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ABSTRACT

Objectives: Bone marrow mesenchymal stem cells (BM-MSCs) from limb bones have
demonstrated promises in regenerating craniofacial bones; yet little is known about the potential
of BM-MSCs from craniofacial bones. This study compared BM-MSCs isolated from limb and

craniofacial bones in a commonly used preclinical large animal model, the pig.

Methods: Bone marrow was aspirated from the tibia and mandible (symphysis) of 4-month-old
pigs (n=4). Subsequently, BM-MSCs were isolated, expanded and confirmed by flow cytometry.
To assess cell proliferation, cell doubling times were calculated from serial cell number counts
over 2 weeks. Total MRNA was extracted from freshly isolated BM-MSCs and analyzed for gene
expression using an Affymetrix GeneChip porcine genome array, followed by real-time RT-PCR
for validation. Osteogenic capacity was assessed by quantifying alkaline phosphatase activity.
Using temperature-responsive culturing plates, the abilities of BM-MSCs to form multi-layer cell
sheets (for future in-vivo transplantation), along with cell viability and morphology, were

evaluated by fluorescent labeling and histological staining.

Results: BM-MSCs from both locations expressed MSC markers but not hematopoietic markers.
Mandibular BM-MSCs proliferated significantly faster than tibial BM-MSCs (median cell
doubling times: 2.25 vs. 2.80 days, Mann-Whitney U test, p<0.01). Without any osteogenic
induction, mandibular BM-MSC alkaline phosphatase activities were 3.3-fold (factorial ANOVA,
p<0.001) to those of tibial BM-MSCs. Microarray analysis on one hand confirmed that overall
mandibular and tibial BM-MSC gene expressions are highly correlated with each other and genes
related to osteogenesis and angiogenesis were strongly expressed, and on the other hand revealed



that there were several dozen genes which were indeed differentially expressed between
mandibular and tibial BM-MSCs. They include cranial neural crest-related genes nestin (1.23-
fold) and BMP-4 (1.79-fold), which were higher in mandibular BM-MSCs (ANOVA, p<0.05), a
trend also confirmed by real-time RT-PCR tests. Three-layer cell sheets were successfully
fabricated using both sources of BM-MSCs, but mandibular BM-MSCs required lower initial
seeding density and had fewer dead cells than tibial BM-MSCs (3.13% vs. 10.25%, t-test,

p<0.05).

Conclusions: These data indicate that mandibular BM-MSCs may possess a greater potential

than limb bone BM-MSCs for craniofacial bone regeneration.
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CHAPTER 1

INTRODUCTION

Craniofacial Bone Defects

Deficiencies in craniofacial bone lead to noticeable cosmetic and functional limitations in
many patients'. Oral & maxillofacial surgeons, plastic & reconstructive surgeons, and
orthodontists all have a great interest in providing or restoring form/function to patients who have
such defects. While some patient are born with deficiencies in bone development regionally (eg.
retrogenia, maxillary/mandibular hypoplasia), other patients have complex congenital defects
such as patients born with palatal clefts and those suffering from craniofacial syndromes?.
Additionally, dentists see a large number of patients each year who suffer from localized defects
in the dentoalveolar complex resulting from varied causes including: exodontia, removal of
pathologic lesions such as cysts and tumors, congenital absence of teeth, and periodontal disease
7. Another group of patients present each year with maxillofacial defects sustained from trauma®.
Although the physiologic characteristics of bone provide it a strong capacity for healing after an
insult °, in such instances where the amount of bone required for repair of a defect exceeds the
bone’s intrinsic ability to regenerate, or in situations where the patient suffers from deficiency of
bone congenitally, it becomes necessary for clinicians to develop methods to augment the

reconstruction®.

Due to its high osteogenic potential, autogenous bone grafting from other sites of the
body remains the most common treatment for large bone defects® '°. These grafts sometimes
require vascular transfer in cases where free-flap tissue graft is necessary**™*. In circumstances
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where more modest defects are present, however, a number of contemporary methods have been
utilized. Non-vascularized cortico-cancellous autografts are frequently employed; these require a
separate donor site from which the bone must be harvested* *°. Allografts of different forms are
also often used from banked cadaveric bone in addition to xenograft materials, generally from
bovine sources™ *". Local augmentation of bone by means of osteotomy advancement (eg.
genioplasty advancement, bilateral sagittal split osteotomy) is commonly performed for
increasing the bony prominence of portions of the face. The application of this technique,
however, has limited applications due to surrounding anatomy and vital structures which could be
damaged®. In addition to these methods, alloplastic materials have been used extensively both for
facial and dentoalveolar hard tissue adaptation. Alloplastic chin implants for treatment of
retrogenia are a common example of this and a variety of materials have been utilized including
Mersilene®, silicone, polyamide, Medpor®, and Gor-Tex® *°. Other examples include
hydroxyapatite crystals, ceramic-based bone graft materials (eg. OsteoGraf®, ProOsteon®), and
polymer-based graft materials (eg. open porosity polylactic acid polymers), which have been used

in the field of dentistry®.

Bone augmentation procedures typically cost thousands of dollars despite some variations
among methods. While some methods of bone augmentation can be provided in a dental office,
others require the patient to be treated in a surgical center or hospital under general anesthesia. In
such situations, the cost of treatment is greatly increased®. In circumstances where the surgical
treatment is being done for cosmetic purposes or perceived as such, medical insurance carriers
may refuse to cover the cost of treatment®* %, In circumstances where bone augmentation is being
done as a pre-prosthetic means for dental restoration, the dental insurance carrier is typically
relied upon instead of the medical insurance and the cost of such treatment often exceeds the

yearly maximum payout of the patient’s dental insurance provider.



Because craniofacial bone augmentation is surgical in nature, the various treatment
modalities also carry with them an extensive list of risks which includes but is not limited to:
pain, infection, excessive bleeding including hematoma formation, damage to nerves and
surrounding structures, delayed healing, and scarring®*. Autografts are considered a favored
method of grafting because they have the basic features of an ideal bone graft, being both
osteoconductive and osteoinductive®. Autografts, however, necessitate that bone be harvested
from a separate location imparting donor site morbidity® *”. The severity of this risk varies
depending on the size and location of the donor site but can be substantial in cases where free
tissue transfer is required® *°. Negative side effects are also seen in conjunction with alloplastic
materials. For instance, alloplastic chin implants have been associated with erosion of the implant
into bone, migration of the implant, and capsular contracture leading to poor contour and/or
unnatural appearance of the chin® *. Nerve damage can result from various grafting methods and
is a concern in areas where vital structures are near osteotomy sites or in situations where the
donor or recipient sites of a graft is near a neurovascular bundle. Nerve damage is also possible
when bone screws are placed in bony regions that house nerve fibers®. The incidence of
postoperative hypoesthesia or dysesthesia has been reported between 3.4-12% in cases of chin
augmentation®* but certainly the incidence of nerve damage is different for each type of surgical
procedure. Some patients also experience muscle weakness in areas where surgery has been
performed (eg. mentalis muscle dysfunction) which may lead to localized ptosis and facial
asymmetries®® . Furthermore, in cases where sliding osteotomies are performed, non-union or
mal-union of the bony segments may occur in addition to potential infection of associated
hardware, which would have to be removed®. In situations where allograft or xenograft materials
are used, there are limitations such as possible immunogenicity and weak osteoinductivity,
because these grafts have the framework of bone but lack many of the active factors of live

autogenous bone®3*, Because of the limitations of these current methods, researchers continue to



investigate the specific cells and mechanisms involved in osseous regeneration in order to

discover improved clinical methods.

Bone Marrow - Mesenchymal Stem Cells (BM-MSCs)

Histologically the bony structure of the craniofacial bones is composed of cells and
extracellular matrix. The interaction of cells, their chemical products, and the bony matrix allows
for regulation of remodeling and local repair®. Present in the cellular structure of bone are
osteocytes, osteoblasts, bone-lining cells, and osteoclasts. Also stored in the marrow spaces of the
craniofacial bone is an abundant collection of mesenchymal stem cells (MSCs). These cells are
believed to play a role in new bone formation, or osteogenesis, but also have the potential to
differentiate into other cell types including fibroblasts, chondrocytes, adipocytes, and muscle cells

when induced by other cells or growth factors®.

Recent advances in cell-based regenerative medicine have demonstrated the ability to
utilize MSCs to regenerate specific tissues*® *’. Earlier studies including those from our lab have
established that MSCs isolated from various sources can differentiate into osteoprogenitor cells®
“2 Therefore, these unique cells demonstrate great clinical potential in that the ability to harvest,
culture and differentiate multipotent bone marrow-derived mesenchymal stem cells (BM-MSCs)
from a patient and transplant the cells back in the host is consistent with a biologically
customized form of patient care. MSCs derived from limb and iliac bone marrow have been
shown to be suitable for regenerating bone and have been the mainstay in bone regeneration
studies for many years. MSCs, nevertheless, may also be isolated from craniofacial sites
including the maxilla and mandible® ***°. The osteogenic characteristics of MSCs isolated from
craniofacial bone marrow have been studied to a limited degree but the capacities of jaw BM-

MSCs for bone regeneration is still largely unknown® “*, Akintoye et al. compared MSCs



isolated from small bone pieces at third molar extraction sites to MSCs extracted from iliac crest
bone marrow and Aghaloo et al. compared MSCs flushed through third molar extraction sites to
tibial MSCs in rats, but so far no study has compared MSCs directly derived from mandibular
bone marrow to those isolated from long bone marrow. The embryologic origin of the
mesenchymal tissues in limb and jaw bones is known to be different: mesenchyme in the
craniofacial region has a neural crest origin while mesenchyme from the limb is derived from
lateral plate mesoderm®®. However, whether this difference affects postnatal (or adult) MSCs
from these two sources is not well understood. In fact, no study has characterized the differences
in gene expression using contemporary techniques such as RNA microarray®’, between limb and

craniofacial BM-MSCs.

Cell-based Tissue Engineering

Developing tissues from cells including BM-MSCs is a constantly evolving subject in
science. Numerous animal studies and clinical trials have demonstrated the feasibility of
transplanting in vitro-fabricated tissues to desired defect sites***%. Regeneration and healing of
tissues by direct injection of dissociated cells is a commonly used delivery technique that has
been used clinically®®**. However, there are limitations associated with injection of dissociated
cells including difficulties in cell engrafting the target tissue and high death rate of injected
cells®>*®. To overcome the challenges associated with direct injection of cells, scientists and
clinicians have increasingly looked toward tissue engineering over the past twenty years®’. Tissue
engineering is based on the concept that three-dimensional scaffolds can be used as an alternative
to extracellular matrix; where cells are seeded into the scaffolds and the proper combination of
the two yields a functional substitute for missing or damaged tissue®®. Dozens of exogenous

scaffold materials have been utilized in previous studies for cellular bone tissue engineering



including some that are biodegradable and some that are not. Some of the previously utilized
scaffold materials include: hydroxyapatite, tricalcium phosphate, biphasic calcium phosphate,
collagen type 1, chitosan, calcium alginate, hyaluronic acid, poly(glycolic) acid and other
synthetic polymers, micro- and nano-composites, and demineralized bone matrix®’. However,
using exogenous scaffolds for in vivo cell transplantation has its own drawbacks, such as needing
a surgical approach to deliver, potential immune response including elevated inflammatory
reactions by the host to foreign materials, fluctuating degradation rate, and poor cell-attachment

efficiency, etc.”.

Scaffold-Free Cell Sheets

‘Cell sheet engineering’ is an innovative method by which investigators have attempted
to circumvent some of the disadvantages associated with exogenous scaffolds that are classically
used in tissue engineering. Scaffold-free cell sheets are created by culturing cells on dishes
surface-treated with a unique temperature-responsive molecule: typically poly(N-
isopropylacrylamide) or PIPAAm. At 20 °C, the surface of the PIPAAm-coated dish becomes
hydrophilic and cells do not attach to the surface but when the temperature rises to 37 °C, the
surface become hydrophobic and cells readily attach and can proliferate on the surface®. This

method of culturing cells was developed over two decades ago®" ®

and has become increasingly
utilized in recent years®*®. This progressive cell culturing method obviates one of the previous
challenges in tissue engineering where in vitro-cultured cells required detachment with
proteolytic enzymes such as trypsin or dipase in order to transfer the cells after proliferating to
confluence®. The use of such enzymes presented a challenge in tissue engineering because they

disrupt the micro-intercellular junction and extracellular matrix created by the cells in culture®’.

