular
bundle, and second, because a softer material presents a
higher porosity that can ultimately simulate the cancel-
lous bone of this region and also facilitate teeth eruption
and mobilization during orthodontia. Therefore, the
mechanical strength in this region is of less importance
when compared to the calvarial region. De Ruiter et al.3*
repaired alveolar defects in a goat model using B-TCP. De
Ruiter et al.3* emphasized the importance of orthodontic
tooth movement while repairing an alveolar defect with
these biomaterials. We believe that a-TCP may behave
even better than B-TCP for this particular situation, owing
to its higher porosity and solubility.>> However, it may
not represent a satisfactory therapeutic option for repair-
ing a calvarial defect because of its weak mechanical
strength.

Aalami et al.3! demonstrated the different regenerative
abilities of juvenile versus adult murine models to regener-
ate bone in the osseous defects of the calvarial regions.
Although it has been demonstrated that these differences
occur mainly because of the osteoinductive role of the dura
mater, the bigger craniofacial skeleton of adult rats allows
the osseous defects to be standardized easier than the juve-
nile model. We also only use one time period to kill all

animals because previous studies showed that the ossifica-
tion rate of alveolar critical-sized defects reaches a plateau
at 8 weeks after surgery.’® This period of time seems to be
ideal to test BTE strategies.

Third, in terms of physical and chemical properties,
Bio-Oss collagen is a bovine bone mineral with osteocon-
ductive and biocompatibility properties.!® Mokbel et al.!4
evaluated the capacity of Bio-Oss free of cells, among
other matrices, in the healing of critical-sized calvarial
bony defects and compared them to an autogenous bone
graft. Their data showed 24.6% and 37.1% bone regenera-
tion in the defects for bovine bone mineral and autogenous
bone, respectively.!* Schmitt et al.?’ have also demon-
strated their capacity to regenerate bone in a critical-sized
bone defect. Pinto et al.!' compared the capacity of o.-TCP
free of cells and autogenous bone to repair bone defects in
the femurs of animal models and showed a similar regen-
erative capacity between the two. The results of Mokbel et
al.'* and Pinto et al.!! corroborated ours, indicating (1) low
bone volume in the bone defects by using the bovine bone
mineral free of cells and (2) high bone volume in the bone
defects by using a-TCP free of cells. Thus, this osteocon-
ductive capacity associated with the favorable chemical
and physical properties makes them a potential matrix to
transport and deliver multipotent adult stem cells in bone
defects.
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Figure 5. Toluidine blue staining of representative sagittal sections of alveolar osseous defects at 8 weeks after surgery in each
group. Woven bone is displayed in all samples (from left to right; Groups 1, 2, 3, 4, and 5, respectively, under 400x magnification).
TCP: tricalcium phosphate; MSC: mesenchymal stem cell.
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Figure 6. Histomorphometric quantification of bone formation within the alveolar osseous defect. Asterisks denote statistical
significance (p < 0.05).

Autogenous Bovine bone Bovine bone a-TCP o-TCP+
Bone mineral mineral+MSCs MSCs

Figure 7. Tetracycline and calcein staining of maxillary alveolar defects showed a uniform platform of bone formation in Group

I, whereas, Groups 2 and 3 showed an island healing pattern of bone formation in the entire defect. Group 2 did not grossly differ
from corresponding sections with mesenchymal stem cells. Groups 4 and 5 showed a bone island adjacent of a-TCP. Group 4 did
not grossly differ from corresponding sections with mesenchymal stem cells (magnification 125x%).

TCP: tricalcium phosphate; MSC: mesenchymal stem cell.
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Langer and Vacanti* described the priorities of tissue
engineering and the three most important characteristics of
stem cells: (1) a reliable cell source of stem cells, (2) a high
proliferative capacity, and (3) the ability to differentiate
into a variety of cell types to restore lost tissue. The MSCs
from the orbicularis oris of patients born with cleft lip and
palate fulfill each of these criteria.?’ These cells can be
easily isolated from small fragments of orbicularis oris
muscle, which is usually discarded during the lip repair,
and which offers an abundant source of cells. It offers sat-
isfactory in vitro expansion and immunophenotype char-
acterization in MSCs with positive reaction to key markers
of MSCs.?0

Finally, the density of MSCs also seems to play an
important role in the effectiveness of a BTE strategy.3$

Choi et al.38 tested different volumes of human adipose
tissue-derived MSCs to heal osseous defects in femoral
regions of an animal model. They concluded that new bone
formation is directly increased by the volume of cells
loaded into the matrix. We showed a similar volume of
bone in the defect using a different source of MSCs and
approximately the same density of cells used by Choi et
al.? Jafarian et al.3* used bone marrow—derived stem cells
to regenerate bone defects of the mandibles of a canine
model using a similar BTE strategy. Jafarian et al.’* also
used the Bio-Oss and TCP as a carrier of adult MSCs (5 x
105 cells/mL) and found 51.31% + 6.67% (for Bio-Oss +
MSCs) and 65.78% =+ 4.94% (for TCP + MSCs) of bone in
the defect at 6 weeks after surgery. The relatively small
difference between our results and those of Jafarian et al.?*
further confirms the osteogenic potential of muscular-
derived MSCs. It is possible that an increasing volume of
cells seeded in Bio-Oss could lead to a better result.

