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Dental pulp stem cells (DPSCs) were first isolated and characterized from human teeth and most
studies have focused on using human DPSCs for dentin regeneration. However, mouse DPSCs
have not been well characterized and their origin(s) have not yet been elucidated. | examined if
murine DPSCs are neural crest derived and determined their in vitro and in vivo capacity. DPSCs
from neonatal mice expressed embryonic stem cell and neural crest genes, but lacked expression
of mesodermal genes. Cells isolated from the Wnt1-Cre/R26R-LacZ mouse, a reporter of neural
crest-derived tissues, indicated that DPSCs were Wntl-marked and therefore of neural crest
origin. Clonal DPSCs showed multi-differentiation in neural crest lineage for odontoblasts,
chondrocytes, adipocytes, neurons, and smooth muscles. In vivo subcutaneous transplantation

with hydroxyapatite/tricalcium phosphate, based on tissue/cell morphology and specific antibody



staining, revealed that the clones differentiated into odontoblast-like cells and produced
dentin/pulp-like structure. Conversely, femur-derived bone marrow stromal cells (BMSCs) gave
rise to osteoblast-like cells and generated bone-like structure. Interestingly, the capillary
distribution in the DPSC transplants showed close proximity to odontoblasts whereas in the
BMSC transplants bone condensations were distant to capillaries resembling dentinogenesis in
the former vs. osteogenesis in the latter.

Loss of functional salivary gland causes patients’ moribidities from difficulties in
swallowing and speech, as well as oral diseases. Stem cell therapy is considered a potential
therapeutic alternative. However, combinatory approaches including not only salivary gland stem
cells but also supportive cells and appropriate extracellular matrix are necessary to form a
functional salivary gland. Like tooth formation, the development of salivary gland requires
epithelium interacting with neural crest-derived mesenchyme. | used the human salivary gland
(HSG) cell line as a model to study the effects of DPSCs on salivary gland differentiation. In
vitro differentiation on matrigel showed that HSG alone and HSG co-cultured with Wntl-
Cre/R26R-LacZ derived DPSCs (HSG+DPSC) differentiated into acinar-like structures.
However, HSG formed more mature (higher expression of LAMP-1 and CD44), larger and
increased numbers of acini in HSG+DPSC. Subcutaneous co-transplantation of HSG and DPSCs
with hyaluronic acid (HA) hydrogels after 2 weeks was evaluated by Q-RT-PCR, morphology
and immunohistology. Compared to HSG transplants which only showed undifferentiated tumor-
like cells, HSG+DPSC demonstrated (1) higher expression of murine mesenchymal marker Fgf-
7, (2) higher expression of mature human salivary gland differentiation marker alpha-amylase-1
AMY-1, (3) higher expression of murine endothelial, vWF, neuronal, NF-200, and angiogenic

markers, Vegfr-3 and Vegf-c, (4) mucin-secreting acinar- and duct-like structures with abundant



blood vessels at the interface with DPSCs, and (5) more mature glandular structures double-
positive for salivary gland differentiation markers CD44 and LAMP-1. These results indicate
that DPSCs supported and enhanced HSG differentiation into functional salivary gland tissue.

In addition, DPSCs have previously demonstrated potential pericyte-like topography and
function. However, the mechanisms regulating their pericyte function are still yet to be
elucidated. DPSC angiogenic and pericyte function were investigated. Tie2-GFP derived dental
pulp cells were negative for GFP driven by the endothelial Tie2 transgene, indicating an absence
of endothelial cells. Endothelial cells co-cultured with DPSCs formed more mature in vitro tube-
like structures as compared to those co-cultured with BMSCs. Many DPSCs were located
adjacent to vascular tubes, suggesting a pericyte location and function. In vivo DPSCs
subcutaneously transplanted in matrigel (MG) (DPSC-MG) induced more vessel formation than
BMSC-MG. DPSCs expressed higher Vegfd, Vegfr3, EphrinB2 levels. Soluble Flt (sFlt), an
angiogenic inhibitor that binds VEGF-A, significantly decreased the amount of blood vessels in
DPSC-MG, but not in BMSC-MG. sFlt inhibited VEGFR2 and downstream ERK signaling and
down-regulated Vegfa, Vegf receptors and EphrinB2 expression in DPSCs. Therefore, DPSC-
induced angiogenesis is VEGF-dependent. DPSCs enhance angiogenesis by secreting VEGF-A, -
C, -D and forming tight associations with vessels, resembling pericyte-like cells. Taken together,
I demonstrate the existence of neural crest-derived DPSCs with differentiation capacity into
cranial mesenchymal tissues and other neural crest-derived tissues. | also illustrate the potential
of DPSCs as inductive mesenchyme for salivary gland regeneration, repair, and tissue
engineering, and provide first insights into the mechanism(s) of DPSC angiogenic capacity and

their function as pericytes. DPSCs hold promise as a stem cell source for regenerating neural



crest derived tissues, and the trophic and angiogenic properties of DPSCs also highlight this stem

cell source useful for tissue regeneration.
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CHAPTER 1

Introduction

Regenerative medicine means the use of biomedical or therapeutic strategies to restore
cells, tissues, or organs with a given pathological condition by endogenous cell stimulation or
exogenous cell transplantation with the goal of regaining normal function of that particular tissue
or organ (Thesleff and Tummers, 2003). Although the regenerative mechanisms are not
completely elucidated, the use of progenitor/stem cells or dedifferentiated cells have been
proposed as potential cell populations for tissue regeneration (Riazi et al., 2009). In the past two
decades, extensive work in regenerative medicine has focused on the use of stem cells (stem cell-
based therapy) and their potential for regenerating damaged tissues and organs for clinical
application (Egusa et al., 2012).

