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ABSTRACT

Induction of Differentiation of Dental Pulp-Derived Mesenchymal Stem Cells
(DPSC)

By

Aubrey Young

Dr. Karl Kingsley, Examination Committee Chair
Associate Professor of Biomedical Sciences
Director of Student Research
University of Nevada, Las Vegas
School of Dental Medicine

Mesenchymal stem cells are derived from a variety of human tissues and are
being bioengineered and studied for possible uses in the advancement of medicine.
Recent efforts are being focused on Dental Pulp Stem Cells (DPSC’s) due to the
accessibility of this tissue. Many factors influence DPSC quality and quantity, including
the specific methods used to isolate, collect, concentrate, and store these isolates once
they are removed. Ancillary factors, such as the choice of media, the selection of early
versus late passage cells, and cryopreservation techniques may also influence the
differentiation potential and proliferative capacity of DPSC isolates.

The objective of this study was to evaluate the potential to induce differentiation
of DPSC isolates in vitro by the adding of exogenous growth factors (GF), and by the
coating of specific extracellular matrix molecules (ECM) onto the surface of tissue-
culture dishes. Photomicroscopy and mRNA analysis demonstrated the addition of TGF-

B1 notably increased pluripotency biomarkers in DPSC lines. The addition of



Dexamethasone (Dex) or plating on Laminin-5 (LN5) was correlated with changes to
cellular morphology and cell size in different subsets of cells. RNA isolated from these
DPSCs for relative endpoint (RE) reverse transcription polymerase chain reaction (RT-
PCR) revealed mRNA DPSC specific intracellular biomarkers (KIf4, Sox-2, Bin-1,
Rnf12, Oct-4 and NANOG) and the cell surface marker (CD133) were enhanced
following the administration of TGF- 3 1 and were differentially down-regulated
following Dexamethasone and Laminin-5 administration. This study provides some
initial evidence that randomly selected DPSC isolates may be induced by established
protocols to change phenotype and expression of pluripotent biomarkers with variable
susceptibility between differing types of DPSCs. More studies will be needed to
determine the range of cell types that can be successfully re-engineered in laboratory

settings.
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CHAPTER 1

INTRODUCTION

Background and Significance

The isolation of mesenchymal stem cells (MSC) is an important scientific
endeavor in the health sciences [1, 2]. Although much is known about embryonic stem
cells and their regenerative capacity, recent efforts have focused on MSC because they
are far less controversial, and more importantly, may be derived directly from children
and adult patients [3, 4]. Many tissues, including bone marrow, peripheral blood, heart
tissue, and lung tissue, harbor populations of viable MSCs but more recent efforts have
focused on more accessible sources such as adipose tissue and dental pulp from extracted
teeth [5-9].

A growing body of evidence has suggested that dental pulp-derived stem cells
(DPSC) are among the most accessible of human stem cell populations [10]. DPSCs are
originally formed from both epithelial and mesenchymal stem cell progenitors, the
epithelial-derived ameloblasts and the mesenchymal-derived dentin and bone and soft
tissues of the periodontium [11]. Although they cannot form all cells and tissues of the
body, these DPSCs are capable of differentiation into more than one cell type and are
therefore classified as multipotent stem cells [12]. Studies have now confirmed DPSC,
under specific conditions and stimuli, may be capable of differentiating into adipocytes,
neurons, osteoblasts and chondrocytes although these specific methods could vary by

whether the DPSC were derived from the apical part of the papilla (AP-DPSC), the dental



follicle (DF-DPSC) surrounding third molars, or the periodontal ligament (PDL-DPSC)

[13,14].

Two nation-wide commercial companies now offer a service for processing and
storing DPSC from either primary teeth or extracted adult teeth, but little information is
known about the differentiation potential of these DPSC isolates [15]. Hung E. et al.
found that premolars and other intact teeth extracted from orthodontic patients ages 18-25
exhibited the greatest likelihood for obtaining viable DPSC isolates [16]. These studies,
however, did not evaluate the potential to induce differentiation in these uncommitted

DPSC lines using established methods and protocols.

Statement of Purpose

The objective of this study was to evaluate the potential to induce differentiation
of DPSC isolates originally derived from extracted teeth of adult orthodontic patients.
The working hypothesis for this project was that any DPSC isolate, derived from vital,
intact permanent adult teeth, could be induced towards differentiation in vitro using
preplated cell-matrix adhesion molecules and the administration of exogenous growth
factors [17, 18].

Orthodontic patients whose treatment includes extractions of teeth should be
educated about the opportunity they have to have their DPSCs banked and stored for
possible use in their future. As orthodontic professionals we have an ethical responsibility
to educate our patients about the benefits of stem cell banking. Understanding more about
how to create usable stem cell isolates will further the progress of regenerative medicine

and will better enable dental care providers to offer valuable education to our patients.



Research Questions and Hypotheses

1. Dental pulp-derived mesenchymal stem cells (DPSC) can be directed towards a

differentiated phenotype in vitro.

Ho: No, potential DPSC isolates cannot be directed towards differentiation in vitro.

Ha: Yes, potential DPSC isolates can be directed towards differentiation in vitro.

2. Specific ECM and GF promote differentiation of dental pulp stem cells in vitro.

Ho: No, specific ECM and GF do not promote differentiation of DPSC in vitro.

Ha: Yes, specific ECM and GF do promote differentiation of DPSC in vitro.



CHAPTER 2

LITERATURE REVIEW

Many organs and tissues require the ability to replace cells as a normal part of the
aging process, as well as in response to damage, injury or infection [19]. Research has
now revealed that many of these organ and tissue systems have resident populations of
somatic stem cells, which are capable of asymmetrical replication [20]. The process of
asymmetric replication results in two daughter cells — one that retains the undifferentiated
stem cell properties and the other that is capable of replacing dead, dying or injured cells

[21].

Each of the primary germ layers of the developing embryo, ectoderm (or outside
layer), endoderm (or inside layer) and mesoderm (or middle layer) give rise to tissues that
will ultimately host their own populations of resident stem cells [22]. These tissue-
specific stem cell populations maybe further classified, based upon their potential for
differentiation into the various cell types found within the tissue or organ system [23].
Although totipotent stem cells from embryonic tissues are capable of differentiating into
every possible cell type found within the body, these are typically harvested from
developmental or fetal tissues — which may limit their availability and potential for
therapeutic use [24]. Most adult tissues host other types of stem cells, including
multipotent, pluripotent and oligopotent stem cells capable of differentiation into more
than one cell type, as well as unipotent stem cells that produce specialized cells of only

one type [25].



Although adult stem cells may be harvested and retrieved from a variety of tissues
and organs, this may involve costly and invasive procedures, such as bone marrow or
liposuction aspiration [26]. However, recent clinical studies have shown that dental pulp
from extracted teeth may provide an abundant supply of highly proliferative, multipotent
Mesenchymal Stem Cells (MSC), which are now known to be capable of regenerating a
variety of human tissues including bone and other dental structures [27]. In addition,
dental pulp-derived stem cells (DPSC) have also been demonstrated to be capable of
differentiating into many other lineages, including osteoblasts, chondroblasts, adipocytes,

as well as vascular and neural tissues [28].

Sources

Many factors are known to influence DPSC quantity and quality, although one of
the most basic may be the source of the dental pulp itself [14]. For example, some
evidence has recently emerged demonstrating that stem cells from human exfoliated
deciduous (or primary) teeth (SHED) may exhibit faster growth and proliferation, as well
as a more expansive array of potential cellular phenotypes and differentiation potentials
[29]. Additionally, SHED may also exhibit slightly greater rates of survival after short-
term freezing and storage than DPSCs derived from extracted, permanent (adult) teeth
[30]. However, due to the recent nature of these discoveries, the vast majority of the
population is not able to make use of these reservoirs as they have already developed
their permanent dentition, and those currently in need of stem cell therapy are unlikely to
have had an opportunity to save any viable dental pulp from exfoliated primary teeth

[31]. Moreover, some studies have provided evidence that the quantity of healthy pulp



derived from primary or deciduous teeth may, in fact, be insufficient to productively

harvest SHED [32].

Based upon this knowledge, many researchers are now focused on exploring the
role of permanent or adult teeth as a reservoir for the acquisition of DPSCs [33]. One
possible source of DPSCs from healthy, permanent, adult tooth extraction are orthodontic
clinics, where extraction of premolars and molars remains common practice among the
four million patients in the United States often approaching or exceeding 30% of all
patients [34]. Although no comprehensive review of DPSC by tooth type has been
performed, recent work by this group has revealed that tooth type did not affect either
quality or quantity of DPSC isolates, however, the age of donor was found to be a
significant factor [16]. In fact, the most recent study provides further evidence that
permanent teeth extracted from younger donors may yield DPSCs with higher growth,

proliferation and differentiation without regard to tooth type [35].