Taub et al.#0 also demonstrated the capacity of undif-
ferentiated muscle-derived MSCs to regenerate bone in the
calvarial region of an animal model. Although previous
studies*!*? showed the requirement of MSCs to undergo
differentiation using bone morphogenetic protein (BMP-2)
and other osteogenic mediums before being considered as
a BTE strategy to regenerate bone in a calvarial bone
defect, Taub et al.*? showed calvarial bone healing using
undifferentiated muscular-derived stem cells. We agreed
with Taub et al.** and used undifferentiated cells, thereby
decreasing the morbidity of the procedure by avoiding the
necessary passages to obtain in vitro osteogenic differen-
tiation before its inclusion into a matrix. Although we
could not categorically affirm if the presence of MSCs
determined the additional bone formation, we believe that
local factors mediate MSC differentiation and induce bone
formation by recruiting murine host osteogenic cells, espe-
cially in the presence of the Bio-Oss matrix, whose data
showed a trend to generate statistically more bone in
Group 3 (in which defects were repaired with bovine bone
mineral loaded with MSCs) compared to Group 2 (in
which defects were repaired with bovine bone mineral free

of cells). Future studies to evaluate the osteoinductive role
of MSCs will require MSC markers to confirm this hypoth-
esis and also to identify the role of these matrices in cell
differentiation. Another controversy is using human MSCs
in the murine model. Previous studies?26-2%43 demon-
strated that BTE strategies with human MSCs used to
repair osseous defects in rats do not provoke immunologi-
cal response or suffer rejection. It has been suggested that
MSCs do not express MSC Class-1I molecules or co-stim-
ulatory molecules (B7 and CD 40), as they also may
secrete factors that inhibit an immune response.* We also
hypothesized that the primitive immune system of the
murine model may contribute to this phenomenon.

A limitation of our study was to use CT (Shimadzu, SCT-
7800TC), which was the only available equipment to ana-
lyze the bone formation in two different time periods without
killing the animals. Since animals were imaged just after
surgery to verify the consistence of osseous dimensions and
location, the CT imaging used in this study aimed to comple-
ment the data found by the computerized histomorphometric
analysis in the same specimens. Thus, the CT imaging score
grading was a semi-quantitative method of analysis based on
the blind and random assessment of two evaluators that
assess the remaining osseous defects and the amount of
bone-like tissue in the osseous defect. Interestingly, the data
obtained from the radiological analysis corroborate the com-
puterized histomorphometric analysis.

Given the aforementioned caveats, it is clear that MSCs
combined with o.-TCP to build a BTE strategy support sat-
isfactory volume of bone formation, and it is not statisti-
cally different than autogenous bone transfer.

Acknowledgements

This article was presented at the Brazilian meeting of Plastic
Surgery in November 2012, and it was the recipient of the Ivo
Pitanguy Award given to the best abstract of the 49th Brazilian
Congress of Plastic Surgery held in 2012, Porto Alegre, Brazil.

Author contributions

CER.-A, DFB, ABA. C.C.C, RDF., MRP.-B., and N.A.
conceived and designed the experiments. C.E.R.-A., D.F.B., AB.A,,
C.C.C., and R.D.F. performed the experiments. C.E.R.-A., V.J.,
C.H.G,, M.R.P.-B,, and N.A. analyzed the data. D.F.B., RD.F.,
L.C.V., and M.R.P.-B. contributed reagents/materials/analysis tools.
C.E.R.-A., M.R.P.-B., and N.A. wrote the article.

Declaration of conflicting interests

The authors have declared that no competing interests exist.

Funding

This work was funded by Fundagdo de Amparo a Pesquisa do
Estado de Sao Paulo (FAPESP), Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq), and
Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES).



10

Journal of Tissue Engineering

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kneser U, Schaefer DJ, Polykandriotis E, et al. Tissue engi-
neering of bone: the reconstructive surgeon’s point of view.
J Cell Mol Med 2006; 10: 7-19.