Previous studies have reported the culture and transplantation of BM-MSC cell sheets for bone



regeneration with and without exogenous scaffolds®® ®® ®. Currently, however, no studies have
demonstrated the efficacy of forming such sheets from craniofacial-derived BM-MSCs, or
compared the efficacy of forming multi-layer cell sheets from these cells in relation to the more

commonly used BM-MSCs from limb marrow.

Pig Model

This research study was developed with consideration to future live animal
experimentation through which our data may find use for in vivo application. The pig is an ideal
model for initial studies exploring human therapeutic applications because it is immunologically
and physiologically more similar to humans than other non-primate species™® *. A number of
previous studies have incorporated the pig as a large animal pre-clinical model in craniofacial
studies because the pig mandible has notable similarities to the human mandible’™. Our lab
previously demonstrated the ability to extract porcine BM-MSCs and transplant them back in the

host for bone regeneration in a distraction osteogenesis model*®

. Accordingly, this study
investigates the differences in porcine BM-MSCs derived from the tibia and mandible and

compares the BM-MSCs potentials in several ways.

Specific Aims:

1. Examine the feasibility of direct bone marrow aspiration from pig mandibles and confirm
mesenchymal stem cell identity of the isolated cells.
2. Compare proliferation and osteogenic capacity between mandibular and tibial BM-MSCs

3. Compare gene expression profiles between mandibular and tibial BM-MSCs.



4. Compare the efficiency in forming multi-layer scaffold-free cell sheets between

mandibular and tibial BM-MSC:s.

Hypotheses:

1. Bone marrow can be aspirated from pig mandibular symphyseal area and mesenchymal
stem cells can be isolated from the aspirated bone marrow.

2. Porcine mandibular BM-MSCs have a stronger proliferative and osteogenic capacity than
tibial BM-MSCs.

3. Porcine mandibular BM-MSCs have a different gene expression profile than tibial BM-
MSCs. Particularly for cranial neural crest-related genes, mandibular BM-MSCs may
express more strongly.

4. Porcine mandibular BM-MSCs have a stronger capacity in forming multi-layer scaffold-

free cell sheets than tibial BM-MSCs.



CHAPTER 2

MATERIALS AND METHODS

Specimens

Bone marrow samples were obtained from four (4) domestic pigs (Sus scrofa) at an age
(approximately 4 months) comparable to pre-teen humans in craniofacial skeletal maturity. The
pigs were approximately 100 Ibs in weight and were utilized by university medical students for
training of endoscopic abdominal surgery immediately before bone marrow aspiration. After the
pigs were placed under general anesthesia (6 mg/kg Telazol, IM; maintained by 2-3% isofluorane
with 2-5% oxygen through a endotracheal intubation), bone marrow aspirates were obtained from
both the mandible and the tibia using a 16-gauge aspiration needle attached to a 10 mL syringe
containing 1 mL heparin (1000 U/ml). The location for bone marrow aspiration from the
mandible was at the labial symphyseal area, approximately 1 cm distal to the symphyseal midline
and 1 cm above the inferior symphyseal border (Fig. 1). This was the first time bone marrow was
aspirated directly from the pig mandibles. This location was chosen because histologically, this
area has abundant subcortical marrow space and does not contain any tooth buds. The location for
bone marrow aspiration from the tibia was at the medial aspect of the proximal end, slightly distal
to the tibial tuberosity. This location was recommended by Sinclair Bio-resources (Swindle MM,
2009, Sample collection series: Bone Marrow Access in Swine, Sinclair Bio-resources,
Columbia, MO.).

Bone marrow was characterized by a thick, grainy appearance of aspirated fluid which

was collected into the syringe along with blood which was obtained simultaneously and



accounted for approximately half of the total volume. Aspirated volumes from the mandible
ranged from 10-18 mL of bone marrow-blood-heparin mixture per site and tibia aspirations
ranged from 20-30 mL. Following bone marrow aspiration, with general anesthesia maintained,

the animals were euthanized using 125 mg/mL KCI intravenously dosed at 0.5 mg/kg.

Figure 1. Location of mandibular bone marrow aspiration
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Isolation and Culture of BM-MSCs

Following aspiration, bone marrow samples were processed in the laboratory using a
technique adapted from an established method for human postnatal skeletal MSCs™. Each
aspirate was combined with alpha-minimum essential medium (a-MEM, Life Technologies,
Carlsbad, CA) and then centrifuged. The pellet was re-suspended in growth media (GM) that
consisted of a-MEM supplemented with 20% heat-inactivated fetal bovine serum (FBS), 1%
penicillin-streptomycin, and 1% L-glutamine. All culture supplements were from Life
Technologies (Carlsbad, CA) unless stated otherwise. The suspension was passed through a 16
gauge needle twice and then through a cell strainer (70 um, BD Biosciences, Bedford, MA) to
obtain a single cell suspension. The mixture was then plated in flasks to incubate at 37 °C with
5% COs,. On day 4 after aspiration, cell cultures were washed with Dulbecco’s phosphate
buffered saline (D-PBS, Life Technologies, Carlsbad, CA) and provided with fresh media. Fresh
media was replaced every 3-4 days until the culture reached 70-80% confluence, at which time
the cells were passaged using TrypLE™ (Life Technologies, Carlsbad, CA) to dissociate the cells

from the flasks.

Flow Cytometry

Phenotypic surface markers were analyzed on cultures from both tibia and mandible-
derived BM-MSCs (passage 4). Two million cells from each culture were suspended in FACS
buffer containing cold D-PBS supplemented with 10% FBS, 1% penicillin/streptomycin, and 1%
sodium azide and then divided into 200,000 cell samples for staining/analysis. Unstained tibia
and mandible cell samples were used as negative controls. Samples from each site were then
stained with the following fluorescent-conjugated monoclonal antibodies specific for
mesenchymal stem cell markers: phycoerythrin (PE) anti-CD105 (Acris Antibodies Inc, San
Diego, CA), peridinin chlorophyll protein-cyanine (PerCP) anti-CD44 (Biolegend, San Diego,
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CA), and fluorescein isothiocyanate (FITC-A) anti-CD90 (Biolegend, San Diego, CA).
Corresponding cell samples were also stained with the following antibodies specific for
hematopoietic cell markers: allophycocyanin (APC) anti-CD11b (Biolegend, San Diego, CA) and
PE anti-CD45 (AbD Serotec, Raleigh, NC). Staining occurred in the dark for 45 minutes at 4 C°.
Expression of markers was accessed using BD LSR Il flow cytometer system (BD Biosciences)
and FlowlJo software (Tree Star, Inc., Ashland, OR). At least 10,000 events were counted for each

sample.

Cell Proliferation

Mandible and tibia-derived BM-MSCs were seeded on 12-well tissue culture-treated
plates (Corning, NY) at 5,000 cells per well and resuspended in growth media. Cultures were then
incubated at 37 °C and 5% CO, and designated for harvest according to pre-determined time
points. Cells were then detached using TrypLE™ (Life Technologies, Carlsbad, CA, USA)
dissociation reagent every two days for two weeks and enumerated using a hemacytometer to
record the final cell number. Triplicate measurements of each time point were used and two
measurements were made of each sample to minimize measurement error. Remaining wells were
fed with fresh growth media every two days until the time point at which they were designated
for enumeration. The population doubling time for each culture was then calculated based on the
longitudinal cell counting values up to 13 days by using an online calculator (Roth) (available
from http://www.doubling-time.com/compute_more.php) which uses a least squares fitting
exponential regression (Eric. W. Weisstein, From MathWorld — A Wolfram Web Resource.

http://mathworld.wolfram.com/LeastSquaresFittingExponential.html.)

RNA Isolation
RNA extraction was performed on passage 0 cells cultured in growth media from both

mandible and tibia-derived BM-MSCs isolated from three pigs. After rinsing twice with D-PBS,
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the cells were detached from the flask using TrypLE™ (Life Technologies, Carlsbad, CA, USA).
After inactivating trypsin with growth media containing FBS, the cells were centrifuged and
counted. One million cells were separated from each culture and were again centrifuged directly
afterward so that the media could be aspirated. RNA extraction was performed using the RNeasy
Mini Kit according to the manufacturer’s protocol (Qiagen, Valencia, CA). The concentration of
total RNA was then quantified for each sample by Nanodrop ND-1000 (Thermo Scientific,
Wilmington, DE) according to the manufacturer protocol. RNA quality was also evaluated by

assessing the 260/280 and 260/230 ratios on the same machine.

Microarray Assay

A total of 3 pairs of RNA samples extracted from passage 0 tibia and mandible BM-MSC
cultures of three pigs were used for this assay. Ten micrograms of RNA per sample was
submitted to The Ohio State University Genomics (Microarray) Shared Resource department. The
guality of total RNA was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA) to ensure an RNA integrity number (RIN) above 9. Subsequently, double-stranded
cDNA was generated from total RNA, labeled and fragmented with the GeneChip WT Plus
reagent kit (Affymetrix, Santa Clara, CA), then hybridized to the Affymetrix GeneChip® Porcine
Genome Array (Santa Clara, CA) which contains 23,937 probe sets to evaluate 20,201 genes. The
array was scanned with the GeneChip Scanner 3000, normalized using the RMA algorithm in the
Expression Console, and analyzed with the Transcriptome Analysis Console 2.0 (TAC 2.0)
(Affymetrix).

Analyzed data collected from TAC 2.0 was sorted for Tukey’s bi-weight average signals
(log2) to obtain the highly abundant transcriptomes, which have a cut-off point of 10.57, 75% of
the highest gene expression of 14.09. Same set of data was then sorted to obtain the differentially
expressed genes, which was characterized by the ANOVA p-value < 0.05. Fold-change of 1.5
was chosen as the cut-off point since it is the point where the two cells were separated into 2

13



individual hierarchical clusters (Fig. 8). The gene symbols were converted to Entrez Gene ID
using the Gene Accession Conversion Tool from Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v. 6.7. During this process, the corresponding Entrez Gene ID
was chosen based on the hierarchy of the species. Specifically, ID corresponding to homo sapiens
was first chosen, and when homo sapiens was absent, sus scrofa was prioritized, followed by mus
musculus. Subsequently, any duplicates and uncharacterized proteins were eliminated, while the
unrecognized genes with names ended with “-like” were matched to their human homologs in
Uniprot.org. Functional annotation was performed on the highly abundant transcriptomes and
differentially expressed genes using the clustering tool in DAVID. Finally, the microarray data

will be deposited in the NCBI Gene Expression Omnibus prior to manuscript publication.

Reverse-transcription Real-time Polymerase Chain Reaction (RT-PCR):

Isolated RNA samples (3 pairs) as mentioned above were used for this test. Briefly, for
each RNA sample, 1 pg of total RNA was reverse transcribed to cDNA using the SuperScript 111
First-Strand Synthesis System for RT-PCR kit according to the manufacturer’s protocol
(Invitrogen, Life Technologies, Grand Island, NY). The samples were kept on ice throughout the
procedure, except during pipetting and during MasterCyler (Eppendorf®, Foster City, USA)
application. Resultant cDNA was diluted 1:1 using 30 ul of sterile water and stored at -20 °C until
all samples were prepared for real-time PCR assay.

Real-time PCR assay was conducted to assess the mRNA expression of two neural crest-
associated genes, BMP-4 and Nestin. Forward/reverse primer sets were designed using Primer-
BLAST (NCBI, Bethesda, MD) for Nestin (fragment size 94 base pair (bp); forward, 5°-
TCTCTCAGCATCTTGGACCCTA -3’; reverse, 3’- TAGGACTCAGGACAGAGAGCAA -5°)
and housekeeping gene fp—actin (fragment size 179 bp; forward, 5’-
TCCCTGGAGAAGAGCTACGA-3’, reverse, 5’- TAGAGGTCCTTGCGGATGTC-3"). The
primer set for porcine neural crest-related protein BMP-4 was commercially available from
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Qiagen (RT2 gPCR Primer Assay for Pig BMP4, Product 330001, Qiagen, Valencia, CA). These
primer sets were tested for efficacy along with a primer set for known house-keeping gene /-
actin. The scouting trial demonstrated that the BMP-4 primer set and one of the Nestin primer
sets were sufficiently efficacious to detect levels of the associated gene transcripts (see Table 1).
These primers were subsequently used for the PCR assay. In order to detect the expression of
BMP-4 and Nestin, real-time PCR was performed using iQ-SYBR Green Supermix (Bio-Rad,
Hercules, CA) and the iCycler (Bio-Rad, Hercules, CA) according to the manufacturer’s
protocols. Duplicate trials were completed for each cDNA sample.