Stem cell-based therapy holds great potential to treat common health problems from
illnesses, injuries, and diseases, including cardiovascular diseases (Mummery et al., 2003),
autoimmune diseases (Mahevas et al., 2008), type I diabetes (Rolletschek et al., 2004),
neurodegenerative diseases (Feng and Gao, 2012), spinal cord injuries (Mothe and Tator, 2012),
bone and cartilage diseases or defects (Tapp et al.,, 2009), and cancer (Gudjonsson and
Magnusson, 2005). In addition to their potential use to treat systemic diseases, stem cell-based
therapy also provides a promising strategy to treat oral and dental diseases such as craniofacial
defects, dental caries, periodontal disease, oral cancer, salivary gland and temporomandibular

joint dysfunction, resulting in poor quality of life in patients (Mao, 2008).



The stem cell applications include: 1) direct differentiation to specific lineage of stem
cells (cell therapeutic approach), 2) the induction of regeneration by biologically active
exogenous or stem cell-secreted inducers (trophic approach), and 3) transplantation of in vitro
expanded stem cells combined with a scaffold and growth factors (tissue engineering approach)
(Egusa et al., 2012). The identification of a good source of stem cells is an important key for a
successful stem cell-based therapy. Stem cells have been isolated from a variety of tissues and
organs at different stages: prenatal, neonatal, and postnatal stages, which exhibit different stem
cell capacities (Egusa et al., 2012).

In the last decade, stem cells isolated from oral tissues particularly tooth pulp, termed
dental pulp stem cells (DPSCs), have extensively been favored among adult stem cell researchers
due to their easy accessibility from biological wastes and less invasive procedure. Consequently,
the research on DPSCs has been rapidly growing; however, a lot of questions remain to be
elucidated. Therefore, a better understanding of the biology and nature of DPSCs will lead to
fundamental knowledge in basic and clinical biology that can serve as a foundation for the use of
this stem cell population in tissue regeneration.

In this dissertation I describe the isolation and characterization of DPSCs from neonatal
mice in vitro and in vivo. In addition I describe the potential use of DPSCs as neural crest-
derived ecto-mesenchyme to enhance salivary gland tissue formation, and pericyte-like cells to
induce angiogenesis. As the mesenchyme is important for a functional epithelium and
angiogenesis is pivotal for organogenesis and tissue regeneration, the studies herein
demonstrating the DPSC capacity to function as supportive mesenchyme and to promote
angiogenesis will broaden the clinical application of DPSCs as stem cell-based therapy in the

future. In this dissertation, I will take you on a journey that first will briefly and concisely



illustrate the variety of stem cell types and sources, followed by an in depth description of my

work on murine DPSCs and their potential use for clinical applications.

1.1  Definition of stem cells

Stem cells are defined as a primitive and undifferentiated cell population which exhibits
three important characteristics (Slack, 2008, Hemmat et al., 2010). First, under asymmetrical
division, stem cells can give rise to themselves to maintain their unspecialized or stem cell
progeny, which is known as “self-renewal” whereas they also give rise to daughter cells which
are more committed cells such as progenitor, precursor, or differentiated cells. Secondly, stem
cells have the potential to develop into several specific cell types in the body or in specific
differentiated cells in vitro, which is described as “multi-differentiation” capacity. Lastly, stem
cells can reconstitute damaged tissues or regenerate new tissues that can function properly. Stem
cells isolated from different tissues and from various developmental stages demonstrate different
stem cell capacity. The classification and a brief description of different types of stem cells are

discussed below.

1.2 Classification of stem cells

Stem cells can be classified by two criteria, their differentiation potency and origin.
Based on the differentiation capacity, stem cells can be categorized into unlimited potency
(totipotent and pluripotent), and defined potency (multipotent, bipotent, and unipotent). Based on
their origin, two main sources of stem cells are generally described: embryonic stem (ES) cells

and adult stem (AS) cells (Fig. 1.1) (Biehl and Russell, 2009, Egusa et al., 2012).



1.2.1 Stem cell classified by differentiation potency

Totipotent stem cells which are cells derived from the zygote (the fusion of an egg and a
sperm) or the first few divisions of the fertilized egg (morula cells) can generate a whole new
embryo including the extra-embryonic tissues such as placenta (Hemmat et al., 2010).
Pluripotent stem cells, the descendents of totipotent stem cells, are derived from the inner cell
mass within a blastocyst, a thin-walled hollow sphere with a fluid-filled cavity, which develops
after cleavage and before implantation, in approximately 5 days. Pluripotent stem cells can give
rise into cells of the three germ layers (ectoderm, mesoderm, and endoderm) excluding the
placenta (Thomson et al., 1998). Multipotent stem cells can produce only differentiated cells
from a closely related lineage system such as hematopoetic stem cells (differentiating into red
blood cells, white blood cells, and platelets), mesenchymal stem cells (differentiating into bone
cells, cartilage cells, and fat cells) (Crisan et al., 2009, Calvo et al., 2012). Bipotent and unipotent
stem cells are stem cells with more limited differentiation capacities and can produce only two
cell types or one cell type, respectively, but still have self renewal capacity which distinguishes
them from non-stem cells (Cumano et al., 1992, Rossi et al., 2010)

1.2.2 Stem cell classified by tissue of origin

Stem cells can be isolated from embryonic and postnatal tissues, termed embryonic stem
(ES) cells, and adult stem (AS) cells, respectively. In addition, another stem cell type which has
recently been generated by genetic manipulation of somatic or adult stem cells is defined as

induced pluripotent stem (iPS) cells.