Isolation

Other factors may also influence DPSC quality and quantity, including the
specific methods used to isolate, collect, concentrate, and store these isolates once they
are removed [16]. For example, the two most common methods used for DPSC isolation
are enzymatic dissociation (DPSC-ED), where enzymes are used to digest the matrix and
other biological materials comprising the dental pulp, and direct outgrowth (DPSC-OG)
which allows for DPSCs to naturally dissociate from the pulp over the course of several
weeks in laboratory cultures [36]. Some studies have demonstrated that DPSC-ED are

more likely to give rise to heterogeneous populations of faster growing cells due to the



enzymatic activity that may facilitate release of DPSC embedded within this matrix [37].
However, other studies have suggested that cellular damage or destruction may result
from using this method, suggesting that DPSC-OG may be a less a destructive
alternative, although this tends to give rise to fewer and largely homogeneous DPSC
populations with more limited differentiation potential [38]. Research from this group
confirmed these findings and has used the direct outgrowth method for all subsequent

isolation procedures [15].

Within these heterogeneous populations of DPSC derived from the pulp of
permanent dentition, there are more specific sub-populations that include stem cells from
the apical papilla (SCAP), dental follicle (DFSC), periodontal ligament (PDLSC), as well
as non-specific DPSCs [39,40]. The dental papilla contributes to tooth formation and
becomes part of the dental pulp tissue in the mature dentition. Stem cells isolated from
the dental papilla (SCAP) have been demonstrated to produce dentin and cementum in
animal models and have been shown to express comparatively higher levels of the
survivin protein, as well as a unique cell surface marker (CD24) not found in other dental

derived stem cells [41].

However, stem cells have also been isolated from the dental follicle, more
specifically from the peridontium surrounding third molars prior to eruption, which are
capable of differentiation into bone lineages with expression of osteocalcin and bone
sialoprotein, and can be separated based upon their comparatively higher expression of
insulin-like growth factor (IGF-2) [42]. Finally, stem cells derived from the periodontal
ligament (PDLSC) express the biomarkers STRO-1 and CD146 and are capable of

forming cementum-like cells, adipocytes and collagen forming cells [43]. Other research
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from this group has confirmed these findings, suggesting that multiple sub-populations
and lineages may be derived from dental pulp and the associated tissues that has distinct

phenotype and differentiation capabilities and potential [44].

Culture and Cryopreservation

Finally, other research has suggested that ancillary factors, such as the choice of
media, the selection of early versus late passage cells, and cryopreservation techniques
may also influence the differentiation potential and proliferative capacity of DPSC
isolates [45]. For example, there is some evidence to suggest that no serum (serum-free)
media may facilitate the preferential selection and expansion of DPSC bearing specific
stem cell biomarkers, while other studies found similar results using low or limited serum
media [46,47]. In addition, the selection of early- versus late-passage populations may
also preserve a more diverse array of potential DPSC sub-populations, which has been
repeatedly confirmed in more recent studies [48-51]. Finally, some evidence suggests that
cryopreservation methods and materials may also directly influence the survival rate and
therapeutic potential of DPSC, suggesting more research into this area may be needed

[52-54].

Conclusions

Although there are several for-profit organizations that have begun to offer
services specific for the extraction, processing and long-term storage of DPSC, evidence
based recommendations are limited regarding the viability and potential applications of
DPSCs in order to provide patients (and parents) interested in banking these tissues for

future possible usage. Due to the delicate nature of the isolation, culture and storage



process, extraction and processing fees, combined with the additional monthly long-term
storage, may result in costs that exceed many thousands of dollars before (or if) these
cells are needed. More research, however, will be needed for dental researchers and
clinicians to more fully explore the feasibility and potential for isolating and culturing
DPSCs extracted from adult human teeth in order to provide more accurate and informed

advice for this newly developing field of regenerative medicine.



CHAPTER 3
METHODOLOGY
Human Subjects

This original protocol for this study titled “Isolation of Non-Embryonic Stem
Cells from Dental Pulp” at the University of Nevada, Las Vegas School of Dental

Medicine (UNLV-SDM) dental clinic was approved by the UNLV Office of Research
Integrity Human Subjects (OPRS#0907-3148) in February 2010 [15, 16]. In brief, the
samples for this study were isolated from patients that were randomly recruited by
members of the UNLV-SDM clinic during their dental visits between February and June
2010. Informed Consent was required and was conducted onsite at the time of study
recruitment. Inclusion criteria: All patients were required to be consenting adults (> 18
years old) who agreed to participate. In addition, all dental pulp samples were collected
from subjects with sound, unrestored, vital teeth (teeth that have healthy pulp tissue), who
were already scheduled to have one or more extractions that were necessary for oral
health, as determined by the clinical faculty member in charge. Exclusion criteria: Any
subject under eighteen (18), any subjects scheduled for dental extractions involving
compromised pulp, and any subject that refused to donate their extracted teeth or

participate in this study.

DPSC Isolation and Culture

The teeth included in this retrospective study were originally extracted due to
impaction (e.g., third molars) or crowding (e.g., premolars extracted for orthodontic

treatment). Following extraction, the teeth were sectioned at the cemento-enamel junction

10



(CEJ) using a diamond rotary disc and the dental pulp was removed with an endodontic
broach and then immediately placed into sterile microcentrifuge tubes containing 1X
phosphate buffered saline (PBS) and transferred to the laboratory for culture. Tubes were
pre-assigned a unique, randomly-generated number to maintain patient confidentiality
and to prevent research bias. The dental pulp samples were then transferred to a
biomedical laboratory for processing and culture using the direct outgrowth (DPSC-OG)
method [37, 55]. In brief, the PBS containing extracted dental pulp was centrifuged at 2.1
relative centrifugal force (RCF) and then resuspended in 1.0 mL of RPMI-1640 medium
from Hyclone (Logan, UT) with 2mM L-Glutamine, adjusted to contain 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM HEPES, and 1.0 mM sodium pyruvate. Media was
supplemented with 1% Penicillin (10,000 units/mL), Streptomycin (10,000 mg/mL)
solution and 10% fetal bovine serum (FBS), obtained from HyClone (Logan, UT). Cells
were cultured in 75 cm2 BD Falcon tissue-culture treated flasks (Bedford, MA) at 37°C
and 5% CO2 in humidified chambers. Media was changed every 48 hours until adherent
cells reached 70% confluence. Cells were subsequently passaged at a 1:4 ratio for a

minimum of ten passages.

RNA Isolation and RT-PCR

To determine if the cells from each dental pulp isolate (remaining after ten
passages) were dental pulp stem cells (DPSC), RNA was isolated from 1.5 x 107 cells of
each of the experimental cell lines, using ABgene Total RNA Isolation Reagent (Epsom,
Surrey, UK) in accordance with the procedure recommended by the manufacturer [56].
RNA concentration and purity were calculated using UV spectroscopy. RT-PCR was then
performed on total RNA using the ABgene Reverse-iT One-Step RT-PCR Kit

11



(ReadyMix Version) and a Mastercycler gradient thermocycler (Eppendorf: Hamburg,
Germany) using the mesenchymal stem cell (MSC) primers for CD44, CD133, NANOG,
Oct4, Sox-2, Binl, Rnf12, and KIf4 synthesized by SeqWright (Houston, TX), as
previously described [15,16,57]. Reaction products were separated by gel electrophoresis
using Reliant 4% NuSieveR 3:1 Plus Agarose gels (Lonza: Rockland, ME). Bands were
visualized by UV illumination of ethidium-bromide-stained gels and captured using a
Kodak Gel Logic 100 Imaging System and 1D Image Analysis Software (Eastman
Kodak: Rochester, NY). Quantitation of RT-PCR band densitometry and relative mRNA
expression levels were performed using Adobe Photoshop (San Jose, CA) imaging
software, Image Analysis tools. All four (4) cell lines used in this study were found at
baseline to express intracellular (NANOG, Oct4, Sox-2, KIf4, Rnf12, Binl) and cell

surface markers (CD44, CD133) that are used to identify and characterize DPSC isolates.

Baseline Growth and Doubling Time

Assays to ascertain doubling time (DT) were performed in the appropriate
complete media. In brief, cells at 70% confluence were trypsinized and plated 1:4 into
new 75 cm2 BD Falcon tissue-culture treated flasks (Bedford, MA) at 37°C and 5% CO2
in humidified chambers and their confluence was measured with a Zeiss Axiovert 40
inverted microscope (Gottingen, Germany). Three separate, independent replications of

each experiment were performed to determine doubling time for each DPSC isolate.

Experimental Assays

Proliferation and differentiation assays were performed in the appropriate

complete media, with and without the addition of exogenous growth factors (GF) or

12



extracellular matrix (ECM), in Corning Costar 12-well assay plates (Corning, NY) at a
concentration of 1.2 x 10° cells per well, and proliferation was measured over twenty four
(24) days. Cultured cells were fixed at five time points, at the initial plating (T1), after six
(6) days (T2), after twelve (12) days (T3), after (18) days (T4) and after twenty four (24)
days (T5), using 50 mL of 10% buffered formalin. For experimental plates fixed at each
time point, the formalin was aspirated after twenty four (24) hours and each cell well was
then stained with crystal violet 1% aqueous solution (Fisher Scientific: Fair Lawn, NJ).
The stain was then aspirated and wells washed with 1X phosphate buffered saline (Fisher
Scientific: Fair Lawn, NJ) and aspirated. The relative absorbance was then measured at
630 nm using a Bio-Tek ELx808 microplate reader (Winooski, VT). Data were analyzed
and graphed using Microsoft Excel (Redmond, WA). Three separate, independent

replications of each experiment were performed.