Baqain ZH, Anabtawi M, Karaky AA, et al. Morbidity from
anterior iliac crest bone harvesting for secondary alveo-
lar bone grafting: an outcome assessment study. J Oral
Maxillofac Surg 2009; 67: 570-575.

Goudy S, Lott D, Burton R, et al. Secondary alveolar bone
grafting: outcomes, revisions, and new applications. Cleft
Palate Craniofac J 2009; 46: 610-612.

Langer R and Vacanti JP. Tissue engineering. Science 1993;
260: 920-926.

Szpalski C, Wetterau M, Barr J, et al. Bone tissue engineer-
ing: current strategies and techniques—part I: scaffolds.
Tissue Eng Part B Rev 2012; 18: 246-257.

Szpalski C, Barbaro M, Sagebin F, et al. Bone tissue engi-
neering: current strategies and techniques—part II: cell
types. Tissue Eng Part B Rev 2012; 18: 258-269.

Vacanti CA and Vacanti JP. The science of tissue engineer-
ing. Orthop Clin North Am 2000; 31: 351-356.

Vacanti JP. Editorial: tissue engineering: a 20-year personal
perspective. Tissue Eng 2007; 13: 231-232.

Vacanti JP and Langer R. Tissue engineering: the design
and fabrication of living replacement devices for surgi-
cal reconstruction and transplantation. Lancet 1999; 354:
S132-S134.

Nolff MC, Gellrich NC, Hauschild G, et al. Comparison
of two beta-tricalcium phosphate composite grafts used for
reconstruction of mandibular critical size bone defects. Vet
Comp Orthop Traumatol 2009; 22: 96—-102.

Pinto JG, Primo BT, Gassen HT, et al. Alpha-tricalcium
phosphate cement in the reconstruction of bone defects in
rats. Acta Cir Bras 2011; 26: 135-139.

Rojbani H, Nyan M, Ohya K, et al. Evaluation of the osteo-
conductivity of alpha-tricalcium phosphate, beta-tricalcium
phosphate, and hydroxyapatite combined with or without
simvastatin in rat calvarial defect. J Biomed Mater Res A
2011; 98: 488-498.

Kamitakahara M, Ohtsuki C and Miyazaki T. Review paper:
behavior of ceramic biomaterials derived from tricalcium
phosphate in physiological condition. J Biomater Appl
2008; 23: 197-212.

Mokbel N, Bou Serhal C, Matni G, et al. Healing patterns
of critical size bony defects in rat following bone graft. Oral
Manxillofac Surg 2008; 12: 73-78.

Payer M, Lohberger B, Stadelmeyer E, et al. Behaviour of
multipotent maxillary bone-derived cells on beta-tricalcium
phosphate and highly porous bovine bone mineral. Clin
Oral Implants Res 2010; 21: 699-708.

Schwartz Z, Weesner T, van Dijk S, et al. Ability of depro-
teinized cancellous bovine bone to induce new bone forma-
tion. J Periodontol 2000; 71: 1258—1269.

Tapety FI, Amizuka N, Uoshima K, et al. A histological
evaluation of the involvement of Bio-Oss in osteoblastic
differentiation and matrix synthesis. Clin Oral Implants Res
2004; 15: 315-324.

Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position state-
ment. Cytotherapy 2006; 8: 315-317.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Horwitz EM, Le Blanc K, Dominici M, et al. Clarification
of the nomenclature for MSC: the International Society for
Cellular Therapy position statement. Cytotherapy 2005; 7:
393-395.

Bueno DF, Kerkis I, Costa AM, et al. New source of
muscle-derived stem cells with potential for alveolar bone
reconstruction in cleft lip and/or palate patients. Tissue Eng
Part 42009; 15: 427-435.

Takano-Yamamoto T, Kawakami M and Sakuda M. Defects
of the rat premaxilla as a model of alveolar clefts for test-
ing bone-inductive agents. J Oral Maxillofac Surg 1993; 51:
887-891.

Raposo-Amaral CE, Kobayashi GS, Almeida AB, et al.
Alveolar osseous defect in rat for cell therapy: preliminary
report. Acta Cir Bras 2010; 25: 313-317.

Mulliken JB and Glowacki J. Induced osteogenesis for
repair and construction in the craniofacial region. Plast
Reconstr Surg 1980; 65: 553-560.

Arinzeh TL, Peter SJ, Archambault MP, et al. Allogeneic
mesenchymal stem cells regenerate bone in a critical-sized
canine segmental defect. J Bone Joint Surg Am 2003; 85-A:
1927-1935.

Carrade DD, Affolter VK, Outerbridge CA, et al.
Intradermal injections of equine allogeneic umbilical cord-
derived mesenchymal stem cells are well tolerated and do
not elicit immediate or delayed hypersensitivity reactions.
Cytotherapy 2011; 13: 1180-1192.