1.3 Embryonic stem (ES) cells

ES cells are stem cells derived from the inner cell mass of developing preimplanted
embryos (blastocysts) which have pluripotent differentiation capacity giving rise to cells from
three different germ layers; ectoderm, mesoderm, and endoderm (Thomson et al., 1998). In
addition to the expression of pluripotent genes and pluripotent differentiation capacity, ES cells
exhibit high telomerase activity, resulting in unlimited expansion in vitro, and maintain a
normal karyotype after multiple cell divisions (Trounson, 2006). Telomerase is an enzyme
important for preserving the length of telomere on chromosomal DNA, which prevents the
shortening of DNA during replication process (Trounson, 2006). The shortening of telomere due
to the absence of telomerase is associated with the aging process (Trounson, 2006). Nevertheless,
the presence of this enzyme has also been related to cancer formation (Hemmat et al., 2010).
Another property of ES cells is that they can form in vitro embryoid bodies and generate in vivo
teratomas; both of which are structures consisting of cells representing differentiated tissues from
the three germ layers (Conley et al., 2004). Although ES cells have a great differentiation
capacity into all somatic cell lineages, their embryonic origin is still the major concern as it
relates to ethical and moral considerations (Wobus and Boheler, 2005). In addition, the use of ES
cells in clinical application is hampered by their allogenicity, leading to immune rejection in
allogeneic stem cell therapy. However, ES cells are an instrumental tool to develop in vitro
model systems and transplantation protocols in animal models to study controlled differentiation
of pluripotent stem cells into specific lineages, which is not only useful to better understand

developmental biology but can also eventually lead to clinical applications (Egusa et al., 2012).



1.4 Adult stem (AS) cells

AS cells, which are derived from adult or postnatal tissues such as bone marrow, brain,
skin, hair follicle, adipose tissue, muscle, dental pulp, and others are found in stem cell niches as
self-renewing progenitor cells that are able to give rise into certain specialized cell types needed
for maintainance of tissue/organ homeostasis (Biehl and Russell, 2009). AS cells are multipotent
but usually give rise into only the cell type derived from their tissue of origin. However, several
studies have previously reported that AS cells under certain circumstances exhibit greater
differentiation capacity than expected and can differentiate into cells other than their tissues of
origin. This phenomenon has being described as stem cell plasticity (Krause et al., 2001, Jiang et
al., 2002, Grove et al., 2004, Kogler et al., 2004, Miki et al., 2005, Kadivar et al., 2006, Kerkis et
al., 2006, Cho et al., 2008, Junker et al., 2010). Although the concept of stem cell plasticity in
AS cells is still controversial, such potential has increased interest in adult stem cells. Unlike ES
cells, AS cells are practical to manipulate and differentiate into the desired tissue without the
ethical conflict. Therefore, AS cells are attractive stem cell sources for clinical applications.
Several AS cells are found in the mesenchymal component of multiple tissues and defined as

mesenchymal stem cells (MSCs), which are discussed next.

1.5  Mesenchymal stem cells (MSCs)

MSCs were first isolated and characterized in vitro from the bone marrow by their
capacity to adhere on tissue culture plates, form colonies and differentiate to various
mesenchymal tissues (Friedenstein et al., 1970, Pittenger et al., 1999, Horwitz et al., 2005). Since
the populations of adherent cells isolated from the bone marrow are not homogeneous, and

definitive markers for distinguishing MSCs have not yet been identified (Ishii et al., 2005),



markers expressed by MSCs are also applied to isolate a more pure cell population including
CD44, CD105, CD73 and CD90 and excluding markers not expressed by MSCs such as of
CD45, CD34, CD14 or CD11b, CD790. or CD19 and HLA-DR surface molecules (Horwitz et al.,
2005). In addition, MSCs must be capable of differentiating to osteoblasts, adipocytes and

chondrocytes in vitro (Dominici et al., 2006).

1.6 Induced pluripotent stem (iPS) cells

Induced pluripotent stem cells (Fig 1.2), known as iPS cells, were first generated from
adult mouse and human dermal fibroblasts (Takahashi and Yamanaka, 2006, Takahashi et al.,
2007). Both cell types can be reprogrammed to ES-like cells by retroviral transduction of four
pluripotent genes; Oct3/4, Sox2, c-Myc and KIf4. The first iPS cells could create teratomas and
form embryoid bodies, but mouse chimeras generated by blastocyst injection with those iPS cells
could not survive after E13.5. DNA microarray also showed differential gene expression
between iPS cells and ES cells, suggesting that such iPS cells were only partially reprogrammed.
Subsequent studies attempted to improve the reprogramming methods by using the Oct3/4 or
Nanog selection process, and showed that iPS cells were very close to ES cells, also generated
live chimeric mice (Maherali et al., 2007, Wernig et al., 2007).

After somatic stem cells are reprogrammed, the expression of specific proteins associated
with pluripotent stem cells is detected such as alkaline phosphatase and stage-specific embryonic
antigen 1 (SSEA-1) including increasing telomerase (Brambrink et al., 2008). iPS cells offer
many benefits as the stem cell source for clinical applications, particularly in autologous

transplantations (patient-specific cell transplantation therapies) and solving the problem of



ethical issues involved with ES cells. Nevertheless, there are some concerns that still need to be
addressed for the clinical use of iPS cells.

The use of the c-Myc transgene during iPS cell generation can increase the likelihood of
tumorigenesis in the mouse model (Takahashi et al., 2007). To circumvent this concern, iPS cell
lines have been generated without c-Myc with no tumor formation but lower rate of
reprogramming was observed (Nakagawa et al., 2008). Lin28, a protective transcription factor
applied to induce iPS cells, is another successful approach (Yu et al., 2007). Additionally, small
molecules such as RNA interferences (RNAi) or DNA modification enzyme inhibitors, have
been recently reported that can increase the success rate of iPS cell generation (Mikkelsen et al.,
2008, Anastasia et al., 2010). Adult stem cells isolated from adult mouse and human tissues
including DPSCs express some embryonic stem cell markers such as Oct4, Nanog, Sox2,
suggesting ESC-like potential (Kerkis et al., 2006, Ratajczak et al., 2007). These adult stem cells
may be a good source for iPS cell generation as only partial reprogramming may be needed

(Egusa et al., 2012).