Materials

Two direct methods for induction of DPSC isolate differentiation in vitro were
utilized: 1) the addition of exogenous growth factors (GF), and 2) the coating of specific
extracellular matrix molecules (ECM) onto the surface of tissue-culture dishes, which
were performed for each of the experimental assays described above. As previous
research has demonstrated transforming growth factor (TGF-b1; M.W. 44.3 kDA) may,
in fact, be critical to maintaining DPSC pluripotency, TGF-b1 was obtained from
Calbiochem (La Jolla, CA) and the cellular media supplemented to a final concentration
of 2.5 ng/mL or 0.56 uM [18]. In addition, one of the primary methods for GF induced
differentiation of DPSC and MSC isolates, Dexamethasone (Dex) was obtained from
Fisher Scientific (Fair Lawn, NJ) and added to cellular media for a final concentration of

13



10 nM [58,59]. Finally, the control for the GF experiments was the MEK1 inhibitor (40
ng/mL or 50 mM), a cell-cycle and growth factor inhibitor, obtained from
Calbiochem/EMD Biosciences/Millipore, M.W. 267.3 (Darmstadt, Germany) [57].
Extracellular matrix (ECM) molecules were obtained from Fisher Scientific (Fair Lawn,
NJ) and tissue culture wells were coated with purified ECM at a 20 ug/mL protein
concentration for one hour (60 minutes) at room temperature (25 C), as previously
described. Poly-L-lysine (34-382-0001), Collagen-1 (50- 361-599) and Laminin-5
(NC9992259) [59-62]. Data were analyzed and graphed using Microsoft Excel

(Redmond, WA).

Statistical Analysis

The differences between treatments were measured using a t distribution, p= 0.05.
All samples were analyzed using two-tailed t-tests as departure from normality can make
more of a difference in a one-tailed than in a two-tailed t-test [63]. As long as the sample
size is at least moderate (>20) for each group, quite severe departures from normality

make little practical difference in the conclusions reached from these analyses.
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CHAPTER 4

RESULTS

Four (4) previously characterized dental pulp stem cell lines were thawed and
subsequently grown in culture to assess their baseline growth and doubling time (Figure
1) [15,16]. The average doubling time was 2.83 days, which ranged between 2.05 to 3.87
days. For the in vitro differentiation experiments, each cell line (DPSC-3882, 5653, 9765,
and 11418) was then plated into 96-well tissue culture treated plates and evaluated using
photomicroscopy to determine any changes to cellular morphology, as well as cellular
number and doubling time. In these 24-day assays, from the initial time point (T1) to the
final endpoint (T5), each of the four DPSC cell lines grew from less than 5% confluence
(Figure 3) to approximately 34% confluence (Figure 1). The addition of TGF-b1, recently
demonstrated to maintain or increase pluripotency in DPSC, was associated with
accelerated growth of approximately 55% in these cell lines (Figure 2) [58, 59]. The
average doubling time decreased by 27.3% from 2.83 to 2.2 days, ranging between 1.1 to
4.09 days. Although doubling time in one cell line (DPSC-5653) did not exhibit a
significant change (3.87 to 4.09 days), doubling time in DPSC-9765 (2.18 to 1.14 days),
DPSC- 3882 (3.24 to 2.22 days), and DPSC-11418 (2.05 to 1.35 days) decreased
markedly (n=24, p<0.05). Although significant changes to the rates of cellular growth
were observed with the addition of TGF-b1, no overt changes to cellular morphology or
size were observed in any cell line (Figure 3). Following previous research that
demonstrated induction of MSC and DPSC differentiation in vitro using specific
extracellular matrix (ECM) molecules and growth factors, these methods were utilized to

ascertain any effects on cellular phenotype or growth in these DPSC isolates (Figure 4)

15



[58-62]. The addition of growth factors to the cell culture medium induced variable
responses in the DPSC isolates. As previously noted, TGF-b1 increased the doubling time
and proliferation in all DPSC isolates by approximately 50% (range: 1.32 - 1.91 fold

increase), although no overt changes to cellular morphology were observed. The addition
of the MEK1 inhibitor PD98059 was not sufficient to induce any overt changes to any of
the DPSC isolates (Figure 5). However, the addition of Dexamethasone (Dex) was
sufficient to induce a differential response in DPSC-9765 and DPSC-11418, but not in
DPSC-3882 or DPSC-5653 (Figure 6). More specifically, growth in DPSC-9765 was
increased by 2.03 fold while proliferation of DPSC-11418 increased by 2.31 fold, which
was significantly higher than the growth observed in DPSC-3882 or DPSC-5653
(p<0.05), which was also correlated with changes to cellular morphology and the
formation of dense accumulations of localized, site-specific aggregations of larger cells

with visibly altered morphology.

The wells coated with the ECM control poly (PLL) (Figure 7) and the
experimental wells coated with Collagen 1 (CG1) did not induce any changes to cell
number or morphology in any of the four cell lines (Figure 8). However, a differential
response was noted in the wells coated with Laminin-5 (LN5) with two DPSC isolates
exhibiting both an increase in cell number, as well as significant changes to the
morphology of some subsets of cells. More specifically, LN5 was sufficient to induce an
increase in growth in DPSC-3882 and DPSC-5653 by more than two-fold (2.24 and 2.29
respectively), which was significantly different than the growth observed in the other

DPSC isolates and from the baseline measurements (p< 0.05) (Figure 9).
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In order to evaluate and assess the differential phenotypic changes observed under
Dexamethasone administration and Laminin-5 plating, RNA was successfully isolated
from all DPSC isolates under conditions and relative endpoint (RE) reverse transcription
polymerase chain reaction (RT-PCR) was performed using equal concentrations of total
RNA from each isolate. These analyses revealed that mRNA specific for the intracellular
biomarkers for DPSC, KIf4 and Sox well as the cell surface marker CD133, were
expressed in DPSC-3882, DPSC-5653, DPSC-9765 and baseline. Additional mMRNA
biomarkers, including Bin Rnf12, Oct-4 and NANOG were also expressed (Figures 10-
14). The relative levels of these intracellular and extracellular biomarkers were enhanced
following the administration of TGF-B1. However, the differential phenotypes observed
under Dexamethasone and Laminin administration were associated with differential

expression of these same biomarkers.

More specifically, the altered the growth and phenotype of DPSC-9765 and
DPSC-11418 following Dexamethasone administration was correlated with a loss of
MRNA for the transcriptional control regulator KIf4 (as well as Binl and Rnf12). In
addition, expression of mMRNA specific for the downstream biomarkers Sox-2 (as well as
Oct4 and NANOG) and CD133 was also down-regulated with previous observations of
apical papilla (AP) dental follicle (DF) derived DPSCs that are responsive to GF induced
methods for in vitro differentiation. However, no significant changes to these biomarkers
were observed in either DPSC-3882 or DPSC-5653, the DPSC isolates non-responsive to

Dexamethasone.

Conversely, the altered phenotypes observed in DPSC-3882 and DPSC-5653
following plating on Laminin-5 coated dishes were associated with a downregulation (but
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not loss) of mMRNA expression in both KIf4 and Sox-2 (as well as Binl, Rnf12, Oct4, and
NANOG,; (Figures 10-12). Expression of mRNA for the downstream cell surface DPSC
biomarker CD133, however, was only slightly reduced in the DPSC-3882 isolate,
although this expression was completely lost in DPSC-5653. These results appear to be
consistent with previous observations that periodontal ligament (PD)-derived DPSC
isolates may be primarily responsive to ECM-mediated methods for in vitro

differentiation.

CHAPTER 5
DISCUSSION AND CONCLUSIONS

Discussion

The goal of this project was to evaluate the potential to induce differentiation
among DPSC isolates from four (4) orthodontic patients using established MSC and
DPSC protocols and methods. These results demonstrated that all four DPSC isolates
exhibited phenotypes and expressed biomarkers at baseline consistent with MSC and
DPSC and also responded appropriately to the pluripotency sustaining effects of in vitro
TGFb1 administration [58, 59]. However, the two primary methods for inducing
differentiation, ECM plating and GF administration [58-62], exhibited differential
responses in these DPSC isolates. That these DPSC isolates were susceptible to the
effects of either ECM- or GF-induced alterations to growth, proliferation, morphology
and DPSC biomarker expression, suggests that these methods may be sufficient to
stimulate these responses in some DPSC isolates, although not universally. More
importantly, that the specific type of DPSC isolate (influenced by the method of isolation

and culture) may be, in fact, a critical component for a more complete understanding of
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how these methods could be employed to evaluate the potential lineages and usages for
any given patient [14,37,55]. For example, these findings complement the ever expanding
body of research that suggests DPSC isolates are often not heterogeneous aggregations of
DPSCs but may, in fact, be clones derived from different and often very specific subsets
of DPSCs, such as AP-DPSC, DF-DPSC or PDL-DPSC [37,55]. Many factors influence
DPSC quality and quantity and type, including the methods used to isolate, collect,
concentrate, and store these isolates [1]. For instance, isolation by enzymatic dissociation
(DPSC-ED) may be more likely to produce heterogeneous populations of faster growing
cells, as this process allows for dissociation of multiple cell types from the extracted
dental pulp, although this process may limit viability and may also decrease overall yield
[11,14]. In contrast, DPSC isolation by direct outgrowth (DPSC-0G), the method
employed in this study, tends to produce largely homogenous populations of one DPSC
type, with more limited differentiation potential due to their random selected clonal
derivation [15, 16]. This study had several limitations that should be outlined, including a
very limited sample size (n=4), which may restrict the overall ability to make inferences
about these results. In addition, the DPSC isolates were derived from adult orthodontic
patients, which may have different health outcomes and parameters than other dental
patient populations, which could also influence the overall results and outcomes
associated with this study [56]. Finally, this was a retrospective analysis of previously
collected DPSC isolates, therefore, prospective studies that incorporate larger sample
sizes will be needed to further elucidate the parameters that most likely influence the

differentiation potential for DPSC isolates from dental patients.
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Conclusions