For each of the genes investigated, the expression was calculated using the comparative
Cr method (or 2**“* method). Briefly, the CT values of PCR sample duplicates were averaged
and normalized to S-actin, which derived ACt. The average ACt value obtained from the PCR
reaction of each mandible-derived sample was further normalized to the average ACt value
obtained from the tibia-derived sample corresponding to the same animal. Gene expression

comparison was then calculated between sites (mandible vs tibia) in terms of the fold of change.

Assessment of Osteogenic Differentiation

Qualitative assessment: Individual 22 x 22 mm glass microscope coverslips were placed
at the bottom of each partition of a 6-well plate (Corning Inc., Corning, NY). Tibia and mandible-
derived BM-MSCs were then seeded at a density of 100,000 cells per well. Cultures were given 2
mL growth media supplemented with fibroblast growth factor 2 (FGF-2), a growth factor likely to
stimulate MSC proliferation and osteogenic differentiation, at 0 ng/mL, 5 ng/mL, or 10 ng/mL.
Cells were replaced with fresh corresponding media every three days and kept at 37 °C and 5%
CO,. On day 10, cells grown on the glass slides were evaluated using the Leukocyte Alkaline
Phosphatase Kit (85-L.2, Sigma Aldrich®, St Louis, MO). Cells were rinsed with D-PBS and
fixed with an acetone buffer consisting of citrate and acetone for thirty seconds. Cells on the glass
slide were rinsed twice with tap water and then, in the dark, transferred face-up into staining
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dishes which contained a light-sensitive staining mixture of distilled water, Napthol, and Fast
Violet B salt (Sigma Aldrich, St Louis, MO). After 30 minutes of staining in the dark, the glass
slides were rinsed in a solution of deionized water for 2 minutes and then counterstained in a
hematoxylin solution for 10 minutes. Finally the cells on the glass slide were rinsed in a tap water
solution for two minutes until the solution was clear.

Quantitative assessment: Similar to the qualitative assessment, tibia and mandible-
derived BM-MSCs were seeded on a tissue-culture treated 6-well plate at 100,000 cells per well,
and treated with fibroblast growth factor 2 (FGF-2) at 0 ng/mL, 5 ng/mL, or 10 ng/mL. Identical
culture conditions were maintained as those in the qualitative assessment. On day 10, cell samples
were rinsed, scraped, and then lysed using 300uL of 0.2% Triton®-X-100 solution (Fisher
Scientific, Waltham, MA). The collected cells were vortexed, placed on a shaker for 20 minutes,
and then frozen. The mixture was later thawed and alkaline phosphatase (ALP) activity was
quantified using the QuantiChrome™ Alkaline Phosphatase Kit (BioAssay Systems, Hayward,

CA) according to the manufacturer’s protocol.

Muilti-layer Cell Sheet Fabrication

Culture: Mandible and tibia BM-MSC cultures were expanded from an early passage
stage (2 or 3). Cells were then seeded into 12-well plates with temperature-responsive surfaces
(Nunc™ dishes with UpCell™ surface, Thermo Scientific, USA) in growth media. Varying
seeding densities (L00K-400K/well) were attempted to compare the time needed to form a
complete cell sheet between mandibular and tibia BM-MSCs. Tibia-derived cells were also
grown on 24-well temperature responsive plates at densities of 300K-400K/well, a seeding
density that was higher than that on the 12-well plates due to the smaller well size .

Layering: Thirty minutes prior to manipulating the cell sheets, 35mm tissue culture plates
were prepared by coating the surfaces with ImL CELLstart™ CTS™ (Life Technologies,
Carlsbad, CA, USA) mixture which was obtained by adding 10puL of CELLstart™ substrate to
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990uL of D-PBS supplemented with calcium chloride and magnesium chloride (Life
Technologies, Carlshad, CA). The coated dishes were then placed in the incubator (37 °C, 5%
CO,), set apart for receiving post-detachment cell sheet layers. After 48 hours of incubation on

the temperature-responsive plates, the BM-MSC-confluent UpCell™

plates were taken out from
the incubator and placed under room temperature (approx. 21 °C) for cell sheet detachment. Cell
cultures demonstrating a high degree of confluence required between 15-75 minutes to detach and
not all wells on the plate detached simultaneously. Detachment time varied between plates and
also between wells. For trials on which adequate confluence was obtained, the resultant cell sheet
was fragile but able to be manipulated physically. Intact cell sheets were manipulated using
pipettes. Before transfer, CELLstart"™ coated plates were removed from the incubator and
brought to the culture hood where excess fluid was aspirated off with a micropipette. Both 25mL
standard pipettes and 1000uL micropipettes with a cut tip were used to transfer the cell sheets
from the UpCell™ surface to the CELLstart™ coated plate. After being transferred to the new
plate, the cell sheet was slowly and carefully moved to the center of the dish in a manner that the
cell sheet was not folded over on itself. This procedure was technique-sensitive and generally
took several minutes. After the cell sheet was correctly positioned on the cell sheet, a small
amount of culture media was kept to barely cover the cell sheet and the plate was returned to the
incubator and allowed approximately 30 minutes to adhere. Subsequently, the plate was retrieved
from the incubator with an adherent cell sheet, over which a second cell sheet detached from
another temperature-responsive plate was pipetted. The resultant stacked sheets were placed back
into the incubator after excess media was removed from the dish. After 30 minutes of incubation,
the stacked sheets were retrieved again and a third sheet was added in the same manner.
Following this, excess media was again removed for a 30 minute incubation window to allow
adherence. Finally, the stacked cell sheets were replenished with 2 mL of media and allowed to

incubate for 24 hours prior to assessing cell viability.
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Cell viability staining: Twenty-four hours after stacking, the triple-layer BM-MSC cell
sheets were washed gently with D-PBS; after which they were treated using the LIVE/DEAD®
Viability Kit for mammalian cells (Molecular Probes™, Invitrogen detection technologies,
Eugene, OR) according to the manufacturer’s protocol. A 4 mM solution of EthD-1was created
by adding 20uL of 2mM EthD-1 stock solution to 10mL of D-PBS at room temperature. Five
microliters of 4 mM calcein AM stock solution was then added to the EthD-1 solution, yielding a
final working mixture consisting of 2 mM calcein AM and 4mM EthD-1. Then, 100-150 pL of
LIVE/DEAD® stock reagent mixture was added to the washed cells and incubated at room
temperature for 30 minutes. Cell sheets were then transferred from the 35mm culture dish to a
glass slide through gentle manipulation with a micropipette tip. To preserve the architecture of
the cell sheets, the cell sheets were not cover-slipped. The slides were immediately observed
under a fluorescence microscope (Axioplan 400 Zeiss, Carl Zeiss Microlmaging, NY) to evaluate
the amount of live and dead cells.

Histologic Staining/Microscopy: Triple-layer cell sheets collected immediately after 24
hours of incubation, or immediately after the live/dead staining procedures, were fixed using a
4% paraformaldehyde solution for approximately 24 hours. After fixation, the specimens were
embedded with paraffin and sectioned into 5um-thick slices perpendicularly to the layers. The
sections were subsequently stained by hematoxylin and eosin (H&E), cover-slipped and viewed
under a light microscope (Olympus BX51, Olympus America Inc, Center Valley, PA) for

histological features of the cells and matrices.

Statistical Analysis:

One-way ANOVA tests were used to compare tibial and mandibular BM-MSC
microarray data as well as the alkaline phosphatase assay results. Pearson’s tests were used to

calculate the coefficient of correlation in the microarray data. For proliferation data, cell doubling

18



times were compared using the Mann-Whitney U test. For normally distributed data including
analyses of live/dead staining of mandibular and tibial BM-MSC scaffold-free cell sheets, paired
student t-tests were used. A p-value of <0.05 was considered significant for all analyses. All

statistical analyses were performed using SPSS v. 20 software (IBM, Chicago, IL).
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ABSTRACT

Obijective: Craniofacial bone defects caused by injuries and congenital diseases are a formidable
challenge to clinicians. Research has shown promise in using bone marrow mesenchymal stem
cells (BM-MSCs) from limb bones for craniofacial bone regeneration; yet little is known about
the potential of BM-MSCs from craniofacial bones. This study compares BM-MSCs isolated

from limb and craniofacial bones in pigs, a preclinical model closely resembling humans.

Design: Bone marrow was aspirated from the tibia and mandible of four-month-old pigs (n=4),
followed by BM-MSC isolation, culture-expansion and confirmation by flow cytometry.
Proliferation rates were compared using population doubling times. Osteogenic differentiation
was evaluated by quantifying alkaline phosphatase (ALP) activity. Total mMRNA was then
extracted from freshly isolated BM-MSCs and analyzed to compare gene expressions of tibial and
mandibular BM-MSCs using an Affymetrix GeneChip porcine genome array, followed by real-

time RT-PCR evaluation of two neural crest markers.

Results: BM-MSCs from both locations expressed MSC markers but not hematopoietic markers.
Mandibular BM-MSCs proliferated significantly faster than tibial BM-MSCs. Without osteogenic
inducers, mandibular BM-MSC alkaline phosphatase activities were 3.3-fold greater than those of
tibial origin. Microarray analysis identified 383 differentially expressed genes in mandibular and
tibial BM-MSCs, including higher expression of cranial neural crest-related genes nestin and
BMP-4 in mandibular BM-MSCs, a trend also confirmed by real-time RT-PCR. Among

differently expressed genes, only 47 showed greater than 1.5-fold differences in expression.

Conclusions: These data indicate that despite many similarities in gene expression, mandibular
BM-MSCs express of number of genes differently than tibial BM-MSCs and have a phenotypic
profile that may make them advantageous for craniofacial bone regeneration.

Keywords: marrow stromal cells, microarray, craniofacial bone regeneration, BMP-4, osteogenic
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1. INTRODUCTION

Bony defects of the face and jaws may result from congenital malformations, infections,
neoplastic processes, trauma, or from surgical treatment such as dental extraction. Appropriate
reconstruction of these defects is functionally necessary and esthetically important, but clinically
challenging. The current standard treatment approach, autogenous bone grafts, is effective to a
certain degree, but often comes with donor site morbidity. The finite amount of donor bone also

greatly limits its application”.

Mesenchymal stem cell (MSC)-based tissue engineering has been studied in recent years
as an alternative treatment for craniofacial defect. Although extensive research has confirmed that
adult MSCs can be derived from a number of tissues (including periodontium, dental pulp, fat,
etc.), bone marrow derived mesenchymal stem cells (BM-MSCs) were the first described MSCs
and remain among the most reliable and relevant sources of MSCs for skeletal regeneration®® "
"8 For years, the iliac crest or long bones such as the tibia and femur have been most commonly

8 \while it remains uncertain whether

utilized to obtain BM-MSCs for craniofacial regeneration
BM-MSCs from craniofacial bones are more potent for this purpose. Several recent studies
isolated BM-MSCs from the maxilla and mandible by rinsing fragments of bone or by flushing
cells through the extraction sockets and compared their properties with those from long bones or

45, 86

iliac crest so far*® *> . Briefly, in both rats* ® and humans®, craniofacial BM-MSCs indeed

demonstrated greater proliferative and osteogenic capacities than BM-MSCs from long bones** %

or from the iliac crest®.

Embryonically, the development of craniofacial bones differs from that of long bones by
having cranial neural crest contribution®”. Whether this difference is retained in adult BM-MSCs
and influences their regenerative potential are largely unknown. The few studies mentioned above

explored differences in the expression of several genes including Oct4, Nanog, Sox2, Nestin,
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Runx2, OSX, OPN, and OCN® as well as endostatin and TGFS-R2*, but no studies have assessed

genome-wide differences between craniofacial and long bone BM-MSCs.

Previously, our lab and others showed that the pig is an outstanding model for pre-
clinical craniofacial bone studies. Not only does the domestic pig have similar size and
dentoalveolar function to humans, it is also understood to be physiologically and
immunologically more similar to humans than other non-primate species. In this study, we used
the pig to further evaluate the differences between craniofacial and long bone BM-MSCs. Not
only did we assess phenotypic differences reported in other species, we further evaluated
similarities and differences in the genome-wide expression profiles of these two types of MSCs

using microarray technology.