1.7 Oral and dental stem cells

Oral and dental tissues have recently been shown to be good tissue sources of AS cells.
Stem cells can be isolated from several oral tissues such as craniofacial bone, dental pulp,
periodontal ligament, dental follicle, tooth germ, apical papilla, oral mucosa, gingival, and
periosteum (Fig. 1.3) (Egusa et al., 2012). Nevertheless, stem cells derived from different oral
and dental tissues exhibit different stem cell properties. Among oral tissue-derived AS cells,

human dental pulp stem cells have been widely studied due to their great clinical potential, easy



accessibility and less invasive harvesting. However, there are still key issues needed to be
optimized such as their variable biological capacity.

1.7.1 Craniofacial bone marrow stromal cells (BMSCs)

BMSCs can be isolated from craniofacial bones, maxilla and mandible, during dental
surgical treatments such as wisdom tooth extraction, dental implant and orthodontic surgery.
Clinical and animal studies have revealed that autologous bone grafts generated from
craniofacial bone-derived BMSCs at craniofacial sites showed better results than that from the
iliac crest, suggesting BMSC type and location has site-specific regenerative properties
(Donovan et al., 1993, Crespi et al., 2007). The maxilla and mandible which are membranous
bones derived from cranial neural crest cells while the iliac crest endochondral bone is
mesodermal-derived (Chai et al., 2000). Differences in developmental origin of BMSC sources
may affect their regenerative potential. A previous study showed that from the same patients
craniofacial BMSCs showed higher proliferation and osteogenic differentiation capacity
compared with the iliac crest BMSCs both in vitro and in vivo. The craniofacial BMSCs formed
more membranous bone, whereas the iliac crest BMSCs formed more compacted bone with
hematopoietic tissue, mimicking the nature of their tissue of origin. In addition, the adipogenic
potential of craniofacial BMSCs is less than that of iliac BMSCs, which may decrease
randomized fat formation during bone regeneration (Akintoye et al., 2006). Although
craniofacial BMSCs may be beneficial for craniofacial bone regeneration, the volume of
craniofacial bone marrow is still limited compared with that of iliac crest bone marrow (Han et

al., 2009).
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1.7.2 Dental tissue-derived stem cells

Epithelial stem cells and MSC-like cells are AS cells that have been characterized in
dental tissues. A dental epithelial stem cell niche in teeth is located in the cervical loop of the
incisor apex. Dental epithelial stem cells can differentiate into enamel-producing cells,
ameloblasts. This niche may be specific to rodents because their incisors continuously erupt
throughout their lives, which differs from human in which no information is available regarding
the existence of dental epithelial stem cells (Harada et al., 1999).

The existence of dental-derived MSCs is demonstrated by evidence of new attachment of
regenerated periodontal ligament and reparative dentine after injury or dental treatments
(Schupbach et al., 1993, Kitamura et al., 1999). Nowadays, several MSCs have been isolated and
extensively characterized from several sources of dental tissues: dental pulp stem cells (DPSCs),
stem cells from exfoliated deciduous teeth (SHED), periodontal ligament stem cells (PDLSCs),
dental follicle progenitor cells (DFPCs), tooth germ progenitor cells (TGPCs), and stem cells
from apical papilla (SCAP), (Huang et al., 2009, Akiyama et al., 2012, Sedgley and Botero,
2012).

Dental pulp stem cells (DPSCs)

Adult human dental pulp stem cells (DPSCs) were first isolated and characterized in 2000
by Gronthos and Shi (Gronthos et al., 2000). These cells have phenotypic characteristics close to
BMSCs and can form colony-forming unit-fibroblasts (CFU-Fs) with various characteristics such
as morphology and cell densities, suggesting a different growth rate (Gronthos et al., 2002).
Different cell morphologies were also observed within the same colony. DPSCs were able to
give rise into osteo-odontogenic, adipogenic, neurogenic, chondrogenic, and myogenic

differentiation in vitro (Gronthos et al., 2002, Laino et al., 2006, Zhang et al., 2006, d'Aquino et
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al., 2007). Following in vivo transplantation mixed with hydroxyapatite/tricalcium phosphate
(HAP/TCP), DPSCs formed ectopic dentin/pulp-like complex structures surrounded by a layer of
odontoblast-like cells expressing dentin sialophosphoprotein (DSPP), which produces dentin
containing dentinal tubules mimicking natural dentin in immunocompromised mice (Gronthos et
al., 2000, Gronthos et al., 2002).

Stem cells from human exfoliated deciduous teeth (SHED)

MSC-like cells have been also isolated from the dental pulp of human deciduous teeth,
named stem cells from human exfoliated deciduous teeth or SHED (Miura et al., 2003). Like
DPSCs, SHED exhibit stem cell properties, such as self-renewal with higher proliferative rate,
multi-differentiation in vitro and ability to form the dentin-like structures but without a complex
formation in vivo. Interestingly, unlike DPSCs, SHED can recruit host cells to form a bone-like
matrix with a lamellar structure, which may be explained by the nature of deciduous teeth, whose
root resorption occurs by new bone formation surrounding the root (Miura et al., 2003). SHED
can also repair critical-sized mouse calvarial defects with substantial bone formation, indicating
their osteo-inductive potential (Seo et al., 2008). In addition to their osteo-induction, SHED can
differentiate into dopaminergic neuronal-like cells and alleviate symptoms in the rat model of
Parkinson’s disease (Wang et al., 2010). The injection of human immature dental pulp stem cells
(IDPSCs), another term for SHED, into mouse blastocysts showed that IDPSCs survived,
proliferated, and differentiated in mouse developing blastocysts and were capable of producing
human/mouse chimeras but in very low efficiency, suggesting their potent differentiation

plasticity (Siqueira da Fonseca et al., 2009).
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Periodontal ligament stem cells (PDLSCs)

Periodontal ligament stem cells (PDLSCs) can be identified from periodontal ligament
such as from the root of extracted teeth (Seo et al., 2004). PDLSCs express the MSC-associated
markers STRO-1, CDs, and scleraxis, a tendon-specific transcription factor, which is expressed
at higher levels in PDLSCs than in DPSCs (Seo et al., 2004). PDLSCs demonstrate multi-
potential differentiation in vitro by exhibiting osteogenic, adipogenic, and chondrogenic
phenotypes under defined differentiation conditions, and the ability to regenerate cementum,
periodontal ligament and alveolar bone in animal models (Seo et al., 2004, Seo et al., 2005, Gay
et al., 2007, Singhatanadgit et al., 2009, Wang et al., 2011).