Although some commercial enterprises now offer DPSC banking and storage
services, much less is known about the viability or potential applications for DPSCs
isolated from dental patients. Although many patients routinely have intact, adult teeth
extracted for orthodontic and other dental-related issues, few studies have addressed the
potential to characterize the potential for these isolates to be manipulated in laboratory
settings. This study provides some initial evidence that randomly selected DPSC isolates
from orthodontic patients may be induced by established protocols to change phenotype
and expression of pluripotent biomarkers with variable susceptibility between differing
types of DPSCs, although more studies will be needed to determine the range of cell

types that can be successfully re-engineered in laboratory settings.
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Recommendations for further research

Stem Cell therapy is being used to treat life threatening conditions around the
world, and the full breath of stem cell therapy has only just begun to be discovered. In the
last several years there has been a tremendous increase in our knowledge of
bioengineering of DPSCs. The usefulness of these cells is being uncovered exponentially
as researchers work together as a multidisciplinary team across many fields to continue
progress in this work. In this study and in others across the world, we are seeing evidence
that suggests that tissue regeneration is no longer an unattainable dream. The application
of this knowledge in medicine and dentistry will allow practitioners to increase the

quality of life for mankind.

This work is among the first to demonstrate that Dexamethasone and Laminin-5
may be sufficient to induce partial DPSC differentiation. It is also among the first to show
that TGF-B1 notably increases pluripotency in DPSCs. The search for the ideal
combination of cells, scaffolds, and morphogenic factors for the engineering of tissues
from DPSCs is the focus of immediate future research. Using the knowledge we have
gained in this study, it seems natural to move forward with the combination of the
substrates we have used to see how differentiation of DPSCs occurs through these
modalities. Prospective studies including multiple DPSC lines could be exposed to both
Dexamethasone and TGF-B1, and Laminin-5 and TGF-f1 in combination to observe the
changes in the cells. It would be interesting to observe if the increased pluripotency we
noted with exposure to TGF-B1 would induce increase number of cells that differentiated
or if the speed of differentiation changed when DPSCs are exposed to these proposed

combinations of substrates. Once clear protocols are established that allow for predictable
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differentiation of cells into specific tissue forming cells, work can begin on advances that
will likely progress into the biologic regeneration of oral tissues such as producing a
scaffold to induce tissue growth into a particular shape and/or laying down of patterns of
homeobox genes within these scaffolds to induce formation of layers of tissues. The
future of research in this discipline is exciting and the advances that will unfold in the

next decade will bring much progression in medicine and dentistry.
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APPENDIX A

FIGURES RELATED TO THE RESEARCH QUESTIONS
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Figure 1. Figure 2.

Figure 1/ Figure 2. Base line DPSC proliferation is enhanced in vitro by the addition of
TGF BL1. Initial plating of cells (T1) revealed an average confluence of approximately
5%. Baseline growth (without the addition of growth factors) demonstrated an average
doubling time of 2.83 days (DPSC-5633: 3.87d; DPSC-3882: 3.24 d; DPSC-11418:
2.05d) for a final confluence at the final time point (T5) of approximately 34%. (Figure
1) The addition of TGF-B1 increased growth at T5 to approximately 53% and decreased
average doubling time to 2.21 days (DPSC-9765: 1.14d; DPSC-5653; 4.09 d; DPSC-
3882: 2.22d; DPSC-11418: 1.35 d). (Figure 2).
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DPSC3882

DPSC9765

T1 13 T5

DPSC11418

Figure 3. The addition of TGF-B1was associated with accelerated growth of
approximately 55% in all four cell lines. Although significant changes to the rates of
cellular growth were observed with the addition of TGF- 1, no overt changes to cellular
morphology or size were observed in any cell line.
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Figure 4. DPSC cellular phenotypes altered by exogenouf factors. The addition of
extracellular matrix coated wells or growth factor was sufficient to indue changes to
some DpSC isoates. As previously noted, TGF-B1 increased growth in all four isolates
with no changes observed in cellular morphology.
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Figure 5. Base line DPSC plated with MEK 1 Inhibitor (T1). No change seen in cell
morphology over time points (T3) and (T5).
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Figure 6. Base line DPSC plated with Dexamethasone (T1).Significant changes to
cellular morphology and increased growth over time points (T3) and (T5) was seen in cell
lines DPSC 9765 and DPSC 11418.
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Figure 7. Base line DPSC plated with Poly-L-lysine (T1). No change seen in cell
morphology over time points (T3) and (T5).
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Figure 8. Base line DPSC plated with Collagen and Vitronectin (T1). No change seen in
cell morphology over time points (T3) and (T5).



DPSC3882

DPSC5653

DPSC9765

DPSC11418

Figure 9. Base line DPSC plated with Laminin 5 (T1).Significant changes to cellular
morphology and increased growth over time points (T3) and (T5) was seen in cell lines
DPSC 3882 and DPSC 5653.
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Control

Figure 10. The addition of extrcellular matrix Laminin-5 coated wells was sufficient to
inhibit Cox-4 and Sox-2 intracellular mRNA expression in DPSC-3882 and DPSC-5653
cell lines.
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Figure 11. The addition of extrcellular matrix Laminin-5 coated wells was sufficient to
inhibit Rnf, Bin, and KIf intracellular mMRNA expression in DPSC-3882 and DPSC-5653
cell lines.
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LNS
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Control

Figure 12. The addition of extrcellular matrix Laminin-5 coated wells was sufficient to
inhibit CD133 cell surface marker expression in DPSC-3882 and DPSC-5653 cell lines.
CD44 (Control) cell surface marker was maintained.
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Dex

Control

Figure 13. The addition of growth factor Dexamethasone was sufficient to inhibit Sox-2
intracellular mMRNA expression in DPSC-9765 and DPSC-11418 cell lines. Oct-4
expression was altered with an alternative (shorter) transcript expressed and at
significantly higher levels.
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Figure 14. The addition of growth factor Dexamethasone was sufficient to inhibit Rnf,
Bin, and KIf intracellular mMRNA expression in DPSC-9765 and DPSC-11418 cell lines.
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APPENDIX C

Your paper (BME49208XC) submitted to Biomaterials
& Biomedical Engineering

Techno Press <technop6@chol.com> Oct 7 (10 days ago)

to me

Dear Dr. Aubrey Young

Your paper (BME46561C) was recently reviewed by Biomaterials and Biomedical

Engineering. We made a decision regarding the paper, suitable for publication after
revision.

We would like to invite the paper for the 3rd issue of 2014. If possible, please let us
know for your earliest convenience whether your revised paper submit to our journal or
not. And, if you want to submit for our journal, we would be much pleasured the
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Abstract  Undifferentisted stem cells are bemg studied to obtam mformation on the tempeutic potential of
molates that are produced Dental Pulp Stem Cell (DPSC) may provide an abundant supply of lnehly
praliferative. pmltipotent Messnchvia] Stem Cells MSC), wiuch are now koown to be capable of
regeneratng a vinety of human tissues mehuding bone and other dental stuctures. Many factors mitvence
DPSC quabity and quantity. including the specific methods used to isolate. collect, concentrate, mud store these
malites once they me removed Ancillery factors. soch as the chowce of medin, the selection of eatly verms late
paisase cells, and cryopreservetion techmques mav also infivence the differentiation potential and proliférative
copacity of DPSC wolates. Thos litemnuze review concludes that due to the delicate manwe of BPSC, more
research 10 needad for dental researchers and climcians to msre folly explore the feaubility and potental for
isalsting and cuthwing DPSCs extracted from sdult human testh in order to provide more sccurste and

mformed advice for thes pewly developing feld of regenerative medicine:
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1. Introxduction

Momy orzans and tissnes requise the ahality fo replace cells as a norom| part of the aging process, as
well as i response o damare injiry or infection Enms et al. (2013). Besearch has pow reveaizd that
naany of these organ and tissue sv=tems have ressdent populstions of somatc stem cells; whach are
capable of asymmetrical replication Kavel- Amir et al. (2013). The process of asymmetne replication
resulis in two dapghter cells — one that refains the undifferentisted stem cell properties and the other that

15 capable of replacing dead, dyine orimjured cells Jones and Klein (2013)