2. MATERIALS AND METHODS
2.1. Pig specimens

Bone marrow samples were obtained from four (4) domestic pigs (Sus scrofa) at an age
(approximately 4 months) comparable to pre-teen humans in craniofacial skeletal maturity. The
pigs were approximately 100 Ibs in weight and were utilized by university medical students for
training of endoscopic abdominal surgery immediately before bone marrow aspiration. After the
pigs were placed under general anesthesia (6 mg/kg Telazol, IM; maintained by 2-3% isofluorane
with 2-5% oxygen through a endotracheal intubation), bone marrow aspirates were obtained from
both the mandible and the tibia using a 16-gauge aspiration needle attached to a 10 mL syringe
containing 1 mL heparin (1000 U/ml). The location for bone marrow aspiration from the
mandible was at the labial symphyseal area, approximately 1 cm distal to the symphyseal midline
and 1 cm above the inferior symphyseal border (Fig. 1). This was the first time bone marrow was
aspirated directly from the pig mandibles. This location was chosen because histologically, this
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area has abundant subcortical marrow space and does not contain any tooth buds. The location for
bone marrow aspiration from the tibia was at the medial aspect of the proximal end, slightly distal
to the tibial tuberosity. This location was recommended by Sinclair Bio-resources (Swindle MM,
2009, Sample collection series: Bone Marrow Access in Swine, Sinclair Bio-resources,

Columbia, MO.).

Bone marrow was characterized by a thick, grainy appearance of aspirated fluid which
was collected into the syringe along with blood which was obtained simultaneously and
accounted for approximately half of the total volume. Aspirated volumes from the mandible
ranged from 10-18 mL of bone marrow-blood-heparin mixture per site and tibia aspirations
ranged from 20-30 mL. Following bone marrow aspiration, with general anesthesia maintained,

the animals were euthanized using 125 mg/mL KCI intravenously dosed at 0.5 mg/kg.

2.2. Isolation and culture of BM-MSCs

Following aspiration, bone marrow samples were processed in the laboratory using a
technique adapted from an established method for human postnatal skeletal MSCs". Each
aspirate was combined with alpha-minimum essential medium (a-MEM, Life Technologies,
Carlsbhad, CA) and then centrifuged. The pellet was re-suspended in growth media (GM) that
consisted of a-MEM supplemented with 20% heat-inactivated fetal bovine serum (FBS), 1%
penicillin-streptomycin, and 1% L-glutamine. All culture supplements were from Life
Technologies (Carlsbad, CA) unless stated otherwise. The suspension was passed through a 16
gauge needle twice and then through a cell strainer (70 um, BD Biosciences, Bedford, MA) to
obtain a single cell suspension. The mixture was then plated in flasks to incubate at 37 °C with
5% CO,. On day 4 after aspiration, cell cultures were washed with Dulbecco’s phosphate

buffered saline (D-PBS, Life Technologies, Carlsbad, CA) and provided with fresh media. Fresh
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media was replaced every 3-4 days until the culture reached 70-80% confluence, at which time
the cells were passaged using TrypLE™ (Life Technologies, Carlsbad, CA) to dissociate the cells

from the flasks.

2.3. Flow cytometry

Phenotypic surface markers were analyzed on cultures from both tibia and mandible-
derived BM-MSCs (passage 4). Two million cells from each culture were suspended in FACS
buffer containing cold D-PBS supplemented with 10% FBS, 1% penicillin/streptomycin, and 1%
sodium azide and then divided into 200,000 cell samples for staining/analysis. Unstained tibia
and mandible cell samples were used as negative controls. Samples from each site were then
stained with the following fluorescent-conjugated monoclonal antibodies specific for
mesenchymal stem cell markers: phycoerythrin (PE) anti-CD105 (Acris Antibodies Inc, San
Diego, CA), peridinin chlorophyll protein-cyanine (PerCP) anti-CD44 (Biolegend, San Diego,
CA), and fluorescein isothiocyanate (FITC-A) anti-CD90 (Biolegend, San Diego, CA).
Corresponding cell samples were also stained with the following antibodies specific for
hematopoietic cell markers: allophycocyanin (APC) anti-CD11b (Biolegend, San Diego, CA) and
PE anti-CD45 (AbD Serotec, Raleigh, NC). Staining occurred in the dark for 45 minutes at 4 C°.
Expression of markers was accessed using BD LSR Il flow cytometer system (BD Biosciences)
and FlowJo software (Tree Star, Inc., Ashland, OR). At least 10,000 events were counted for each

sample.

2.4. Cell proliferation

Mandible and tibia-derived BM-MSCs were seeded on 12-well tissue culture-treated

plates (Corning, NY) at 5,000 cells per well and resuspended in growth media. Cultures were then
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incubated at 37 °C and 5% CO, and designated for harvest according to pre-determined time
points. Cells were then detached using TrypLE™ (Life Technologies, Carlshad, CA, USA)
dissociation reagent every two days for two weeks and enumerated using a hemacytometer to
record the final cell number. Triplicate measurements of each time point were used and two
measurements were made of each sample to minimize measurement error. Remaining wells were
fed with fresh growth media every two days until the time point at which they were designated
for enumeration. The population doubling time for each culture was then calculated based on the
longitudinal cell counting values up to 13 days by using an online calculator (Roth) (available
from http://www.doubling-time.com/compute_more.php) which uses a least squares fitting
exponential regression (Eric. W. Weisstein, From MathWorld — A Wolfram Web Resource.

http://mathworld.wolfram.com/LeastSquaresFittingExponential.html.)

2.5. Assessment of osteogenic differentiation

Qualitative assessment: Individual 22 x 22 mm glass microscope coverslips were placed
at the bottom of each partition of a 6-well plate (Corning Inc., Corning, NY). Tibia and mandible-
derived BM-MSCs were then seeded at a density of 100,000 cells per well. Cultures were given 2
mL growth media supplemented with fibroblast growth factor 2 (FGF-2), a growth factor likely to
stimulate MSC proliferation and osteogenic differentiation, at 0 ng/mL, 5 ng/mL, or 10 ng/mL.
Cells were replaced with fresh corresponding media every three days and kept at 37 °C and 5%
CO,. On day 10, cells grown on the glass slides were evaluated using the Leukocyte Alkaline
Phosphatase Kit (85-L2, Sigma Aldrich®, St Louis, MO). Cells were rinsed with D-PBS and
fixed with an acetone buffer consisting of citrate and acetone for thirty seconds. Cells on the glass
slide were rinsed twice with tap water and then, in the dark, transferred face-up into staining

dishes which contained a light-sensitive staining mixture of distilled water, Napthol, and Fast
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Violet B salt (Sigma Aldrich, St Louis, MO). After 30 minutes of staining in the dark, the glass
slides were rinsed in a solution of deionized water for 2 minutes and then counterstained in a
hematoxylin solution for 10 minutes. Finally the cells on the glass slide were rinsed in a tap water

solution for two minutes until the solution was clear.

Quantitative assessment: Similar to the qualitative assessment, tibia and mandible-
derived BM-MSCs were seeded on a tissue-culture treated 6-well plate at 100,000 cells per well,
and treated with fibroblast growth factor 2 (FGF-2) at 0 ng/mL, 5 ng/mL, or 10 ng/mL. Identical
culture conditions were maintained as those in the qualitative assessment. On day 10, cell samples
were rinsed, scraped, and then lysed using 300uL of 0.2% Triton®-X-100 solution (Fisher
Scientific, Waltham, MA). The collected cells were vortexed, placed on a shaker for 20 minutes,
and then frozen. The mixture was later thawed and alkaline phosphatase (ALP) activity was
quantified using the QuantiChrome™ Alkaline Phosphatase Kit (BioAssay Systems, Hayward,

CA) according to the manufacturer’s protocol.

2.6. RNA isolation

RNA extraction was performed on passage 0 cells cultured in growth media from both
mandible and tibia-derived BM-MSCs isolated from three pigs. After rinsing twice with D-PBS,
the cells were detached from the flask using TrypLE™ (Life Technologies, Carlsbad, CA, USA).
After inactivating trypsin with growth media containing FBS, the cells were centrifuged and
counted. One million cells were separated from each culture and were again centrifuged directly
afterward so that the media could be aspirated. RNA extraction was performed using the RNeasy
Mini Kit according to the manufacturer’s protocol (Qiagen, Valencia, CA). The concentration of

total RNA was then quantified for each sample by Nanodrop ND-1000 (Thermo Scientific,
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Wilmington, DE) according to the manufacturer protocol. RNA quality was also evaluated by

assessing the 260/280 and 260/230 ratios on the same machine.

2.7. Microarray assay

A total of 3 pairs of RNA samples extracted from passage O tibia and mandible BM-MSC
cultures of three pigs were used for this assay. Ten micrograms of RNA per sample was
submitted to The Ohio State University Genomics (Microarray) Shared Resource department. The
guality of total RNA was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA) to ensure an RNA integrity number (RIN) above 9. Subsequently, double-stranded
cDNA was generated from total RNA, labeled and fragmented with the GeneChip WT Plus
reagent kit (Affymetrix, Santa Clara, CA), then hybridized to the Affymetrix GeneChip® Porcine
Genome Array (Santa Clara, CA) which contains 23,937 probe sets to evaluate 20,201 genes. The
array was scanned with the GeneChip Scanner 3000, normalized using the RMA algorithm in the
Expression Console, and analyzed with the Transcriptome Analysis Console 2.0 (TAC 2.0)

(Affymetrix).

Analyzed data collected from TAC 2.0 was sorted for Tukey’s bi-weight average signals
(log2) to obtain the highly abundant transcriptomes, which have a cut-off point of 10.57, 75% of
the highest gene expression of 14.09. Same set of data was then sorted to obtain the differentially
expressed genes, which was characterized by the ANOVA p-value < 0.05. Fold-change of 1.5
was chosen as the cut-off point since it is the point where the two cells were separated into 2
individual hierarchical clusters (Fig. 8). The gene symbols were converted to Entrez Gene ID
using the Gene Accession Conversion Tool from Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v. 6.7. During this process, the corresponding Entrez Gene 1D

was chosen based on the hierarchy of the species. Specifically, ID corresponding to homo sapiens
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was first chosen, and when homo sapiens was absent, sus scrofa was prioritized, followed by mus
musculus. Subsequently, any duplicates and uncharacterized proteins were eliminated, while the
unrecognized genes with names ended with “-like” were matched to their human homologs in
Uniprot.org. Functional annotation was performed on the highly abundant transcriptomes and
differentially expressed genes using the clustering tool in DAVID. Finally, the microarray data

will be deposited in the NCBI Gene Expression Omnibus prior to manuscript publication.

2.8. Reverse-transcription Real-time polymerase chain reaction (RT-PCR):

Isolated RNA samples (3 pairs) as mentioned above were used for this test. Briefly, for
each RNA sample, 1 pg of total RNA was reverse transcribed to cDNA using the SuperScript 111
First-Strand Synthesis System for RT-PCR kit according to the manufacturer’s protocol
(Invitrogen, Life Technologies, Grand Island, NY). The samples were kept on ice throughout the
procedure, except during pipetting and during MasterCyler (Eppendorf®, Foster City, USA)
application. Resultant cDNA was diluted 1:1 using 30 pl of sterile water and stored at -20 °C until

all samples were prepared for real-time PCR assay.

Real-time PCR assay was conducted to assess the mRNA expression of two neural crest-
associated genes, BMP-4 and Nestin. Forward/reverse primer sets were designed using Primer-
BLAST (NCBI, Bethesda, MD) for Nestin (fragment size 94 base pair (bp); forward, 5°-
TCTCTCAGCATCTTGGACCCTA -3’; reverse, 3’- TAGGACTCAGGACAGAGAGCAA -5°)
and housekeeping gene f—actin (fragment size 179 bp; forward, 5’-
TCCCTGGAGAAGAGCTACGA-3’, reverse, 5’- TAGAGGTCCTTGCGGATGTC-3"). The
primer set for porcine neural crest-related protein BMP-4 was commercially available from
Qiagen (RT? gPCR Primer Assay for Pig BMP4, Product 330001, Qiagen, Valencia, CA). These

primer sets were tested for efficacy along with a primer set for known house-keeping gene /-
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actin. The scouting trial demonstrated that the BMP-4 primer set and one of the Nestin primer
sets were sufficiently efficacious to detect levels of the associated gene transcripts (see Table 1).
These primers were subsequently used for the PCR assay. In order to detect the expression of
BMP-4 and Nestin, real-time PCR was performed using iQ-SYBR Green Supermix (Bio-Rad,
Hercules, CA) and the iCycler (Bio-Rad, Hercules, CA) according to the manufacturer’s

protocols. Duplicate trials were completed for each cDNA sample.

For each of the genes investigated, the expression was calculated using the comparative
Cr method (or 2**“* method). Briefly, the CT values of PCR sample duplicates were averaged
and normalized to S-actin, which derived ACt. The average ACt value obtained from the PCR
reaction of each mandible-derived sample was further normalized to the average ACt value
obtained from the tibia-derived sample corresponding to the same animal. Gene expression

comparison was then calculated between sites (mandible vs tibia) in terms of the fold of change.