Dental follicle stem cells (DFSCs)

MSC-like cells have also been identified in the “developing” dental tissues, such as the
dental follicle, tooth germ, and apical papilla. Dental follicle is an ecto-mesenchymal tissue
surrounding the enamel organ and the dental papilla of the developing tooth germ prior to
eruption. Isolation of DFSCs demonstrates that only a small number of single cells can attach
onto the plastic surface and form CFU-F. DFPCs are fibroblast-like and express Nestin and
Notch-1, suggesting the presence of undifferentiated cells. DFPCs demonstrate osteogenic
differentiation capacity in vitro after induction. DFPC dorsal subcutaneous transplantation with
HAP/TCP generates a fibrous or rigid tissue structure expressing high level of human-specific
for bone sialoprotein (BSP) and osteocalcin (OCN) transcripts, but no expression of dentin,
cementum, or bone formation was observed in the transplant, which could be due to the low

number of transplanted cells (Morsczeck et al., 2005, Honda et al., 2010).
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Tooth germ progenitor cells (TGPCs)

Stem cells in the dental mesenchyme of the discarded third molar tooth germ at the late
bell stage, named tooth germ progenitor cells (TGPCs), showed high proliferation and the
capability to differentiate in vitro into cells of three germ layers including bone cells, neurons
and hepatocytes (Ikeda et al., 2008). The transplantation of TGPCs into rats with injured liver
showed successful engraftment of the TGPCs in the recipient's rat and the prevention of liver
fibrosis progression, contributing to the restoration of liver function (Ikeda et al., 2008).

Stem cells from the apical papilla (SCAP)

Stem cells from the apical papilla (SCAP) were found in the apical part of the roots of
developing teeth (Sonoyama et al., 2006). Similar to DPSCs and SHED, SCAP can give rise into
osteo-odontogenic and adipogenic lineages in vitro. Unlike DPSCs, SCAP significantly express
high levels of CD24, and down-regulate its expression in response to osteogenic induction
(Sonoyama et al., 2006, Huang et al., 2009). Undifferentiated SCAP show positive staining for
several neural markers, suggesting their neurogenic potential (Sonoyama et al., 2008). SCAP
were capable to differentiate into functional dentinogenic cells, and generate dentin/pulp-like
complexes when transplanted into immuno-compromised mice as described for DPSCs
(Sonoyama et al., 2006, Sonoyama et al., 2008). However, SCAP are derived from a developing
tissue, suggesting that a population of early stem cells may be a better cell source for
regenerative medicine, whereas DPSCs are derived from mature tissues (Huang et al., 2008).

Postnatal MSC-like dental stem cells exhibit self-renewal capacity and multi-
differentiation potential into the odontogenic lineage. However, compared with bone marrow-
derived MSCs, these stem cell populations can also differentiate to other cell lineages similar to,

but different in potency from that of bone marrow-derived MSCs. As a result of their
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accessibility, as these tissues are often discarded in the clinic as biological waste, these cells
represent an attractive stem cell source for regenerative medicine.

1.7.3 Oral mucosa-derived stem cells

Two different types of human oral mucosa-derived AS cells have been characterized, oral
epithelial stem cells and gingiva-derived MSCs (GMSCs). Oral epithelial stem cells are
unipotent only developing into epithelial cells, but they exhibited clonogenicity and enable to
regenerate a well-organized and highly stratified oral mucosal graft ex vivo (Izumi et al., 2003).
Human gingiva-derived MSCs (GMSCs) have been identified in the lamina propria of the
gingiva overlying the alveolar ridges and retromolar region which is frequently excised during
general dental treatments and considered as a discarded biological sample. GMSCs exhibited
clonogenicity, self-renewal, high proliferation and a multi-differentiation capacity (Tomar et al.,
2010). In addition, a multipotent neural crest stem cell, a subpopulation of GMSCs known as oral
mucosa stem cells (OMSCs), have recently been reproducibly generated from the lamina propria
of the adult human gingiva and can differentiate in vitro into the three germ layer lincages
(Marynka-Kalmani et al., 2010).

1.7.4 Periosteum-derived stem cells

The periosteum is a dense irregular connective tissue covering the outer surface of bone
tissue. The histology of periosteum exhibits two distinct layers. The outer layer primarily
contains fibroblasts and elastic fibers whereas the inner layer contains MSCs, osteogenic
progenitor cells, osteoblasts and fibroblasts, as well as microvessels and nerve innervation
(Arnsdorf et al., 2009). Although periosteum-derived stem cells tend to differentiate into
osteogenic lineage, these cells are capable of giving rise into osteoblasts, adipocytes and

chondrocytes and express the typical MSC markers (Wang et al., 2010). In addition, single-cell-
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derived adult human periosteal clones exhibit their multipotency since they differentiate to
osteoblast, chondrocyte, adipocyte and skeletal myocyte in vitro and in vivo (De Bari et al.,
2006). Thus, periosteum-derived cells could be beneficial for functional tissue engineering,

particularly for bone regeneration.