Ench of the prumary germ lavers of the developme embvo. ectoderm (or outside Imver ), emdoderm (of
wrzide layer) and mesodenn (or anddle Inyer) zive nise to tissnes that wall ultimately host thetr own
populations of resident stem cells Rinaldi and Benitah (2014) Thess tissne-specific stem cell
populations maybe further classified, based upon thesr potential for differentintion mto the vanons cell
tvpes fonnd within the tissue or copan sysiem Shilpa et al, (2013). Although fotipotent stem cells from
emibryonic heses are capable of differentinhng mfo every possible cell type-found wnthin thie body, thess
‘e tymcally harvested from developmental or fetal tissmes — whuch may limst therr avmlabylity and

potntal for therapeutic e King and Perrin (2014). Mo adnlt n=ves host other types of stem cells,

including mmitipotent. pliwipotent and cligopotent sfem cells capable of differentiation inte more than one
cell tvpe. as well as nmrpotent stem cells that prodoce speciahized cells of only coe type Kolios and
Meoodlev (2012),

Althongh adult stem cells mav be harvested and retrieved from a vanety of tissues and organs_ tins
may wwolve costly and myvasive proceduees, such a3 bone mearow or Liposuction aspuntson Liao and
Chen (2014), However, recent climical studiss have chown that dental pulp from extracted testh may
provide m abunctant supply of highty proliferative. omltipotent Mesenchvmal Stem Cells (MSC). which
‘nre now kmown to be capable of recensrating a vanety of humon tismnes mendimg bone and other dental

stroctures Verma ef al. (2014}, In addion, dental pulp-derived sterm cells (DPSC) have also been
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demonstrated to be capable of differentiateng into meny other lineages, incinding osteoblasts,

chondroblasts, adipocytes. as wall as vasenlar and nenal tissues Tarullo &t ol (2014)
2. Sources

Many factors are kmown to mfluence DPSC quantity and quality, althougzh one of the most basic may
be the somce of the dental pulp tzalf Sedgley and Bodere (2012). For example. some evidence has
recently emerged demonstratng that stem cells from lmman exfolinted decidnons (or promary) teeth
(SHED) mny axhibut faster growth and proliferation. as well as a more expanuve anay of potential
cellular phenotypes and differentintion potentials Daltoe et al. (2014). Addittonallty. SHED may also
exhibit shehily preater rates of survival after short-term freezing and storage than DPSCs denved from
extracted, permanent (adult) teeth Drinbinska et al. (2013). However, due to the recent namwe of these
discovenes, the vast majomty of the population is oot sble to-male uze of these veservoirs as they bave
already developed thesr permanent deantion and those currentiy in need of stem eell thempy are unhlkely
to have had an opportumiy to save any viable dental pulp from exfolmsted prumary feeth Tirinoe et al
{2011} Mogeover, some smdies have pronided evadence that the quantity of healthy pulp denved from
prunary o deciduons festh mwy, 1 fact be ipsufficent fo productively hervest SHED Tandon et al.

(2010)

Based upon thus knowledee, many researchers are now focused oun explorng the role of permanent or
adult testh a3 & reservoir for the acepuation of DPSCs Vishwanath et al (2013). One possible sowee of
DPSCx from hiealthy, permanent. aduolt footh extraction are ortiiodontic climes whete axtraction of
premolars and molars remams common practice among the four nuihon patients m the United States-
often approaching or excesding 30% of all patients Lee et al, (2008). Althoush no comprehensuve review
of DPSC by tooth type has been performned. recent wiork by this srotp has revealed that tooth type did not
affect edher qualiy or guentsiy of DPSC molates — however, the age of dooor wis found to be a

sipnificant Hetor Humg et al. (2013} o fact, the wost récent siady pronades finther svidence that
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permanent 1esth extracted from vonnger donors may vield DPSCswith bigher orowth proliferntion and

defferenbation without regard to tocth type Kellner et al. (20145
3. Isolation

Ohet factors may also milvence DPSC quality and quantity, including the specific methods used to
walate; collect, concentrate; and store these 1zolates once they are removed Hung eral. (2013). For
example, the two most common methads pzed for DPSC isalation are eprymatic disocmtion (DPSC-
ELY). where enzymes are used to degest the mstnix and other biologeal matenals comprising the dental
pulp, and direct cutgrowih (DPSC-OG) which allows for DPSCs to natumily dissociate from the pulp
over tlie courss of severnl weeks in labomtory culinret Karamazadah =t al, (2013} SEEEMEE have
demonstrated that DPSC-ED are more hikely o grie nse to heterogensous populations of faster srowing
cells due to the enzymmtic activaty that may facilitate relesse of DPSC embedded within this matriz
Huang e al. (2006). However. other stodies kave sugizested that cellnlar danmge or destruction may
result from nane fhis-method, suzgesting that DPSC-00G mny be g less a destrucinre alternative —
although this tends to give nse to Ewer and largely homogeneouy DPSC popmlations with more limited

dafferentiaticn potential Jeon et al. (2014). Research from this groug confiimied these fivclines ond has

nsed the direct outgrowth method for all subsequent solatton procedures Alleman et al. (2013),

Witlun these heteropeneons populations of DPSC denived from the pulp of permanent demtition there
are more specific sub-populntions that incind= stein cells from the apical papilla (SCAF), dental follicle:
(DF50C), penodomal zament (PDLSC), as well 85 nop-specific DPSCs Sonovama et ali (2008);
Ponnaivan (2014), The dental paplla contnbutes to tooth formmtion snd becomes part of the dental pulp
tiusne in the manwe denfition Stem cells isolat=d from the dents] papilla (SCAP) have been demonsivated
to procuce denfin and cementum tn animal models and have been shown to express comparatively hugher
levels of the survivin protesm. as well as a vnque cell suriace mmkeer (CD24) not found n other dental

derived sfean cells DPSCe Sonoyvama et al. (2006).
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However, stém cells Eave also besn isolated from the denfal follicle, more specifically from the:
penidontim surrounding therd molars prior to sruption. which are capable of differentiation ito bose
lineages with expression of osteocalein and bone sialoprotemn - and can be separated based upon then
comparatively lngher expressicn of insubin-tike growth factor (IGF-2) Viale-Bouroncle et al. (2014).
Finally, stem cells deryved from the penodental hgament (PDLSC) express the biomarkess STRO-1 and
CD146 and are capable of forming cemenium-like cells, adipocyies and collagen formune cells Seo et al.
(2004}, Orther research from thes gronp has confirmed these findings. suggesting thet multiple sub-
populations and lineages may be derved from dentsl pulp and the associated tissues that lias distinet

phenotype and differentiation capabilities and poténtial Loveland et al. (2014).
4, Culture and Cryopreservation

Fumlly, other research has suzgesied fhat ancillary Sctors, much as the choice of media_ the selection
of early versus late passage rells and cryopreseration techmgues nuy also mmfluence the differentiatron
potential and proliferstive capscity of DPSC 1solates Perry et al. (2008), Far exanple, there 15 some
evidence to megest that no serum (serum-free) medis may facilitate the preferential <election and
expansion of DPSC beanne speciiic stem cell bromorlers. while pther smdies found simulae resulis nsing
low ox Limited servm miedia Hirata et al (2010); Fervo et al. (2014). In additon the selection of earty-
versus Iate-passage populations mav also preserve a more diverse amray of potential DPSC sub-
populations winch has been repeatedly confirmed 10 move recent studies Suchanek et al. (2009): Coppe
et al. (2009); Govindasamy et al. (2010); Ferro et al. (2012}, Fmally, some evidence sugoests that
crvopreservation methods and matermls may also directly miluence the survnval raie and therspeutic
potential of DPSC. sugzesting more research mto this area may be needed Woods et al (2009);

Lindemann &t al. (2014); Dravies ef al. (2014).
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5. Conclusions

Although there are several for-profit organizations thiat have begun to offer services specafic for the
extraction. processmne and loneterm stomee of DESC. evidence-based recommendations are limmtad
regarding the wisbility and potential applications of TIFSCs w1 order 1o provide patients (and parents)
inferested in banking these tissues for fuhwe posuble usage Due to the delicate nature of the isolation.
colmre and stornge process, extraction and processing fees. combmed with the additional monthly long-
term siorage, may result in costs that exceed many thonsands of dollars before (or if) these celly are
aceded More research however, will be aseded for demal researchers and climcirns to mere fully
explore the feasitality and potentis] for molatne and cultwring DPSCs extmcted from adult humen testh 1w
order lo provide move sceumte and mforied advice for this sewly developng field of regenermiive

medicine.