Statistical analysis:

One-way ANOVA tests were used to compare tibial and mandibular BM-MSC
microarray data as well as the alkaline phosphatase assay results. Pearson’s tests were used to
calculate the coefficient of correlation in the microarray data. For proliferation data, cell doubling
times were compared using the Mann-Whitney U test. For normally distributed data, paired
student t-tests were used. A p-value of <0.05 was considered significant for all analyses. All

statistical analyses were performed using SPSS v. 20 software (IBM, Chicago, IL).
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3. RESULTS

Bone marrow aspiration and BM-MSC culturing:

Bone marrow aspirations were successful from all four pigs used in the study. Recovered
volumes ranged from 15-30 mL from the tibial sites and 10-18 mL from mandibular sites. BM-
MSC isolation and expansion were achieved from each aspiration uneventfully. BM-MSCs
isolated from mandibular bone marrow aspirates were visibly less abundant during the early days
of culturing when compared to parallel BM-MSC cultures from tibial aspirates. Morphologically,
mandibular BM-MSCs demonstrated a more prominent spindle-shaped cell body than tibial BM-
MSCs with several stretched-out cell processes whereas tibial BM-MSCs were more epithelioid

in in appearance (Fig. 2).

Verification of MSC identity:

Flow cytometry confirmed that the cells isolated from both locations exhibited positive
expression for all MSC surface markers investigated: CD105, CD44, and CD90. Conversely,

they were negative for expression of hematopoietic markers CD11b and CD45.

Proliferation of tibial and mandibular BM-MSCs:

BM-MSCs isolated from both sites demonstrated solid proliferation during early passages
of subculture. Generally, noticeable slowdown in proliferation was not observed until
approximately passage 5 for tibial BM-MSCs and passage 7 for mandibular BM-MSC cultures. In
subpopulations seeded for proliferation measurements, considerable variability was noted
between subjects for both mandible and tibia-derived BM-MSCs. Some subcultures reached over-

confluence by two weeks after initial seeding, which resulted in a decrease instead of increase of
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total cell number. Nevertheless, by calculating cell doubling times of subcultures without post-
confluence, we found that the overall (all samples averaged) proliferation rate of mandible-
derived BM-MSCs was significantly faster than that of tibial BM-MSCs (Fig. 5). The average cell
doubling time calculated based on serial cell number counts during the 13 days of subculture was
significantly lower for mandibular BM-MSCs than tibial BM-MSCs (Mann-Whitney U test,

p<0.01)

Osteogenic differentiation of tibial and mandibular BM-MSCs with and without FGF-2:

Even with only standard growth media used for culture of all BM-MSCs, the cultured
cells demonstrated a certain degree of osteogenic differentiation as reflected by positive alkaline
phosphatase (ALP) activity. Analysis of trials with and without FGF-2 addition confirmed that
mandibular BM-MSC ALP activities were 3.3-fold (factorial ANOVA, p<0.001) to those of tibial
origin (Fig. 10). For all trials, and at all time points, ALP activity was higher for mandibular BM-
MSCs than tibial BM-MSCs (Fig. 11), regardless of presence or absence of FGF-2 (5 ng/mL and
10 ng/mL). Moreover, the addition of FGF-2 did not significantly increase ALP activity relative
to the control groups in which only growth media was used (Fig. 11). Staining for ALP showed
that positive staining was stronger at day 10 than day 5, with positive BM-MSCs forming
clusters. At the periphery where less BM-MSCs were present, ALP-positive clusters were less
abundant. At day 10, the contrast between ALP produced by mandibular and tibial BM-MSCs

also became more apparent than that at day 5 (Fig. 12).

Comparison of gene (MRNA) expression through microarray assay:

The overall coefficient of correlation between gene expression of BM-MSCs isolated

from both locations was significant (Pearson’s test = 0.99, p<0.001). For differentially expressed
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genes, the correlation reduced as the cut-off point of the fold-change increased. The correlation
was 0.98 (p < 0.001), 0.84 (p < 0.001), and 0.48 (p = 0.82) for cut-off points of 1, 1.5, and 2.0,
respectively. For fold-change above 2.0, when the data was separated into upregulated and
downregulated genes, the Pearson correlation was 0.98 and 0.85, which was significant (p <

0.001). The correlations were illustrated as scatter plots (Fig. 7).

Based on a 10.57 cut-off of the bi-weight average log2 signals, there were 364 and 370 of
highly abundant transcriptomes expressed in mandibular and tibial BM-MSCs, respectively, and
only 5.59% (41 genes) were mismatched. Using DAVID’s functional annotation clustering tool, it
was found that both mandibular and tibial BM-MSCs were enriched in developmental processes
such as angiogenesis, ossification, and muscle development, as well as some essential
cytoskeletal functions such as cell motion, anti-apoptosis and extracellular matrix organization.
The enrichment scores corresponding to the biological processes are listed in Table 1. All of the
mentioned functions were significantly enriched (EASE score < 0.05), while a few functions did

not meet significance after Benjamini—Hochberg false discovery rate (FDR) corrections.

Above 2.0 fold change, only 14 genes were differentially expressed in mandibular BM-
MSCs vs. tibial BM-MSCs, with 8 down-regulated and 6 up-regulated genes. DAVID could not
annotate these genes into functional clusters. Using a criterion of 1.5 fold of difference, a total of
47 genes were found to be differentially expressed at the mMRNA level between mandibular and
tibial BM-MSCs, which consisted of 24 down-regulated and 23 up-regulated genes. DAVID
functional annotation on this set of differential expressed genes showed that mandibular BM-
MSCs were enriched in sensory perception and neurological system process, as well as protein
dimerization activity, while tibial BM-MSCs were enriched in cell component lysosome (Table
2). Similar to the clustering of the highly abundant transcriptomes, the significance in enrichment
did not persist after Benjamini—-Hochberg FDR correction. The complete lists of the down-

regulated and up-regulated genes are presented in Table 3 and Table 4, respectively.

33



The expression profiles of BM-MSCs isolated from different locations only categorized
in separated clusters at 1.5 fold of difference, but not at 2.0 fold of difference, as presented in the
hierarchical clustering heat map (Fig. 8). While the functions of most of these genes were
unknown or not strongly relevant to osteogenesis or angiogenesis based on current
understandings, two particular genes, nestin and BMP-4 are both cranial neural crest-related
genes and demonstrated higher expression in mandibular BM-MSCs than tibial BM-MSCs (1.23-

fold and 1.79-fold, respectively, ANOVA, p<0.05).

RT-PCR:

Expression of neural crest-associated mRNA for BMP-4 and nestin showed the same
trend of differences between BM-MSCs from the two sites. Specifically, they were both
expressed more strongly in mandibular BM-MSCs than tibial BM-MSCs, but statistically the

differences were not significant (Fig. 9).

4. DISCUSSION

The purpose of this study was to compare BM-MSCs from the mandible to those from
the tibia in a pig model. Specifically, we investigated their gene expression and some properties
related to skeletal tissue regeneration including expression of mesenchymal stem cell markers,

proliferation and osteogenic differentiation.

While bone marrow aspiration from pig tibiae or iliac crests has been routinely and
consistently performed by many researchers, we established a method to aspirate bone marrow

from the pig mandible for the first time. Based on experience from the four pigs used in this
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study, 10-18 mL bone marrow can be aspirated from the mandibular symphyseal region in four
month old pigs through a single needle insertion. Although the abundance of bone marrow in the
mandibular symphyseal region appears to be smaller than that from the tibia, 10-18 mL of bone
marrow was adequate for subsequent isolation and expansion of BM-MSCs. Various studies have
described isolating MSCs from a number of craniofacial sources including dental pulp and the
periodontal ligament but few studies exist which describe harvesting stromal cells from
craniofacial bone marrow. Due to the small size of craniofacial bones relative to long bones, the
marrow volume is believed to be less abundant. Accordingly, previous investigators who
attempted to isolate BM-MSCs from craniofacial bones have done so by rinsing trabecular bone
fragments recovered at human third molar extractions sites® or by flushing bone marrow from the

superior alveolar ridge through extraction sockets** %

in rats. Therefore, we are the first group
that directly aspirated appreciable volumes (11-18 mL) of bone marrow directly from the

symphyseal area of juvenile porcine mandibles.

Through flow cytometry analysis, we confirmed that the stromal cells isolated from
mandibular bone marrow are indeed mesenchymal stem cells (MSC). More specifically, both
mandible and tibia BM-MSCs strongly expressed CD105/endoglin, CD90, and CD44 (surface
markers of MSCs) and lacked expression of CD11b and CD45, surface markers expressed by
hematopoetic stem cells. These data corroborate findings from other investigators who isolated
BM-MSCs from pig and human iliac crest and long bones and found them to be positive for

CD105, CD44, and CD90%*°, while negative for CD11b** and CD45% %%,

The ability of fast replication is an important property of MSCs needed for tissue
engineering. Through a series of cell culturing and passaging experiments, we found that
mandibular BM-MSCs proliferated significantly faster than tibial BM-MSCs. The mandibular
BM-MSCs also outlasted the tibial BM-MSCs in maintaining a high proliferation rate through

later passages. Our findings about BM-MSC proliferation are consistent with those reported by
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other groups® 4 8

, who phenotypically compared craniofacial and lower extremities BM-MSCs
from humans or rats. Specifically, Akintoye’s group evaluated the proliferative capacity of human
BM-MSCs isolated from the mandible, maxilla, and iliac crest cells over the same time period (14
days) and showed that both maxillary and mandibular BM-MSCs proliferated faster than iliac
crest BM-MSCs. They also reported delayed senescence of orofacial-derived BM-MSCs
compared to iliac crest BM-MSCs. Similarly, rat mandibular BM-MSCs exhibited stronger
proliferation and anti-apoptotic potentials as compared to long bone BM-MSCs* .
Morphologically, the iliac crest is a flat bone, while the tibia is a long bone. Anatomically,
however, both the iliac crest and the tibia are bones of the lower extremity, and embryonically
they share the same mesoderm origin. On the other hand, the jaws are craniofacial bones with
both the mesoderm and cranial neural crest cells contributing to their embryonic development®’.
More importantly, cells expressing neural crest markers are known to be more pluripotent, a
feature believed to contribute to the survival of MSCs in hypoxia after transplantation® *.
Therefore, despite the difference in research subjects between the present study and the Akintoye
et al.’s and Dong et al.’s studies® ®, the combined data suggest that the cranial neural crest-

derived BM-MSCs have a stronger proliferation potential than those from their mesodermal-

derived counterparts in the limbs.

The ability of osteogenic differentiation is another important property of BM-MSCs for
skeletal tissue engineering. In the present study, osteogenic capacity was compared by assessing
ALP activity, an indicator for early osteogenic differentiation. Previous studies including those
from our lab have evaluated osteogenic capacity of BM-MSCs in varied ways® *> % % Typically,
the cultured cells were induced by supplementing the culturing media with ascorbic acid,
dexamethasone, and B-glycerophosphate or using other commercially developed kits. As we
previously found, however, even without osteogenic induction, the cultured BM-MSCs

demonstrated a certain degree of ALP activity®, suggesting that some of the replicated cells may
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be committed to the osteogenic lineage during in vitro expansion. This was confirmed in the
current study, and the mandibular BM-MSCs appear to be stronger ALP producers than tibia BM-
MSCs. We also found that these site-related differences were not changed by the addition of
FGF-2. Previously we showed that when FGF-2 was used together with osteogenic media,
osteogenic differentiation measured by ALP activity and Runx-2 expression was enhanced™.
Other investigators have also shown that FGF-2 at concentrations as low as 1 ng/mL can increase
ALP activity in human MSCs placed in osteogenic media®. The present data, however, seem to
suggest that FGF-2 by itself does not act as an osteogenic inducer for either mandibular or tibial
BM-MSCs. This may indicate that osteogenic inducers are required for FGF-2 to augment ALP
activity in these cells and additional studies are warranted to evaluate this speculation. In a
related study on rats, Aghaloo et al. and Dong et al. observed significantly greater ALP activity
and osteocalcin expression in mandibular BM-MSCs than long bone BM-MSCs* ®. The same
trend of enhanced osteogenic potential of craniofacial-derived BM-MSCs was also reported in
humans using small marrow samples from third molar extraction sites®. Although we tested ALP
activity without the addition of common osteogenic inducers while the other two groups did use
osteogenic media, our findings are consistent with theirs. Combined, these data suggest that
craniofacial BM-MSCs are likely advantageous to long bone BM-MSCs in terms of the ability of
osteogenic differentiation. It is worth noting that our present data only reveal a small part of the
osteogenic capacity of BM-MSCs as we only studied ALP activity. Future studies are needed to
examine the expression of markers indicative of middle and late stage osteogenic differentiation

68, 98, 99

such as osteopontin and osteocalcin, respectively , as well as type I collage and mineral

production.