1.8  Studies in DPSCs

Dental pulp is a loose connective tissue located in the central part of the tooth called pulp
cavity. It contains heterogeneous cell populations which are derived from diverse origins and
serve different functions; odontoblasts, fibroblasts, immune and inflammatory cells,
undifferentiated mesenchymal cells, vascular and perivascular cells (Trowbridge, 2003). A cell
population recently defined and proposed to play an important role in dentin regeneration is
dental pulp stem cells (DPSCs) which was first discovered by Gronthos and his colleagues
(Gronthos et al., 2000). DPSCs were isolated from human adult dental pulp and characterized as
highly proliferative cells capable of self renewal, capable of differentiating into adipocytes and
neuron-like cells in vitro, also forming a dentin/pulp-like complex structure in vivo (Gronthos et
al., 2000, Gronthos et al., 2002). Several reports have expanded studies in DPSCs describing
their capacity to form dental and bone tissues in vitro and in vivo (Laino et al., 2005, Shi et al.,
2005, Laino et al., 2006, Nakashima et al., 2006, Cordeiro et al., 2008, Prescott et al., 2008,
Zhang et al., 2008, Huang et al., 2009, Yang et al., 2009).

Initial studies described that DPSCs are heterogenous. Subsequent studies attempted to
use clonogenic assays and several stem cell specific markers to isolate more pure cell population
(Gronthos et al., 2002, Shi and Gronthos, 2003, Laino et al., 2005, Laino et al., 2006).

Nevertheless, the ability to form dentin/pulp-like complexes in vivo among different clones of
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DPSCs was inconsistent (Gronthos et al., 2002). Additionally, the multi-differentiation capacity
of DPSCs in vitro and in vivo was unpredictable as described in several reports (Gronthos et al.,
2000, Gronthos et al., 2002, Zhang et al., 2005, Huang et al., 2006, Laino et al., 2006, d'Aquino
et al., 2007, Stevens et al., 2008, Ryu et al., 2009, Spath et al., 2009). Notch signaling, which is
an important pathway to determine the fate of stem cells, may specify DPSC niches. Differential
Notch expression was shown in different locations within the dental pulp, implying that dental
pulp may contain various stem cell subpopulations with different proliferative-differentiation
capacity and developmental origins (Lovschall et al., 2005). Alternatively, all DPSCs may derive
from the same origin but their niche and location dictate their stem cell behaviors. Variability of
the differentiation capacity among DPSCs clones or experiments led to question if there are
different stem cell niches and populations in DPSCs. I pursued the study of this question which
is fully described in Chapters 2 and 3. Based on the assumption that most cranial mesenchyme is
derived from neural crest tissue, I used a neural crest reporter to study to the contribution of

neural crest to DPSCs.

1.9  Neural crest contributions

Neural crest is a transient cell population located in between surface ectoderm and the
dorsal part of neural tube which is formed during embryogenesis in vertebrate (Bronner-Fraser,
1993). Based on their migration pattern and final destination, neural crest is subdivided into
cranial, trunk, vagal, sacral and cardiac neural crests. During development, neural crest cells can
give rise to several specific cell types showing their multipotency (Fig. 1.4) (Le Douarin et al.,
2004, Trainor, 2005, Wislet-Gendebien et al., 2012). Cranial neural crest (CNC) cells migrate to

the first branchial arch and play a role in differentiation of dental mesenchyme in tooth
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development (Chai et al., 2000). During oral epithelial-mesenchymal reciprocal interactions,
signaling from the oral epithelium induces CNC-derived mesenchyme to develop into dental
papilla cells and give rise to odontoblasts which secrete dentin matrix (Thesleff, 2003). In
addition to odontoblast differentiation, CNCs can give rise to skeletal and connective tissue
components of head and neck areas, as well as, neuron and glial cells in cranial ganglia
(Bronner-Fraser, 1995, Abzhanov et al., 2003).

Although cells in the dental pulp are derived from neural crest and non-neural crest
tissues during tooth development (Chai et al., 2000), the origin of DPSCs is still unclear. The
Eph/ephrin expression and function on DPSCs, which play a crucial role in the neural crest
migration, suggests that neural crest contributes to DPSCs (Stokowski et al., 2007). In the past,
most of studies involving neural crest contribution were based on vital dye labeling,
transplantation and viral transfection of neural crest cells and mostly happened in the avian
system (Le Douarin and Teillet, 1973, Kuratani and Kirby, 1991, Murphy et al., 1991, Serbedzija
et al., 1992). However, ex-utero culturing of embryos, microsurgical manipulation of embryonic
tissue, and retaining the dye throughout the long period of embryological development was not
potentially practical to obtain a systematic lineage tracing of neural crest derivatives in
mammals. Furthermore, all neural crest cells might not be labeled using either dye labeling or
viral infection approaches.

The isolation and characterization of DPSCs from specific cell-lineage transgenic mouse
models provides comprehensive information to directly study the developmental origin of
DPSCs. These lineage tracing studies, for obvious reasons, are not possible to perform in
humans. Two transgenic approaches, PO-Cre/ CAG-CAT-LacZ (Yamauchi et al., 1999) and

Wntl-Cre/R26R-LacZ (Chai et al., 2000), demonstrated the application of the transgenetic
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system to mark neural crest derivatives driven by PO and Wntl promoters, respectively, during
early embryogenesis. Compared to Wnt1-Cre/R26R-LacZ, the PO-Cre/CAG-CAT-LacZ mouse
revealed incomplete expression of LacZ in neural-crest derived tissue with significant ectopic
expression in notochord derived from non-neural crest origin.

The Wnt1-Cre/R26R-LacZ model used to trace neural crest contribution indicates that the
majority of dental pulp cells are Wntl-marked, with some contribution from unmarked Wnt1-
non-neural crest cells (Chai et al., 2000). Stem cell populations in adult human dental pulp have
been recently described based on the expression of low-affinity nerve growth factor receptor
(LNGFR) and Pl-integrin, suggesting that the former population is neural crest-derived
(Waddington et al., 2009). Stem cells isolated from rat embryonic mandibular processes, of
neural crest origin, showed multi-differentiation to neural and mesenchymal lineages suggesting
DPSCs retain the differentiation capacity of embryonic progenitors (Zhang et al., 2006).
Collectively, these reports urged me to investigate the origin of DPSCs. Although cells in dental
pulp are derived from neural crest and non-neural crest tissues during tooth development, the
origin of DPSCs is still unclear. Consequently, that DPSCs are only derived from neural crest is
yet to be proven. A full description of the studies that I performed to answer this questions are

included in Chapter 3.