49



References

Alleman M, Low E; Troong . Huang E, Hill CE, Chen TY, Deaton M, Eme=ley K. {3013), “Dental pulp-dertved
stam eadly (DPSC) differentistion m vito into odontoblzst and nenral prozemtors durms cell passamme 14
amecizted with abershons 1n eall varvival and vabilay ", Inimeariemal Jowrmal of Madicine pmd Biomadical
Rezearch, 22); 133-141

Coppe C. Zkanz T Dan Besten PEL (2000} “Charactenzsthien of primary dental pulp callz i witre™. Pedior B,
Mor-Dee A1TH4ET-T1

Daltog FP, Mendonga PP, Mantesso A, Debam }MC . (2014), “Can SHED or DPSCs be nied to reparregenenate
‘mon-dentsl fintnes” & iystemats review ofn tTeo studies " Bras Ol Bes Awg 210 380117

Diavies O, Smmith AT, Cooper PR Shalion B0, Schieven BA (2014), “The effects of oyopreservation on calls
isolated from adipece, boms mmirow and dental pulp tivsmes", Cryobivlosy Aus 13 p S0011-2240(14)00222.
3 [Epubahezd of prme] FRID:- 25127574

Dzivtmizka P. Jamkalaks M. Pr=yborowska P. Adamiak T (2013). "Stem cells in dentisiry—review of Iferatare™, Fol
J Fat Set, 161113540,

Enmz W), Sw A Batholomew A {2013}, “Stem Cells and Heahing: Impact on Inflammation”™, Ady Wound Care
e Hochalle: Seps 2 (T1IG8-3TE

Ferro F, Spelat B Baheney C5 (2014}, “Dentzl Pulp Siem Call (OFSC) salaton, CharacEnzston. znd
Dhfferennanon’, Methods Mol Biof. 121091-115,

Femro T, Spalat B Beltram AP, Ces==lh D, Curese F (2013); “Tsalinon and charactesizanon of buman dental gmlp
darmed mmﬂ:uymgmeﬂnnmmglmhm:&mp&:&mgeu:hm:ﬂgmﬂz substimtes for
bovine sermm”. PLaS Oma T(11 48045

Govindazamy V, Ronald VS, Totey S, Dhin 5B, Mustafs WM. Totey 5, Zakana Z Bhornde BR. (2014),
“Wicromampuiaton of culnre micke permits lons-term expanmwen of dental pulp stewn cell:-‘an sconsummic and
commnercial angle™ In Fire Cell Dav Bial Amim, Ort; 46(9):764-73

Hirats TM, Ishkatier N, Yaezako K. Caleme B, Ishikawa B Makahora T, Muter V', Tanaka T, Haapazalo M. (2010),
“Exmeecuon-of mnltiple dem eell mukers m dental pulp calls cultured m serum-fize medi=", J Endod,

Jub 6075113944

50



Huzng GT, Soncyama W, Chen I, Park SH. (2006), “In vitro chavactenzanon of Imman denml pulp celle vanons
moisnnn nrethods and cultmnme environmenty |, Cell Tissue Res Moy 33462322538

Hung E Les 5, Frizgerald B, Hill CK. Kin=l=y K. (2013], "Dentz] pulp-denved stem cell (DF50) swvival and
wishulity mey correlsts with spesific patisnt demographies”. FOSRI Winter, 1037 14-21

Jean M, Song IS, Che: BT, Chos HI. $hun DM, lung 55, Kun $O. (2014), “In vitro and1n vive charachensues of
stemcells from boman exfolisted decsducis teath obtmmed by en—vmahe diezzregabon and ouigrowih ™. drch
Oral Biel, Ot 59103101323

Tone: EB. Klain 0D {3013}, “Oral epithelial stem cells m tissue mamtenance and disease- the frst sfep: m 2 long
yoorney ", it J Qval Sei, Sepy 8(3):121-9,

Esmamradek . Eslaminarad M3, Aflatoomsan B (3012) “Isolzhon charscterrzation and compamtive differenhznon
of human dents! pulp stem cells derived from permanent teeth by wsing twe different methads", J Fiz Exp, Nov
24165

Esllirer M. Stemndecff MM Srempel IF. Winkel A Edhne] P Sdissch M. (2014}, “Differences of solated damial
stem cells dependent on donor se= md epmtequenrss for mmtoloee tooth eplarement”, dreh Chral Bigl,
Tun#9(6)- 55257,

Emng 30 Perne I (2014}, Ethocabresnes e stem cell resasreh and thepapy™ St Cafl Rar Ther, Tul 7: 80485

Eolios G- Moediey Y. (2012), “Introduction fo stem cells and sezenerative madicms", Resprrarion, 2013 85(11.3-

1o
Lea W, Wong RW, Teegamn T, Hage U. (20035, “hamlbry zecond molar extrachons i enbodonhs treatment™,
Word J Orthed 5:rriu;_;.5ll:]}:i1—ﬁ1.

Lizo HT, Chen CT £2014), “Osteogemic potential: Campanton behween bone marow and admpose-dermved
mesenchymal stem cells”, World J Srem Callz, Tul 26; B3] 258-85.

Lindemann D). Wetle 5B. Stefféns D, Garma-Godoy F. Pranke P. Casapands L. (2014), “Effects of
cryopreservation ou the characteritics oF dental pulp stem cells of irfact decidugns testh™, dreh Oral Biol,
Sep; S99 9706

Loveland K Young A Ehade' M, Culpepper M Emezlay E  (2014), “Dental Pulp Stem Call {DPSC) Plurmpetenoy

Eshanied by Transformins Growth Factor (TGE-51) m Vitro may be Inhibited by Diferesnshon Tndusins

51



Factors Lamnm-5 ana Dexammethzsone™, Interrational Jourmal gf Biological Sefence: and Apphicaien: - 1{3}
$3-61.

Peny BC. ZhouD, Wu X, Yanz FC, Bysrs MA. Chn TM, Hockena T, Woods EJ, Gosbal W5 (2008), “Callsstion.
ervopresarvaton and characEnzaton of human deotil pulp-dermeed messnchymal stemcells for bankmg and
cimezlwze”, Tiziwe Ene Pars O Methods, Juns 142014956,

Pounsiyan D, (1014), “Do dentad stem cells depict distinet charscterizties - Establichiss fheir "phenotypic
finzerprmt™ . Denr Bez J (Ixfahan). Mar; II{0-163-72

RavehAmit 7T Bersenyi S, Vs V, Y 1, Dinnpes. A (2013), “Tizine resident stepn salls- 61} death do-un gint”,
Biogerommluzy, Dee;14(6).573-90.

Rinali I Benitah $4 {2014}, “Epipenstic regulation of adnlt stem eell function”, FEBS J, Jul 24. [Epubi ahead of
prmt] PMID: 25060320

Sedsley CM. Botaro TM. (2012), “Dental siem calls dnd fheir source”, Dt Clin North im, Julj 56(3):549-61,

Seo BM. Mins M. Grenthos S Bartold PM_ Btouh 5 Braliim |, Vouns M. Robey PG, Wans CY. Shi & (1004),
“Tnvesnganion of mulnpotent posinstal stem cells from humar penicdontal bgament”, Lancez. Jul 18-

16 3640475 145-55.

Shilpa P5S. Kaul £ Sultana N Bhat 5 (2013}, “Stem cell= Boon te dentistry and medicine", Denr Res J (Eyfahan)
Mar; 10(2) 14954 FAID: 3946728

S tisorpaiiin W, Lic ¥, Fitip: D, Yauuses T, Seo-BM. Zhing C; Lin H, Geouthios S, Wiing CY. Wanz S. Shi 5: (2008),
“Wesenclymial stem cell mdisted Rivitional footh repsnmration in switie”. PLs5 O, Dec 30:1:%79.

Sonowie W, Lin ¥, Vemia T, Tren K5, Wane £ $hi 5, Huanp GT (2008), “Clisracterization of the: spiral
pamlls and 1tz recidms stem cells fom bumsn immetore permakent teeths 3 prlot tudy , J Ends,

Feb 24101 66-TL

Sirhomek 1 Soukup T, Vissk B, Ivaricakovs B Kurerova L Makry'. (2009), =Denta) ilp stem cells anid i
chamgtenzaton”, Biomed Pap Mad Fac Univ Palacky Qlameue Czech Repub, Mar 15311313

Tandon 5, Sibia B Rajendeim B, Navak B (2010), “Dent) pulp stetn celbs fom iy il permusient teeth:

quality amelis™, FCIm Pediamr Demr, Fall; 38(1%:53-8. PMID- 21189765

52



Tatullo . Marrelli M, ShakeshefFEM, White LT. £2014), “Dental pulp stem celis: funetion. ioolatian nd
s i o e T i, i Higgs Rt Ml BEaiy- 21, (Rt il o i) PNII:
24830632

Tume V, Paino F, d'Aquino &, Desideno V, De osz A. Papaceio G, (2011), “Methods for the idennficahon.
charsrten==tion and bankmng of mman DPFSCs. curnent sivateziey and perspechves . Stem Cell Raw,

Cep:TE) 60815

Verma E_Bains B Bams VE. Rawnya M. Loomba K- Smvastiva SC. (2014), “Therzpeunc potential of dental pulp
ztem celly m regeneramve medicine: An overvtew |, Denr Raz J (Tfahan), Mawm 1135025,

Visle-Bowroncie 5. Gosan M. Mearereck C (2014), ‘Iammmmg_aia.?_-. th= m;m differérihiation of dental
follicle cells vis inteprin-a2/-f1 and the sctivation of the FAKERE sisnsling pathway™ Coll Tiotue Rz,
Tak35T(1). 4554

Vizhwanath VB Madiz BR Nade R Précamma 75 Karthsh F. Pai VS 2013), “Dhffsréntiation of 1malated and
sharactenzad homen dental pulp ttem celly znd stem cells fam himan edabkated decifnms testh: An m vt
study”. J Comzerv Damt, Sep:16{51:423-8.

Waoods EI. Perry BC. Hockems 1], Lurson L Thou D, Goebel WS (2009), “Optuneed crvopresenvation methed fos
bumsn dentzl pulp-denved stem cell: and then hesues of anzn for Yanking and chimeal wse”™, Cnebislog.