To assess whether this difference in proliferation and osteogenic differentiation is
relevant to variation in gene expression, especially neural crest-related genes, we conducted a

microarray assay. The results found that a total of 383 genes were significantly different between
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mandibular and tibial BM-MSCs (ANOVA test, p < 0.05), out of which 47 genes demonstrated
>1.5 fold of differences, between the two locations. Generally gene expression with >2 fold of
difference is considered as differentially expressed. Based on the 14 differentially expressed
genes identified by the 2-fold criterion, one would quickly conclude the gene profiles between
mandibular and tibial BM-MSCs are very similar. On one hand, as cells from both locations are
BM-MSCs, it is not surprising that they have a high similarity in gene expression. On the other
hand, however, it does not explain the phenotypical differences between the cells from the two
sites, such as proliferation and differentiation as discussed above. Possible explanations become
available when the microarray data were analyzed using more sophisticated methods. First, the
hierarchical clustering was performed on the set of genes with at least 1.5-fold difference, which
revealed a significant incongruence between the primary passages of BM-MSCs isolated from
these two locations. Using the same cut-off criterion, DAVID analysis also categorized the gene
profile into functional groups, which showed distinct differences between mandibular and tibial
BM-MSCs (Table 1). Specifically, mandibular BM-MSCs tended to be enriched in neurological
processes and protein dimerization activity. In particular, two of the four genes involved in the
protein dimerization activity, BMP-4 and activating transcription factor (ATF6), are both related
to cell survival (Teodoro, Ueki) and osteogenesis™® ', BMP-4 is also specifically a neural-crest
gene, and was found critical for stem cell renewal and maintaining pluripotency. Nestin was
another noteworthy upregulated neural crest marker in mandibular BM-MSCs, but only has a fold
change of 1.23. It is also essential for cell proliferation and migration, while maintaining the
stemness of the cell*®* 1%, In contrast, tibial BM-MSCs were enriched in cellular component

104 These distinctive

lysosome, which is an organelle involved in the terminal steps of apoptosis
clusters , although categorized at a less stringent criterion (1.5 fold instead of 2 fold of
difference), at least demonstrate a tendency that mandibular BM-MSCs have a higher chance of

survival and osteogenic potential, while tibial BM-MSCs may be more prone to apoptosis, a

finding that matches our proliferation and osteogenic differentiation data about these cells.

38



Next, when the highly abundant transcriptomes expressed were compared between BM-
MSCs from the two locations, a distinct difference was also found. More specifically, with 75%
of the highest expressed gene which have a log2 of 14.07 being compared, mandibular and tibial
BM-MSCs were significantly enriched in angiogenesis and ossification, and other essential
cellular functions such as cell motion and extracellular matrix organization (Table 1). Although
the particular genes reported to be differentially expressed by Monaco et al. were not the same as
ours’®, functional annotation analysis with DAVID found that the categories of genes of long
bone BM-MSCs were similar between the two studies. In Monaco’s microarray analysis
comparing porcine BM-MSCs isolated from long bone and adipose tissue, they found that long
bone BM-MSCs have higher angiogenic, osteogenic, migratory, and neurogenic capacity
compared to adipose-derived MSCs". In our study, not only did the differentially expressed
genes analysis demonstrate a tendency of higher neurogenic capacity in mandibular BM-MSCs
than long bone BM-MSCs in the highly abundant transcriptome analysis, mandibular BM-MSCs
also demonstrated a tendency for stronger gene expression regulating endochondral ossification
and skeletal muscle tissue development. This further explains the difference in osteogenic
differentiation and implies that mandibular BM-MSCs are superior in bone regeneration to tibial

BM-MSCs.

While microarray analysis is highly efficient in screening thousands of genes, precautions
are warranted for the findings and interpretations. The number of subjects used in the present and
the Monaco et al. study is relatively low, which may reduce statistical power and increases
susceptibility to biases. Thus, additional tests are desired to confirm our gene expression
microarray findings. Limited by the scope of this thesis project, however, we were not able to
retest a large number of genes using RT-PCR that were found to be statistically differentially
expressed between mandible and tibia BM-MSCs. As a result, we only further tested the

expression of two genes known to be neural crest related, BMP-4 and nestin, using RT-PCR tests.
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The results confirmed the trend reflected by the microarray assay. That is, both BMP-4 and nestin
tended to express more strongly in mandibular BM-MSCs than tibial BM-MSCs, although the net
differences were less than one fold and did not reach statistical significance. Although BMP-4
and nestin have been used as neural crest markers, their unique function in human development
continues to be researched. BMP-4 is essential for differentiation of mesoderm, including
development of craniofacial and appendicular bone, and knockouts of this gene result in
embryonic lethality’®. Nestin, an intermediate filament protein, is expressed predominantly in
rapidly dividing cells of developing and regenerating tissues and is understood to play an
important role in central and peripheral nervous system development'®® ', For these reasons, it is
understandable why some expression of these proteins is still recorded in tibial BM-MSCs even

though are not of neural crest origin.

Although a sample size of four pigs is reasonable for studies of this nature, a greater
number of subjects/samples would have increased the statistical power of our results. The number
of surgeries required to acquire more samples required greater time and resources than were
available. The significant cost of certain aspects of this study, specifically microarray technology,
is a related limiting factor. Additionally, the amount of variability between subjects is sufficient
to make it challenging reach statistical significance in some instances. As mentioned previously,
our assessment of osteogenic capacity is limited in scope because we measured ALP prior to
treating with osteogenic media. Greater understanding would be reached by evaluating ALP and
other osteogenic markers after treating cells inducers such as dexamethasone, ascorbic acid, and

B-glycerophosphate either by additional protein assays or quantitative PCR.

In conclusion, this study establishes that BM-MSCs are readily obtainable from the pig
mandible and demonstrates that MSCs from this location express a number of genes differently
than those typically recovered from long bone marrow. Our findings not only support the concept

of dissimilar embryologic origin between the two types of BM-MSCs, it confirms that
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craniofacial-derived BM-MSCs have a distinct advantage in their capacity for bone regeneration
due to higher proliferative ability and high propensity toward osteogenic differentiation. Future
studies are warranted to evaluate the in vivo application of craniofacial-derived BM-MSCs for

repair and regeneration of osseous defects.
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CHAPTER 4

RESULTS

Bone Marrow Aspiration and BM-MSC Culturing:

Bone marrow aspirations were successful from all four pigs used in the study.
Recovered volumes ranged from 15-30 mL from the tibial sites and 10-18 mL from
mandibular sites. BM-MSC isolation and expansion were achieved from each aspiration
uneventfully. BM-MSCs isolated from mandibular bone marrow aspirates were visibly
less abundant during the early days of culturing when compared to parallel BM-MSC
cultures from tibial aspirates. Morphologically, mandibular BM-MSCs demonstrated a
more prominent spindle-shaped cell body than tibial BM-MSCs with several stretched-
out cell processes whereas tibial BM-MSCs were more epithelioid in in appearance (Fig.

2).

{

D6 P@ mandible

Figure 2. Initial BM-MSC cultures
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Verification of MSC identity:

Flow cytometry confirmed that the cells isolated from both locations exhibited

positive expression for all MSC surface markers investigated in this study: CD105,

CD44, and CD90. Conversely, they were negative for expression of hematopoietic

markers CD11b and CD45 (Fig. 3 and 4).
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Figure 3. Flow cytometry for mandibular BM-MSCs: CD105, CD44, CD90, CD11b, CD45
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Figure 4. Flow cytometry for tibial BM-MSCs: CD105, CD44, CD90, CD11b, CD45

Proliferation of Tibial and Mandibular BM-MSCs:

BM-MSCs isolated from both sites demonstrated solid proliferation during early

passages of subculture. Generally, noticeable slowdown in proliferation was not observed

until approximately passage 5 for tibial BM-MSCs and passage 7 for mandibular BM-

MSC cultures. In subpopulations seeded for proliferation measurements, considerable

variability was noted between subjects for both mandible and tibia-derived BM-MSCs.

Some subcultures reached over-confluence by two weeks after initial seeding, which

resulted in a decrease instead of increase of total cell number. Nevertheless, by

calculating cell doubling times of subcultures without post-confluence, we found that the

overall (all samples averaged) proliferation rate of mandible-derived BM-MSCs was
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significantly faster than that of tibial BM-MSCs (Fig. 5). The average cell doubling time
calculated based on serial cell number counts during the 13 days of subculture was
significantly lower for mandibular BM-MSCs than tibial BM-MSCs (Mann-Whitney U

test, p<0.01)
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Figure 5. Tibial vs mandibular BM-MSC median population doubling times
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Figure 6. Tibial vs mandibular BM-MSC cell proliferation (seeding performed at Day 0)

Comparison of Gene (MRNA) Expression through Microarray Assay:

The overall coefficient of correlation between gene expression of BM-MSCs
isolated from both locations was significant (Pearson’s test = 0.99, p<0.001). For
differentially expressed genes, the correlation reduced as the cut-off point of the fold-
change increased. The correlation was 0.98 (p < 0.001), 0.84 (p < 0.001), and 0.48 (p =
0.82) for cut-off points of 1, 1.5, and 2.0, respectively. For fold-change above 2.0, when
the data was separated into upregulated and downregulated genes, the Pearson correlation
was 0.98 and 0.85, which was significant (p < 0.001). The correlations were illustrated as

scatter plots (Fig. 7).
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Figure 7: Correlation of the differentially expressed genes between mandibular and tibial BM-MSCs.

Based on a 10.57 cut-off of the bi-weight average log2 signals, there were 364
and 370 of highly abundant transcriptomes expressed in mandibular and tibial BM-
MSCs, respectively, and only 5.59% (41 genes) were mismatched. Using DAVID’s
functional annotation clustering tool, it was found that both mandibular and tibial BM-
MSCs were enriched in developmental processes such as angiogenesis, ossification, and
muscle development, as well as some essential cytoskeletal functions such as cell motion,
anti-apoptosis and extracellular matrix organization. The enrichment scores
corresponding to the biological processes were listed in Table 1. All of the mentioned
functions were significantly enriched (EASE score < 0.05), while a few functions did not

meet significance after Benjamini—Hochberg false discovery rate (FDR) corrections.
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. EASE score (modified | Benjamini—-Hochberg
Biological Enrichment Score fisher exact [()—value) FDR
Processes Mand. Tibial Mand. Tibial Mand. Tibial
BM-MSC | BM-MSC | BM-MSC | BM-MSC | BM-MSC | BM-MSC

Angiogenesis | 6.86 5.68 3.4E-5 1.5E-4 2.6E-3 8.5E-3
Ossification 5.21 4,91 2.6E-6 1.5E-5 3.6E-4 1.2E-3
Endochondral |, : 22E2 |- 23E-1 i
ossification
Skeletal
muscle tissue | 1.97 - 4.0E-2 - 3.4E-1 -
development
Cell motion 3.07 3.98 2.0E-7 1.4E-8 4.0E-5 4.4E-6
Anti-apoptosis | 2.59 3.24 7.5E-3 2.4E-3 1.1E-1 5.5E-2
Extracellular
matrix 3.32 9.33 1.6E-9 1.4E-12 1.1E-6 1.3E-9
organization
Cytoskeleton

S 4,24 7.15 5.1E-6 4.8E-6 5.7E-4 5.3E-4
organization

Table 1: Functions significantly enriched in highly abundant transcriptomes between mandibular and tibial
BM-MSCs.