1.10 Potential clinical applications of DPSCs

Suitable stem cells for tissue engineering should be able to differentiate into the target
tissue/organ and should be easily collected and prepared, and possible immunomodulatory
properties can be used to provide a further benefit to ensure the safety of the patient. DPSCs hold

great clinical potential due to their differentiation capacity, easy accessibility and
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immunomodulative property. I proceeded to study two potential clinical applications of DPSCs:
1) the use of DPSCs to serve as supporting ecto-mesenchyme for salivary gland tissue

regeneration, and 2) the angiogenic potential of DPSCs for tissue regeneration.

1.11 Tooth and salivary gland developments

1.11.1 Tooth development

Tooth development begins in the late embryonic period with the formation of the ridge
called labiodental lamina. Dental development begins through a thickening of dental lamina on
this labiodental lamina that is oriented towards the oral cavity. Deciduous tooth buds develop in
the lower and upper jaws on the labial side of the dental lamina, and later (16 weeks since post-
ovulation) small permanent tooth buds also form on the oral side through interactions between
neural crest and ectoderm (Fig. 1.5) (Ranly, 1998, Sharpe, 2001, Tucker and Sharpe, 2004,
Honda et al., 2008).

Each tooth bud has an ectodermal-derived enamel organ that surrounds a neural crest-
derived mesenchyme that forms the dental pulp. The edges of the enamel organ grow faster than
the middle part, thereby forming a dental bell that arises from the tooth bud in a cap stage. The
mesenchyme around the whole tooth bud also condenses and forms the dental follicle, then gives
rise into the periodontium (periodontal ligament, cementum of the tooth root, and alveolar bone)
(Diekwisch, 2001, McCollum and Sharpe, 2001).

An enamel organ structure contains an outer and an inner enamel epithelium. The enamel
pulp is found between two layers of enamel epithelium. The enamel epithelium is nourished by a
capillary network from the outside while the enamel pulp always remains vessel-free. The

ectodermal-derived ameloblast layer, which forms out of the inner enamel epithelium, produces
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the enamel. The neural crest-derived mesenchyme that lies below the inner enamel epithelium
organizes itself into the odontoblast layer, which secretes predentin towards the outside. Dentin
then arises through calcium deposition in the predentin (Sharpe, 2001, Thesleff, 2003).

After the complete tooth crown formation, the tooth root is formed in the region called
Hertwig's epithelial sheath, which is located in the fold between the inner and outer enamel
epithelium and no enamel is produced (Diekwisch, 2001, Thesleft, 2003).

1.11.2 Salivary gland development

The human and murine salivary gland systems consist of three pairs of major salivary
glands: parotid, submandibular, and sublingual. These glands secrete serous, mucous or mixed
saliva via the excretory ducts connecting the openings in the oral cavity. The salivary glands play
a major role as exocrine glands to secrete saliva for lubrication, digestion, immunity, and
maintenance of homeostasis within the body. However, salivary glands also show an endocrine
function by the production of parotin and a variety of cell growth factors (Denny et al., 1997,
Amano et al., 2012).

Although murine salivary glands share several similar characteristics with human salivary
glands, some differences of these glands between two species are also demonstrated. First,
submandibular glands in mice are the largest salivary glands, which differs from humans whom
parotid glands are the biggest salivary glands in size. This may be explained by the fact that in
mice submandibular salivary glands develop faster than either of the other major salivary
glands, in terms of both prenatal morphogenesis and its postnatal accumulation of secretory
proteins (Redman and Sreebny, 1971, Lawson, 1972). Second, the histology of murine salivary
glands, but not human salivary glands, demonstrates the presence of granular convoluted tubules

(GCTs) producing a variety of cell growth factors. The GCT is located between the intercalated
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duct and striated duct and well-developed in the murine submandibular gland (Amano et al.,
2012). Third, in humans and mice both parotid and sublingual glands are pure serous and sero-
mucous glands, respectively. However, the human submandibular gland is a mixed gland
composed of both serous and mucous acinar cells whereas the murine one has only the serous
type (Amano et al., 2012).

The salivary gland development begins in the later embryonic period. The first sign is a
thickening of the oral epithelium on the side of the tongue, outside the dental lamina, followed
by branching morphogenesis of the gland (Denny et al., 1997). The interaction of epithelium and
mesenchyme is essential for branching morphogenesis of the salivary gland. (Fig. 1.6) (Okumura
K, 2012) The salivary gland epithelium of the parotid glands is ectoderm-derived whereas the
epithelium of the submandibular and sublingual glands is endoderm-derived. The salivary gland
mesenchyme is neural crest-derived (Jaskoll et al., 2002, Yamamoto et al., 2008).

1.11.3 Similarities between tooth and salivary gland development

The development of the tooth shares many similarities with that of the salivary gland.
Each tooth demonstrates an independently developing organ system with its own timetable and
unique characteristics, as well as many characteristics common to all teeth. Therefore, we
speculate that an analogous complex pattern of tooth morphogenesis may share some common
characteristics to the early specification of salivary gland formation.

For instance, the epithelial-mesenchymal interactions in tooth and salivary gland
formation are similar and molecular cues such as secretion of fibroblast growth factors (FGF-10,
FGF-7) by the ecto-mesenchyme and expression of FGF receptors (FGFR-1, FGFR-2) by the
epithelium are important for both the development of tooth bud and salivary gland (Hoffman et

al., 2002, Jaskoll et al., 2002, Jaskoll et al., 2004, Jaskoll et al., 2005, Madan and Kramer, 2005,
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Patel et al., 2006, Yamamoto et al., 2008). Also important morphogens such as Shh, Wnt and
FGFs seem to play important roles in tooth bud and saliva gland development (Jaskoll et al.,

2004, Dang et al., 2009, Hai et al., 2010).