Oct; 39023 150-7

53



REFERENCES

1. Sousa BR, Parreira RC, Fonseca EA, Amaya MJ, Tonelli FM, Lacerda SM, Lalwani P,
Santos AK, Gomes KN, Ulrich H, Kihara AH, Resende RR.Human adult stem cells from
diverse origins: an overview from multiparametric immunophenotyping to clinical
applications.Cytometry A. 2014 Jan;85(1):43-77. Epub 2013 Nov 25.PMID:24700575

2. Zaher W, Harkness L, Jafari A, Kassem M.An update of human mesenchymal stem
cell biology and their clinical uses.Arch Toxicol. 2014 May; 88(5):1069-82. Epub 2014
Apr 2. PMID: 24691703

3. Fournier BP, Larjava H, Hakkinen L.Gingiva as a source of stem cells with therapeutic
potential.Stem Cells Dev. 2013 Dec 15;22(24):3157-77. Epub 2013 Sep
24.PMID:23944935

4. FernandezVallone VB, Romaniuk MA, Choi H, Labovsky V, Otaegui J, Chasseing
NA.Mesenchymal stem cells and their use in therapy: what has been
achieved?Differentiation. 2013 Jan; 85(1-2):1-10. Epub 2013 Jan 11.
Review.PMID:23314286

5. Bara JJ, Richards RG, Alini M, StoddartMJ.Concise review: bone marrow-derived
mesenchymal stem cells change phenotype following in vitro culture: implications for
basic research and the clinic. Stem Cells. 2014 Jul; 32(7):1713-23. PMID: 24449458

6. Chou SH, Lin SZ, Kuo WW, Pai P, Lin JY, Lai CH, Kuo CH, Lin KH, Tsai FJ, Huang
CY.Mesenchymal stem cell insights: prospects in cardiovascular therapy.Cell Transplant
2014;23(4-5):513-29. PMID: 24816448

7. Leeman KT, Fillmore CM, Kim CF.Lung stem and progenitor cells in tissue
homeostasis and disease.Curr Top Dev Biol. 2014; 107:207-33. PMID: 24439808

8. Lim MH, Ong WK, Sugii S.The current landscape of adipose-derived stem cells in
clinical applications.Expert Rev Mol Med. 2014 May 7;16:e€8. PMID: 24807467

9. La Noce M, Paino F, Spina A, Naddeo P, Montella R, Desiderio V, De Rosa A,
Papaccio G, Tirino V, Laino L.Dental pulp stem cells: State of the art and suggestions for
a true translation of research into therapy.J Dent. 2014 Jul; 42(7):761-768. Epub 2014
Feb 28. Review.PMID:24589847

10. Volponi AA, Sharpe PT.The tooth -- a treasure chest of stem cells.Br Dent J. 2013
Oct; 215(7):353-8. PMID: 24113958

11. Bojic S, Volarevic V, Ljujic B, Stojkovic M.Dental stem cells--characteristics and
potential.HistolHistopathol. 2014 Jun; 29(6):699-706. Epub 2014 Jan
21.PMID:24446280

54



12. Rai S, Kaur M, Kaur S.Applications of stem cells in interdisciplinary dentistry and
beyond: an overview.Ann Med Health Sci Res. 2013 Apr;3(2):245-54. PMID: 23919198

13. Brar GS, Toor RS.Dental stem cells: dentinogenic, osteogenic, and neurogenic
differentiation and its clinical cell based therapies.Indian J Dent Res. 2012 May-Jun;
23(3):393-7. Review.PMID:23059580

14. Sedgley CM, Botero TM.Dental stem cells and their sources.Dent Clin North Am.
2012 Jul; 56(3):549-61. Epub 2012 Jun 23. Review.PMID:22835537

15. Alleman M, Low E, Truong K, Huang E, Hill CK, Chen TY, Deaton M, Kingsley K.
Dental pulp-derived stem cells (DPSC) differentiation in vitro into odontoblast and neural
progenitors during cell passaging is associated with alterations in cell survival and
viability. International Journal of Medicine and Biomedical Research 2013, 2(2): 133-
141.

16. Hung E, Lee S, Fitzgerald B, Hill CK, Kingsley K. Dental pulp-derived stem cell
(DPSC) survival and viability may correlate with specific patient demographics. FDSRI
Winter 2013, 1(3): 14-21.

17. Ravindran S, Huang CC, George A.Extracellular matrix of dental pulp stem cells:
applications in pulp tissue engineering using somatic MSCs. Front Physiol. 2014 Jan
6;4:395.. eCollection 2014. PMID: 24432005

18. Yamasaki S, Taguchi Y, Shimamoto A, Mukasa H, Tahara H, Okamoto T.
Generation of human induced pluripotent stem (Ips) cells in serum- and feeder-free
defined culture and TGF- B 1 regulation of pluripotency. PLoS One. 2014 Jan 29;
9(1):e87151. eCollection 2014. PMID: 24489856

19. Ennis WJ, Sui A, Bartholomew A. Stem Cells and Healing: Impact on Inflammation.
Adv Wound Care (New Rochelle). 2013 Sep;2(7):369-378. Review. PMID: 24587974

20. Raveh-Amit H, Berzsenyi S, Vas V, Ye D, Dinnyes A. Tissue resident stem cells: till
death do us part. Biogerontology. 2013 Dec; 14(6):573-90. Epub 2013 Oct 2. Review.
PMID: 24085521

21. Jones KB, Klein OD. Oral epithelial stem cells in tissue maintenance and disease: the
first steps in a long journey. Int J Oral Sci. 2013 Sep; 5(3):121-9Epub 2013 Jul 26.
Review.PMID: 23887128

22. Rinaldi L, Benitah SA. Epigenetic regulation of adult stem cell function. FEBS J.
2014 Jul 24. [Epub ahead of print] PMID: 25060320

55



23. Shilpa PS, Kaul R, Sultana N, Bhat S. Stem cells: Boon to dentistry and medicine.
Dent Res J (Isfahan). 2013 Mar; 10(2):149-54. PMID: 23946728

24. King NM, Perrin J. Ethical issues in stem cell research and therapy. Stem Cell Res
Ther. 2014 Jul 7; 5(4):85. PMID: 25157428

25. Kolios G, Moodley Y. Introduction to stem cells and regenerative medicine.
Respiration. 2013; 85(1):3-10. Epub 2012 Dec 13. Review. PMID: 23257690

26. Liao HT, Chen CT. Osteogenic potential: Comparison between bone marrow and
adipose-derived mesenchymal stem cells. World J Stem Cells. 2014 Jul 26; 6(3):288-95.
Review. PMID: 25126378

27. Verma K, Bains R, Bains VK, Rawtiya M, Loomba K, Srivastava SC. Therapeutic
potential of dental pulp stem cells in regenerative medicine: An overview. Dent Res J
(Isfahan). 2014 May; 11(3):302-8. Review. PMID: 25097638

28. Tatullo M, Marrelli M, Shakesheff KM, White LJ. Dental pulp stem cells: function,
isolation and applications in regenerative medicine. J Tissue Eng Regen Med. 2014 May
21. [Epub ahead of print] PMID: 24850632

29. Daltoé FP, Mendonca PP, Mantesso A, Deboni MC. Can SHED or DPSCs be used to
repair/regenerate non-dental tissues? A systematic review of in vivo studies. Braz Oral
Res. 2014 Aug 21; 28(1):1-7. Epub 2014 Aug 21. PMID: 25166769

30. Dziubinska P, Jaskolska M, Przyborowska P, Adamiak Z. Stem cells in dentistry--
review of literature. Pol J Vet Sci. 2013; 16(1):135-40. Review. PMID: 23691589

31. Tirino V, Paino F, d’Aquino R, Desiderio V, De Rosa A, Papaccio G. Methods for the
identification, characterization and banking of human DPSCs: current strategies and
perspectives. Stem Cell Rev. 2011 Sep; 7(3):608-15. PMID: 21318597

32. Tandon S, Saha R, Rajendran R, Nayak R. Dental pulp stem cells from primary and
permanent teeth: quality analysis. J Clin Pediatr Dent. 2010 Fall; 35(1):53-8. PMID:
21189765

33. Vishwanath VR, Nadig RR, Nadig R, Prasanna JS, Karthik J, Pai VVS. Differentiation
of isolated and characterized human dental pulp stem cells and stem cells from human
exfoliated deciduous teeth: An in vitro study. J Conserv Dent. 2013 Sep; 16(5):423-8.
PMID: 24082571

34. Lee W, Wong RW, lkegami T, Hagg U. Maxillary second molar extractions in
orthodontic treatment. World J Orthod. 2008 Spring; 9(1):52-61. Review. PMID:
18426106

56



35. Kellner M, Steindorff MM, Strempel JF, Winkel A, Kihnel MP, Stiesch M.
Differences of isolated dental stem cells dependent on donor age and consequences for
autologous tooth replacement. Arch Oral Biol. 2014 Jun; 59(6):559-67. Epub 2014 Mar
13. PMID: 24681705