Above 2.0 fold change, only 14 genes were differentially expressed in mandibular
BM-MSCs vs. tibial BM-MSCs, with 8 down-regulated and 6 up-regulated genes.
DAVID could not annotate these genes into functional clusters. Using a criterion of 1.5
fold of difference, a total of 47 genes were found to be differentially expressed at the
MRNA level between mandibular and tibial BM-MSCs, which consisted of 24 down-
regulated and 23 up-regulated genes. DAVID functional annotation on this set of
differential expressed genes showed that mandibular BM-MSCs were enriched in sensory
perception and neurological system process, as well as protein dimerization activity,
while tibial BM-MSCs were enriched in cell component lysosome (Table 2). Similar to
the clustering of the highly abundant transcriptomes, the significance in enrichment did
not persist after Benjamini—-Hochberg FDR correction. The complete lists of the down-

regulated and up-regulated genes are presented in Table 3 and Table 4, respectively.
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EASE score Benjamini-
Location G(eg(e)())?;(r):ggy Category (modified fisher | Hochberg
exact p-value) FDR
) ) Sensory perception of
Biological chemical stimulus L7E-2 1.0E0
. process .
Mandibular Neurological system process | 4.9E-2 1.0E0
:c\/lole_cular Protein dimerization activity | 1.5E-2 7.0E-1
unction
- Cellular
Tibia component Lysosome 3.5E-2 2.4E-1

Table 2: Functions significantly enriched in differentially expressed genes above 1.5 fold change between

mandibular and tibial BM-MSCs.
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Gene Symbol
F13A1l
LOC100517092
HPSE

LAMA2
LOC100521735
LOC100523534
RGS2

DEPTOR
NAGA
C18H70rf58
ILIORA
LOC100737106
SUCLA2
DOCK10

LOC100513900
BAI2

LOC100153656
C1QTNF7
LOC100154725
PECAM1
GRPR
CYP4A11l
KCNT2
LOC100511910

Description

coagulation factor XII1, Al polypeptide
carboxypeptidase M-like

heparanase

laminin, alpha 2

N-acylethanolamine-hydrolyzing acid amidase-like
olfactory receptor 4B1-like

regulator of G-protein signaling 2, 24kDa

DEP domain containing MTOR-interacting protein
N-acetylgalactosaminidase, alpha-

chromosome 7 open reading frame 58

interleukin 10 receptor, alpha

olfactory receptor 8S1-like

succinate-CoA ligase, ADP-forming, beta subunit
Dedicator of cytokinesis protein 10
immunoglobulin superfamily DCC subclass
member 4-like

brain-specific angiogenesis inhibitor 2
kelch/ankyrin repeat containing cyclin Al
interacting protein

C1q and tumor necrosis factor related protein 7
olfactory receptor 4K3-like

platelet/endothelial cell adhesion molecule 1
gastrin-releasing peptide receptor

cytochrome P450 4A11-like

potassium channel, subfamily T, member 2
coronin-2A-like

Fold Change
-9.36
-9.07
-6.87
-2.57

-2.4
-2.31

-2.3
-2.15
-1.99
-1.98
-1.98
-1.79
-1.76
-1.72

-1.67
-1.62

-1.58
-1.58
-1.57
-1.54
-1.53
-1.52
-1.51

-1.5

Table 3: Differentially expressed genes above 1.5-fold of downregulation in mandibular BM-MSCs.
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Gene Symbol
REM1
LOC100517545
LOC100152428
PLXNAZ2
DSCAML1
LOC100516444
SYT1
LOC100737436
PGCP
LOC100516627
ATF6
LOC100523238
KIF21A
RTKN2
DENND2C
BMP4

NR5A2
LOC100157532
MIR27B
LOC100512015
AKR1CL1
ANO1

TRPA1

Description

RAS (RAD and GEM)-like GTP-binding 1
olfactory receptor 52B4-like

multidrug resistance-associated protein 1-like
plexin A2

Down syndrome cell adhesion molecule like 1
uncharacterized LOC100516444
synaptotagmin |

protein S100-A16-like

plasma glutamate carboxypeptidase

olfactory receptor 4F3/4F16/4F29-like
activating transcription factor 6

olfactory receptor 2AE1-like

kinesin family member 21A

rhotekin-2-like

DENN/MADD domain containing 2C

bone morphogenetic protein 4

nuclear receptor subfamily 5, group A, member 2
copine-4-like

microRNA mir-27b

leucine-rich repeat LGI family member 3-like
aldo-keto reductase family 1, member C-like 1

anoctamin 1, calcium activated chloride channel
transient receptor potential cation channel,
subfamily A, member 1

Fold Change

1.5
154
1.56
1.57
1.58
1.58
1.58
1.58
1.59

1.6

1.6
1.63
1.67

1.7
1.77
1.79
1.98
2.03
2.04
2.08
2.79
3.16

3.36

Table 4: Differentially expressed genes above 1.5-fold of upregulation in mandibular BM-MSCs.

The expression profiles of BM-MSCs isolated from different locations only

categorized in separated clusters at 1.5 fold of difference, but not at 2.0 fold of difference,

as presented in the hierarchical clustering heat map (Fig. 8).
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Figure 8: Heat map showing hierarchical clustering of differentially expressed genes above 1.5 fold change
(left) and above 2.0 fold change (right). Group 1 (yellow) represents mandibular BM-MSCs, while Group 2
(green) represents tibial BM-MSCs.
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While the functions of most of these genes were unknown or not strongly relevant
to osteogenesis or angiogenesis based on current understandings, two particular genes,
nestin and BMP-4 are both cranial neural crest-related genes and demonstrated higher
expression in mandibular BM-MSCs than tibial BM-MSCs (1.23-fold and 1.79-fold,

respectively, ANOVA, p<0.05).

RT-PCR:

Expression of neural crest-associated mRNA for BMP-4 and nestin showed the
same trend of differences between BM-MSCs from the two sites. Specifically, they were
both expressed more strongly in mandibular BM-MSCs than tibial BM-MSCs, but

statistically the differences were not significant (Fig. 9).
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Figure 9. Fold change mRNA expression of BMP-4 and Nestin in mandible vs tibia BM-MSCs
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Osteogenic differentiation of tibial and mandibular BM-MSCs with and without FGF-2:

Even with only standard growth media used for culture of all BM-MSCs, the
cultured cells demonstrated a certain degree of osteogenic differentiation as reflected by
positive alkaline phosphatase (ALP) activity. Analysis of trials with and without FGF-2
addition confirmed that mandibular BM-MSC ALP activities were 3.3-fold (factorial
ANOVA, p<0.001) to those of tibial origin (Fig. 10). For all trials, and at all time points,
ALP activity was higher for mandibular BM-MSCs than tibial BM-MSCs (Fig. 11),
regardless of presence or absence of FGF-2 (5 ng/mL and 10 ng/mL). Moreover, the
addition of FGF-2 did not significantly increase ALP activity relative to the control
groups in which only growth media was used (Fig. 11). Staining for ALP showed that
positive staining was stronger at day 10 than day 5, with positive BM-MSCs forming
clusters. At the periphery where less BM-MSCs were present, ALP-positive clusters
were less abundant. At day 10, the contrast between ALP produced by mandibular and

tibial BM-MSCs also became more apparent than that at day 5 (Fig. 12).
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Figure 10. ALP production: pooled results of mandible and tibia BM-MSCs with and without addition of
FGF-2
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Figure 11. ALP production of mandible and tibia BM-MSCs with and without addition of FGF-2 at day 5
and day 10
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Figure 12. ALP staining of mandible and tibia BM-MSCs in growth media with and without
addition of FGF-2 at day 5 and day 10.

Triple-layer Cell Sheet Formation

BM-MSCs from both the tibia and mandible were able to form triple-layer cell
sheets, but did show differences between them. After forty-eight hours of incubation,
mandibular BM-MSC cell sheets were formed on 12-well thermo-responsive plates
(Nunc™ UpCell™, Thermo Scientific) at an initial seeding density of 200,000 cells per
well ~(57K/cm?, Fig. 13). Tibia BM-MSCs seeded at this density did not form intact cell
sheets with the same incubation period. Instead, viable tibia cell sheet formation required
an initial seeding density of 400,000 cells per well on 12-well plates (~114K/cm?) or
200,000 cells per well on 24-well plates. Regardless of the initial seeding density,

successfully formed cell sheets were adherent to CellSTART ™-coated culture dishes
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after 30 minutes and the addition of subsequent layers was successful and repeatable (Fig.
13). On the other hand, when the above described low seeding densities were used, the
cell sheets tended not to release from the polymer surface of the dish with intact sheet
structure maintained, voiding further manipulation of adding more layers. Thus, low-
density sheets tended to be easily friable and had a mosaic pattern with tattered edges,

discontinuity, and voids. In contrast, high density sheets had minimal voids and were

reliably transferrable to other surfaces using gentle pipetting techniques.

Figure 13. Gross specimen: mandibular BM-MSC cell sheets in single (a), double (b), and triple (c) layer
formation with magnified view of the triple layer addition (d).
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Viability and Histologic Assessment of Porcine BM-MSC Sheets:

Twenty four hours after incubation, triple-layer cell sheets fabricated from tibia
and mandible-derived BM-MSCs remained intact. Using simple means such as
micropipette tip or a small laboratory spatula, they could be peeled off of the surface of
the culture dish as an intact sheet and then transferred to a microscope slide. Subsequent
fluorescent live/dead staining demonstrated that mandibular BM-MSCs layered sheets
had fewer dead cells than tibial BM-MSCs (3.13% vs. 10.25%, t-test, p<0.05) during the

same incubation period (Fig. 14).

Mandible Tibia

2.5x

10x

Fig 14. Fluorescent Live/Dead staining for mandibular and tibial BM-MSC triple layer cell sheets
[fluorescence: green (live), red (dead)]
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H & E staining was performed on cell sheets previously used for the live/dead assay as
well as on cell sheets not exposed to live/dead assay. Under a light microscope, the cell
sheets demonstrated 5-8 layers of cells piled on top of each other. Except for cells at the
surface layer which were elongated, many cells in the interior were cuboidal in shape,
with varying amounts of nuclear fragmentation and cell border irregularity scattered in a

heterogeneous fashion (Fig. 15).

Mandible Tibia

4x

40x

Seeding density: 57 K/cm? 114 K/cm?

Fig. 15. H & E staining of mandibular and tibial BM-MSC cell sheets
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CHAPTER 5

DISCUSSION AND CONLUSIONS

The purpose of this study was to compare BM-MSCs from the mandible to those from
the tibia in a pig model. Specifically, we investigated their gene expression and some properties
related to skeletal tissue regeneration including expression of mesenchymal stem cell markers,

proliferation, osteogenic differentiation and ability to form scaffold-free cell sheets in vitro.

While bone marrow aspiration from pig tibiae or iliac crests has been routinely and
consistently performed by many researchers, we established a method to aspirate bone marrow
from the pig mandible for the first time. Based on experience from the four pigs used in this
study, 10-18 mL bone marrow can be aspirated from the mandibular symphyseal region in four
month old pigs through a single needle insertion. Although the abundance of bone marrow in the
mandibular symphyseal region appears to be smaller than that from the tibia, 10-18 mL of bone
marrow was adequate for subsequent isolation and expansion of BM-MSCs. Various studies have
described isolating MSCs from a number of craniofacial sources including dental pulp and the
periodontal ligament but few studies exist which describe harvesting stromal cells from
craniofacial bone marrow. Due to the small size of craniofacial bones relative to long bones, the
marrow volume is believed to be less abundant. Accordingly, previous investigators who
attempted to isolate BM-MSCs from craniofacial bones have done so by rinsing trabecular bone
fragments recovered at human third molar extractions sites® or by flushing bone marrow from the

superior alveolar ridge through extraction sockets* %

in rats. Therefore, we are the first group
that directly aspirated appreciable volumes (11-18 mL) of bone marrow directly from the

symphyseal area of juvenile porcine mandibles.
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Through flow cytometry analysis, we confirmed that the stromal cells isolated from
mandibular bone marrow are indeed mesenchymal stem cells (MSC). More specifically, both
mandible and tibia BM-MSCs strongly expressed CD105/endoglin, CD90, and CD44 (surface
markers of MSCs) and lacked expression of CD11b and CD45, surface markers expressed by
hematopoetic stem cells (Fig. 3 and 4). These data corroborate findings from other investigators
who isolated BM-MSCs from pig and human iliac crest and long bones and found them to be

positive for CD105, CD44, and CD90%*°, while negative for CD11b*! and CD45% %%,

The ability of fast replication is an important property of MSCs needed for tissue
engineering. Through a series of cell culturing and passaging experiments, we found that
mandibular BM-MSCs proliferated significantly faster than tibial BM-MSCs. The mandibular
BM-MSCs also outlasted the tibial BM-MSCs in maintaining a high proliferation rate through
later passages. Our findings about BM-MSC proliferation are consistent with those reported by

other groups® 8

, who phenotypically compared craniofacial and lower extremities BM-MSCs
from humans or rats. Specifically, Akintoye’s group evaluated the proliferative capacity of human
BM-MSCs isolated from the mandible, maxilla, and iliac crest cells over the same time period (14
days) and showed that both maxillary and mandibular BM-MSCs proliferated faster than iliac
crest BM-MSCs. They also reported delayed senescence of orofacial-derived BM-MSCs
compared to iliac crest BM-MSCs. Similarly, rat mandibular BM-MSCs exhibited stronger
proliferation and anti-apoptotic potentials as compared to long bone BM-MSCs** .
Morphologically, the iliac crest is a flat bone, while the tibia is a long bone. Anatomically,
however, both the iliac crest and the tibia are bones of the lower extremity, and embryonically
they share the same mesoderm origin. On the other hand, the jaws are craniofacial bones with
both the mesoderm and cranial neural crest cells contributing to their embryonic development®’.
More importantly, cells expressing neural crest markers are known to be more pluripotent, a

feature believed to contribute to the survival of MSCs in hypoxia after transplantation®® ** .
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Therefore, despite the difference in research subjects between the present study and the Akintoye

et al.’s and Dong’s studies® %

, the combined data suggest that the cranial neural crest-derived
BM-MSCs have a stronger proliferation potential than those from their mesodermal-derived

counterparts in the limbs.