Chuang CK, Lin KJ, Lin CY, et al. Xenotransplantation
of human mesenchymal stem cells into immunocompetent
rats for calvarial bone repair. Tissue Eng Part A 2010; 16:
479-488.

De Mendonca Costa A, Bueno DF, Martins MT, et al.
Reconstruction of large cranial defects in nonimmunosup-
pressed experimental design with human dental pulp stem
cells. J Craniofac Surg 2008; 19: 204-210.

Fatkhudinov T, Goldshtein DV, Pulin AA, et al. Reparative
osteogenesis during transplantation of mesenchymal stem
cells. Bull Exp Biol Med 2005; 140: 96-99.

Jazedje T, Bueno DF, Almada BV, et al. Human fallopian
tube mesenchymal stromal cells enhance bone regeneration in
a xenotransplanted model. Stem Cell Rev 2012; 8: 355-362.
Parfitt AM, Drezner MK, Glorieux FH, et al. Bone histomor-
phometry: standardization of nomenclature, symbols, and
units. Report of the ASBMR Histomorphometry Nomenclature
Committee. J Bone Miner Res 1987; 2: 595-610.

Aalami OO, Nacamuli RP, Lenton KA, et al. Applications
of'a mouse model of calvarial healing: differences in regen-
erative abilities of juveniles and adults. Plast Reconstr Surg
2004; 114: 713-720.

Frame JW. A convenient animal model for testing bone sub-
stitute materials. J Oral Surg 1980; 38: 176-180.

Hollinger JO and Kleinschmidt JC. The critical size defect
as an experimental model to test bone repair materials. J
Craniofac Surg 1990; 1: 60—-68.

De Ruiter A, Meijer G, Dormaar T, et al. Beta-TCP versus
autologous bone for repair of alveolar clefts in a goat model.
Cleft Palate Craniofac J 2011; 48: 654—662.

Yuan H, De Bruijn JD, Li Y, et al. Bone formation induced
by calcium phosphate ceramics in soft tissue of dogs: a com-
parative study between porous alpha-TCP and beta-TCP. J
Mater Sci Mater Med 2001; 12: 7-13.



Raposo-Amaral et al.

36.

37.

38.

39.

Nguyen PD, Lin CD, Allori AC, et al. Establishment of a
critical-sized alveolar defect in the rat: a model for human
gingivoperiosteoplasty. Plast Reconstr Surg 2009; 123:
817-825.

Schmitt CM, Doering H, Schmidt T, et al. Histological results
after maxillary sinus augmentation with Straumann(R)
BoneCeramic, Bio-Oss(R), Puros(R), and autologous bone.
A randomized controlled clinical trial. Clin Oral Implants
Res 2013; 24: 576-585.

Choi HJ, Kim JM, Kwon E, et al. Establishment of efficacy
and safety assessment of human adipose tissue-derived mes-
enchymal stem cells (h\ ATMSCs) in a nude rat femoral seg-
mental defect model. J Korean Med Sci 2011; 26: 482-491.
Jafarian M, Eslaminejad MB, Khojasteh A, et al. Marrow-
derived mesenchymal stem cells-directed bone regeneration
in the dog mandible: a comparison between biphasic cal-
cium phosphate and natural bone mineral. Oral Surg Oral
Med Oral Pathol Oral Radiol Endod 2008; 105: e14—¢24.

40.

41.

42.

43.

44.

Taub PJ, Yau J, Spangler M, et al. Bioengineering of cal-
varia with adult stem cells. Plast Reconstr Surg 2009; 123:
1178-1185.

Conejero JA, Lee JA, Parrett BM, et al. Repair of palatal
bone defects using osteogenically differentiated fat-derived
stem cells. Plast Reconstr Surg 2006; 117: 857-863.

Lee JY, Musgrave D, Pelinkovic D, et al. Effect of bone
morphogenetic protein-2-expressing muscle-derived cells
on healing of critical-sized bone defects in mice. J Bone
Joint Surg Am 2001; 83-A: 1032-1039.

Qu Z, Guo L, Fang G, et al. Biological characteristics and
effect of human umbilical cord mesenchymal stem cells
(hUC-MSCs) grafting with blood plasma on bone regenera-
tion in rats. Cell Biochem Biophys 2012; 63: 171-181.

Di Nicola M, Carlo-Stella C, Magni M, et al. Human bone
marrow stromal cells suppress T-lymphocyte proliferation
induced by cellular or nonspecific mitogenic stimuli. Blood
2002; 99: 3838-3843.