36. Karamzadeh R, Eslaminejad MB, Aflatoonian R. Isolation, characterization and
comparative differentiation of human dental pulp stem cells derived from permanent
teeth by using two different methods. J Vis Exp. 2012 Nov 24; (69). pii: 4372. PMID:
23208006

37. Huang GT, Sonoyama W, Chen J, Park SH. In vitro characterization of human dental
pulp cells: various isolation methods and culturing environments. Cell Tissue Res. 2006
May; 324(2):225-36. Epub 2006 Jan 27. PMID: 16440193

38. Jeon M, Song JS, Choi BJ, Choi HJ, Shin DM, Jung HS, Kim SO. In vitro and in vivo
characteristics of stem cells from human exfoliated deciduous teeth obtained by
enzymatic disaggregation and outgrowth. Arch Oral Biol. 2014 Oct; 59(10):1013-23.
Epub 2014 Jun 11. PMID: 24960116

39. Sonoyama W, Liu Y, Yamaza T, Tuan RS, Wang S, Shi S, Huang GT.
Characterization of the apical papilla and its residing stem cells from human immature
permanent teeth: a pilot study. J Endod. 2008 Feb; 34(2):166-71. PMID: 18215674

40. Ponnaiyan D. Do dental stem cells depict distinct characteristics? - Establishing their
"phenotypic fingerprint”. Dent Res J (Isfahan). 2014 Mar; 11(2):163-72. Review. PMID:
24932185

41. Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM, Zhang C, Liu H, Gronthos S,
Wang CY, Wang S, Shi S. Mesenchymal stem cell-mediated functional tooth
regeneration in swine. PLoS One. 2006 Dec 20; 1:e79. PMID: 17183711

42. Viale-Bouroncle S, Gosau M, Morsczeck C. Laminin regulates the osteogenic
differentiation of dental follicle cells via integrin-a2/-pB1 and the activation of the
FAK/ERK signaling pathway. Cell Tissue Res. 2014 Jul; 357(1):345-54. Epub 2014 May
1.PMID: 24788823

43. Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J, Young M, Robey
PG, Wang CY, Shi S. Investigation of multipotent postnatal stem cells from human
periodontal ligament. Lancet. 2004 Jul 10-16; 364(9429):149-55. PMID: 15246727

44. Loveland K, Young A, Khadiv M, Culpepper M, Kingsley K. Dental Pulp Stem Cell
(DPSC) Pluripotency Enhanced by Transforming Growth Factor (TGF-B1) in Vitro may
be Inhibited by Differentiation-Inducing Factors Laminin-5 and Dexamethasone. 2014,
1(3): 55-61.

57



45. Perry BC, Zhou D, Wu X, Yang FC, Byers MA, Chu TM, Hockema JJ, Woods EJ,
Goebel WS. Collection, cryopreservation, and characterization of human dental pulp-
derived mesenchymal stem cells for banking and clinical use. Tissue Eng Part C
Methods. 2008 Jun; 14(2):149-56. PMID: 18489245

46. Hirata TM, Ishkitiev N, Yaegaki K, Calenic B, Ishikawa H, Nakahara T, Mitev V,
Tanaka T, Haapasalo M. Expression of multiple stem cell markers in dental pulp cells
cultured in serum-free media. J Endod. 2010 Jul; 36(7):1139-44.. Epub 2010 Apr 10.
PMID: 20630286

47. Ferro F, Spelat R, Baheney CS. Dental Pulp Stem Cell (DPSC) Isolation,
Characterization, and Differentiation. Methods Mol Biol. 2014; 1210:91-115. PMID:
25173163

48. Suchanek J, Soukup T, Visek B, Ivancakova R, Kucerova L, Mokry J. Dental pulp
stem cells and their characterization. Biomed Pap Med Fac Univ Palacky Olomouc Czech
Repub. 2009 Mar; 153(1):31-5. PMID: 19365523

49. Coppe C, Zhang Y, Den Besten PK. Characterization of primary dental pulp cells in
vitro. Pediatr Dent. 2009 Nov-Dec; 31(7):467-71. PMID: 20108736

50. Govindasamy V, Ronald VS, Totey S, Din SB, Mustafa WM, Totey S, Zakaria Z,
Bhonde RR. Micromanipulation of culture niche permits long-term expansion of dental
pulp stem cells--an economic and commercial angle. In Vitro Cell Dev Biol Anim. 2010
Oct; 46(9):764-73 Epub 2010 Aug 20. PMID: 20725801

51. Ferro F, Spelat R, Beltrami AP, Cesselli D, Curcio F. Isolation and characterization of
human dental pulp derived stem cells by using media containing low human serum
percentage as clinical grade substitutes for bovine serum. PL0oS One. 2012; 7(11):e48945.
Epub 2012 Nov 14. PMID: 23155430

52. Woods EJ, Perry BC, Hockema JJ, Larson L, Zhou D, Goebel WS. Optimized
cryopreservation method for human dental pulp-derived stem cells and their tissues of
origin for banking and clinical use. Cryobiology. 2009 Oct; 59(2):150-7. Epub 2009 Jun
16. PMID: 19538953

53. Lindemann D, Werle SB, Steffens D, Garcia-Godoy F, Pranke P, Casagrande L.
Effects of cryopreservation on the characteristics of dental pulp stem cells of intact
deciduous teeth. Arch Oral Biol. 2014 Sep; 59(9):970-6. Epub 2014 May 2. PMID:
24949827

54. Davies OG, Smith AJ, Cooper PR, Shelton RM, Scheven BA. The effects of
cryopreservation on cells isolated from adipose, bone marrow and dental pulp tissues.

58



Cryobiology. 2014 Aug 12. pii: S0011-2240(14)00222-3. [Epub ahead of print] PMID:
25127874

55. Bakopoulou A, Leyhausen G, Volk J, Tsiftsoglou A, Garefis P, Koidis P, Geurtsen
W: Assessment of the impact of two different isolation methods on the osteo/odontogenic
differentiation potential of human dental stem cells derived from deciduous teeth. Calcif
Tissue Int. 2011, 88(2):130-141. [Epub 2010 Dec 14]PMID: 21153807

56. Davis JE, Freel N, Findley A, Tomlin K, Howard KM, Seran CC, Cruz P, Kingsley
K.A molecular survey of S. mutans and P. gingivalis oral microbial burden in human
salivausing relative endpoint polymerase chain reaction (RE-PCR) within the population
of a Nevada dental school revealed disparities among minorities.BMC Oral Health. 2012
Aug 27; 12:34. PMID: 22925755

57. Kendall K, Repp MR, Jilka T, Kingsley K. Biomarker screening of oral cancer cell
lines revealed sub-populations of CD133-, CD44-, CD24-. and ALDH1- positive cancer
stem cells. Journal of Cancer Research and Therapy, 2013 1 (3): 111-118.

58. Ishkitiev N, Yaegaki K, Imai T, Tanaka T, Nakahara T, Ishikawa H, Mitev V,
Haapasalo M. High-purity hepatic lineage differentiated from dental pulp stem cells in
serumfree medium.J Endod. 2012 Apr; 38(4):475-80. Epub 2012 Jan 28.PMID:22414832

59. Liu J, Jin T, Chang S, Ritchie HH, Smith AJ, Clarkson BH.Matrix and TGF-beta-
related gene expression during human dental pulp stem cell (DPSC) mineralization.In
Vitro Cell Dev Biol Anim. 2007 Mar-Apr;43(3-4):120-8. Epub 2007 May
22.PMID:17516126

60. Gronthos S, Arthur A, Bartold PM, Shi S.A method to isolate and culture expand
human dental pulp stem cells.Methods Mol Biol. 2011; 698:107-21. PMID: 21431514

61. Mittag F, Falkenberg EM, Janczyk A, Gotze M, Felka T, Aicher WK, Kluba T.
Laminin-5 and type | collagen promote adhesion and osteogenic differentiation of animal
serum-free expanded human mesenchymal stromal cells.Orthop Rev (Pavia). 2012 Dec
11; 4(4):e36. Print 2012 Nov 2.PMID:23589764

62. Lindner U, Kramer J, Behrends J, Driller B, Wendler NO, Boehrnsen F, Rohwedel J,
Schlenke P.Improved proliferation and differentiation capacity of human mesenchymal
stromal cells cultured with basementmembrane extracellular matrix proteins.
Cytotherapy. 2010 Dec; 12(8):992-1005. Epub 2010 Aug 31.PMID:20807021

63. Hays WL.: Inferences about population means. In: Statistics (5th edition).
International Thomson Publishing 1994. 311- 342.

59



CURRICULUM VITAE

Graduate College
University of Nevada, Las Vegas

Aubrey Young

Degrees:
Bachelor of Science, Dental Hygiene, 1999
Weber State University

Doctor of Dental Medicine, 2012
University of Nevada, Las Vegas

Thesis Title:
Induction of differentiation of dental pulp-derived mesenchymal stem cells (DPSC).

Thesis Examination Committee:

Chairperson, Karl Kingsley, Ph.D, M.P.H.

Committee Member, Clifford Seran, D.M.D.

Committee Member, Rhonda Everett, D.D.S., M.P.H.
Graduate Faculty Representative, Timothy Bungum, Dr. P.H.
Graduate Coordinator, James Mah, D.D.S., M.S., D.M.Sc.

60