The ability of osteogenic differentiation is another important property of BM-MSCs for
skeletal tissue engineering. In the present study, osteogenic capacity was compared by assessing
ALP activity, an indicator for early osteogenic differentiation. Previous studies including those
from our lab have evaluated osteogenic capacity of BM-MSCs in varied ways® ** * % Typically,
the cultured cells were induced by supplementing the culturing media with ascorbic acid,
dexamethasone, and B-glycerophosphate or using other commercially developed Kits. As we
previously found, however, even without osteogenic induction, the cultured BM-MSCs
demonstrated a certain degree of ALP activity®, suggesting that some of the replicated cells may
be committed to the osteogenic lineage during in vitro expansion. This was confirmed in the
current study, and the mandibular BM-MSCs appear to be stronger ALP producers than tibia BM-
MSCs. We also found that these site-related differences were not changed by the addition of
FGF-2. Previously we showed that when FGF-2 was used together with osteogenic media,
osteogenic differentiation measured by ALP activity and Runx-2 expression was enhanced*®.
Other investigators have also shown that FGF-2 at concentrations as low as 1 ng/mL can increase
ALP activity in human MSCs placed in osteogenic media®’. The present data, however, seem to
suggest that FGF-2 by itself does not act as an osteogenic inducer for either mandibular or tibial
BM-MSCs. This may indicate that osteogenic inducers are required for FGF-2 to augment ALP
activity in these cells and additional studies are warranted to evaluate this speculation. In a
related study on rats, Aghaloo et al. and Dong et al. observed significantly greater ALP activity
and osteocalcin expression in mandibular BM-MSCs than long bone BM-MSCs*> ®. The same

trend of enhanced osteogenic potential of craniofacial-derived BM-MSCs was also reported in
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humans using small marrow samples from third molar extraction sites®. Although we tested ALP
activity without the addition of common osteogenic inducers while the other two groups did use
osteogenic media, our findings are consistent with theirs. Combined, these data suggest that
craniofacial BM-MSCs are likely advantageous to long bone BM-MSCs in terms of the ability of
osteogenic differentiation. It is worth noting that our present data only reveal a small part of the
osteogenic capacity of BM-MSCs as we only studied ALP activity. Future studies are needed to
examine the expression of markers indicative of middle and late stage osteogenic differentiation

68, 98, 99

such as osteopontin and osteocalcin, respectively as well as type | collage and mineral

production.

To assess whether this difference in proliferation and osteogenic differentiation is
relevant to variation in gene expression, especially neural crest-related genes, we conducted a
microarray assay. The results found that a total of 383 genes were significantly different between
mandibular and tibial BM-MSCs (ANOVA test, p < 0.05), out of which 47 genes demonstrated
>1.5 fold of differences, between the two locations. Generally gene expression with >2 fold of
difference is considered as differentially expressed. Based on the 14 differentially expressed
genes identified by the 2-fold criterion, one would quickly conclude the gene profiles between
mandibular and tibial BM-MSCs are very similar. On one hand, as cells from both locations are
BM-MSCs, it is not surprising that they have a high similarity in gene expression. On the other
hand, however, it does not explain the phenotypical differences between the cells from the two
sites, such as proliferation and differentiation as discussed above. Possible explanations become
available when the microarray data were analyzed using more sophisticated methods. First, the
hierarchical clustering was performed on the set of genes with at least 1.5-fold difference, which
revealed a significant incongruence between the primary passage of BM-MSCs isolated from
these two locations. Using the same cut-off criterion, DAVID analysis also categorized the gene

profile into functional groups, which showed distinct differences between mandibular and tibial
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BM-MSCs (Table 1). Specifically, mandibular BM-MSCs tended to be enriched in neurological
processes and protein dimerization activity. In particular, two of the four genes involved in the
protein dimerization activity, BMP-4 and activating transcription factor (ATF6), are both related

%8199 and osteogenesis'® °*. BMP-4 is also specifically a neural-crest gene, and

to cell surviva
was found critical for stem cell renewal and maintaining pluripotency. Nestin was another

noteworthy upregulated neural crest marker in mandibular BM-MSCs, but only has a fold change
of 1.23. It is also essential for cell proliferation and migration, while maintaining the stemness of
the cell*®* % |n contrast, tibial BM-MSCs were enriched in cellular component lysosome, which

194 These distinctive clusters , although

is an organelle involved in the terminal steps of apoptosis
categorized at a less stringent criterion (1.5 fold instead of 2 fold of difference), at least
demonstrate a tendency that mandibular BM-MSCs have a higher chance of survival and

osteogenic potential, while tibial BM-MSCs may be more prone to apoptosis, a finding that

matches our proliferation and osteogenic differentiation data about these cells.

Next, when the highly abundant transcriptomes expressed were compared between BM-
MSCs from the two locations, a distinct difference was also found. More specifically, with 75%
of the highest expressed gene which have a log2 of 14.07 being compared, mandibular and tibial
BM-MSCs were significantly enriched in angiogenesis and ossification, and other essential
cellular functions such as cell motion and extracellular matrix organization (Table 1). In
Monaco’s microarray analysis comparing porcine BM-MSCs isolated from long bone and
adipose tissue, they found that long bone BM-MSCs have higher angiogenic, osteogenic,
migratory, and neurogenic capacity compared to adipose-derived MSCs™. Although the particular
genes reported to be differentially expressed by Monaco et al. were not the same as ours,
functional annotation analysis with DAVID found that the categories of genes of long bone BM-
MSCs were similar between the two studies™. In our study, not only did the differentially

expressed genes analysis demonstrate a tendency of higher neurogenic capacity in mandibular
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BM-MSCs than long bone BM-MSCs in the highly abundant transcriptome analysis, mandibular
BM-MSCs also demonstrated a tendency for stronger gene expression regulating endochondral
ossification and skeletal muscle tissue development. This further explains the difference in
osteogenic differentiation and implies that mandibular BM-MSCs are superior in bone

regeneration to tibial BM-MSCs.

Undoubtedly, while microarray analysis is highly efficient in screening thousands of
genes, precautions are warranted for the findings and interpretations. The number of subjects used
in the present and the Monaco et al. study is relatively low, which may reduce statistical power
and increases susceptibility to biases. Thus, additional tests are desired to confirm our gene
expression microarray findings. Limited by the scope of this thesis project, however, we were not
able to retest a large number of genes using RT-PCR that were found to be statistically
differentially expressed between mandible and tibia BM-MSCs. As a result, we only further
tested the expression of two genes known to be neural crest related, BMP-4 and nestin, using RT-
PCR tests. The results confirmed the trend reflected by the microarray assay. That is, both BMP-4
and nestin tended to express more strongly in mandibular BM-MSCs than tibial BM-MSCs,
although the net differences were less than one fold and did not reach statistical significance.
Although BMP-4 and nestin have been used as neural crest markers, their unique function in
human development continues to be researched. BMP-4 is essential for differentiation of
mesoderm, including development of craniofacial and appendicular bone, and knockouts of this
gene result in embryonic lethality'®. Nestin, an intermediate filament protein, is expressed
predominantly in rapidly dividing cells of developing and regenerating tissues and is understood
to play an important role in central and peripheral nervous system development'® ‘%", For these
reasons, it is understandable why some expression of these proteins is still recorded in tibial BM-

MSCs even though are not of neural crest origin.
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The last part of this study compared the ability of mandibular and tibial BM-MSCs in
forming scaffold free cell sheets using thermo-responsive culturing dishes. Overall, mandibular
BM-MSCs outperformed tibia BM-MSCs in two aspects: a lower seeding density is required to
form single layer cell sheets and more cells remain viable on 3-layer cell sheets after 24 hours
incubation based on live-dead cell staining. The reason for mandibular BM-MSCs to quickly
form cell sheets may be partly attributable to their higher proliferation rate as discussed above.
The reported seeding density for cell sheet formation varies greatly among studies® ®® %, In our

study, we used higher seeding density than that used by some other investigators®® %

, which
resulted in a much shorter time to yield a complete cell sheet. More specifically, while others
often cultured their cell sheets for as much as 10-13 days after initial seeding, we only needed two
days. This not only eliminated the necessity to change the culturing media prior to harvest, but
also improved the integrity of the cell sheets. In our trials where BM-MSC sheets were cultured
longer, it was found that portions of the sheets began to detach prematurely in patchy, non-
confluent patterns mainly at the outer edges of the sheet prior to harvest, likely because of
temperature change at the edges of the culturing plates during media changes. Other investigators
have discovered that adding vitamin ¢ (V.) in small doses (20-50 ug/mL) improves the sheet-

forming ability of periodontal ligament stem cells (PDLSC) and this may be a promising method

to improve the formation of these sheets in future trials®.

As far as the cell viability is concerned, our H&E data are not consistent with the
live/dead staining. Initial H&E evaluations of tibial and mandibular BM-MSC cell sheets were
performed following live/dead staining and it was therefore reasoned that compromised cell
viability, manifest by nuclear breakdown and poor cell boundaries, was due to UV damage
associated with immunofluorescent microscopy. Later evaluation of cell sheets not exposed to
UV light revealed that while the superficial layers appeared elongated with regular cell

boundaries, there were still areas of overt necrosis throughout the interior. Although several
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mechanisms may contribute to this finding, it is likely that cells in the deep layers of the sheet
matrix experience hypoxic injury during the 24 hours following cell sheet stacking. Future studies

will analyze the relationship among incubation time, oxygen concentration, and cell viability.

Finally, in the present study, all of the cell sheets were created using BM-MSCs that had
been cultured exclusively in growth media alone. Later studies may also investigate the benefit of
culturing BM-MSCs in media with exogenous osteogenic inducers. Based on related studies in
which porcine-derived MSC cell sheets were wrapped around scaffold materials prior to
transplantation into nude rats®, the benefits of combining cell sheet technology with scaffold
materials is also promising. It is anticipated that future studies will investigate the in vivo

applications of using craniofacial-derived BM-MSCs sheets.

Limitations:

Although a sample size of four pigs is reasonable for studies of this nature, a greater
number of subjects/samples would have increased the statistical power of our results. The number
of surgeries required to acquire more samples required greater time and resources than were
available. The significant cost of certain aspects of this study, specifically microarray technology,
is a related limiting factor. Additionally, the amount of variability between subjects is sufficient
to make it challenging reach statistical significance in some instances. As mentioned previously,
our assessment of osteogenic capacity is limited in scope because we measured ALP prior to
treating with osteogenic media. Greater understanding would be reached by evaluating ALP and
other osteogenic markers after treating cells inducers such as dexamethasone, ascorbic acid, and
B-glycerophosphate either by additional protein assays or quantitative PCR. Finally, the cell

sheet experiments included in this study are in their preliminary stages and we are still testing the
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feasibility of cell sheet stacking as well as analyzing the health of the cell sheets after they have

been layered.

Conclusions:

This study establishes that BM-MSCs are readily obtainable from the pig mandible and
demonstrates that MSCs from this location express a number of genes differently than those
typically recovered from long bone marrow. Our findings not only support the concept of
dissimilar embryologic origin between the two types of BM-MSCs, it validates that craniofacial-
derived BM-MSCs have a distinct advantage in their capacity for bone regeneration due to higher
proliferative ability and high propensity toward osteogenic differentiation. Our cell sheet-forming
experiments further establish these mandibular BM-MSCs to be advantageous over tibial BM-
MSCs due to their ability to form intact sheets with high cell viability using lower seeding
densities. Future in vivo studies are warranted to test the combined efficacy of craniofacial-
derived BM-MSCs and scaffold-free cell sheet technology for repair and regeneration of bony

defects.
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