1.12 Salivary gland regeneration

Salivary hypofunction and xerostomia (dry mouth) can result from local surgery,
radiotherapy for head and neck cancer, Sjogren’s syndrome, and side effects of certain
medications. Hypo-salivation can result in aggressive dental caries and oral ulcers, as well as
problems in swallowing and a poor quality of life (Napenas et al., 2009). Recently, stem cell-
based therapy has been introduced as a promising therapeutic strategy to restore or regenerate
functional salivary gland tissues.

The existence of salivary gland stem cells has been suggested by in vivo experimental
models (Man et al., 2001). However, a single stem cell that gives rise to all epithelial cell types
within the gland has not yet been identified. Salivary gland stem cells were isolated from rat
submandibular glands and found that the cells were highly proliferative and expressed acinar,
ductal and myoepithelial cell lincage markers (Kishi et al., 2006). An in vitro floating sphere
culture was used to isolate a specific population of cells expressing stem cell markers from
murine submandibular salivary glands. In vitro differentiation revealed that these cell
populations differentiated into salivary gland duct cells as well as mucin- and amylase-producing
acinar cells. In addition, the intra-glandular transplantation of these successfully rescued the
function of irradiated salivary glands (Lombaert et al., 2008, Feng et al., 2009, Nanduri et al.,
2011). These reports suggest that the salivary gland is a promising stem cell source for future

therapies in patients with irradiated head and neck cancer. However, primary cultures of
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dissociated cells will always contain a heterogeneous cell population with different origins, such
as epithelial parenchymal cells, mesenchymal stromal cells, blood vessel cells, and nerve cells,
which makes it difficult to select salivary gland stem cells. Additionally, primitive MSC-like
cells were isolated from the human salivary gland, but potentially from salivary gland stroma,
which expressed embryonic and adult stem cell markers and could be guided to differentiate into
mesenchymal lineage (adipogenic, osteogenic and chondrogenic) in vitro (Gorjup et al., 2009).
Tissue engineering for salivary gland restoration is limited by availability of stem cells or
cell sources capable of providing all the cellular components necessary to generate a functional
salivary gland tissue. Furthermore, vascularization and innervation of engineered salivary gland
tissue is a long-lasting challenge. In Chapter 4, based on the reviews in salivary gland
development and regeneration as well as tooth development, I will describe the studies I
performed to gain insights into the capacity of DPSCs to serve as ecto-mesenchyme for salivary

gland tissue regeneration.

1.13 Dental pulp, pericyte, and angiogenesis

Dental pulp is a loose connective tissue, containing heterogeneous cell populations,
fibers, ground substance, blood vessels, and nerve innervations. Dental pulp is enclosed within
rigid dentin walls and forms with the dentin. The pulp cells are continuously interacting with the
extracellular matrix (ECM), which explains the physiologic properties of this tissue. Pulp cell
can proliferate and differentiate in response to growth factors, which regulate cell survival and
behavior (Trowbridge, 2003).

During primary dentinogenesis, a rich vasculature develops in the odontogenic zone of

the dentine—pulp complex, showing increased vessel fenestration for odontoblast nourishment.
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After dentine formation is completed, vessel fenestration decreases and withdraws from the
odontoblastic layer, so that, the capillary network is found in the sub-odontoblastic layer in close
relationship to odontoblasts in the mature tooth (Yoshida and Ohshima, 1996). Angiogenesis is
crucial for organogenesis, wound healing and the regenerating process in all tissues, including
pulp development, repair or regeneration (Madeddu, 2005). During pulp repair, the sub-
odontoblastic capillary plexus appears to reorganize responding to a specific reparative dentin
formation (Kitamura et al., 1999, Roberts-Clark and Smith, 2000, Tran-Hung et al., 2006).
Pericytes are a cell population located at the interface between endothelial cells and
surrounding tissues, and play an active role in vasculogenesis and angiogenesis, aka
neovascularization (Allt and Lawrenson, 2001). Pericytes are defined by their location adjacent
to micro-vessels. Some markers, although not completely specific for pericytes, such as alpha-
SMA, RGS5, nestin, NG2, and PDGFR-B have been used to identify pericyte cells (Nehls and
Drenckhahn, 1993, Cho et al., 2003, Dore-Duffy et al., 2006, Huang et al., 2010, Winkler et al.,
2010). Previous studies have shown that pericytes may act to promote new blood vessel
formation from  pre-existing blood vessels, angiogenesis by responding to
physiological/angiogenic stimuli and signaling endothelial cells to form new vessels. In addition
to paracrine signaling and induction, pericytes may function via direct cell-cell interaction
controlling endothelial cell proliferation, migration and differentiation, thereby extending blood
vessel length (Gerhardt and Betsholtz, 2003). In some diseases such as cancer, diabetic
microangiopathy, tissue fibrosis, atherosclerosis and Alzheimer’s disease, pericytes dysfunction
resulting in pathological angiogenesis is manifested (Robison et al., 1991, Xian et al., 2006,

Dalkara et al., 2011).
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Angiogenesis (neo-vascularization) is the new capillary formation from pre-existing
micro-vessels. The formation of blood vessels is a complex and multistep process involving a
series of cellular events, extracellular matrix remodeling, proteolytic enzyme secretion,
endothelial cell migration and proliferation, capillary formation, and branching. Angiogenesis is
essential to many events, such as embryogenesis, wound healing and repair, and pathological
processes that involve blood vessel growth such as inflammation and tumor growth (Armulik et
al., 2005, Bergers and Song, 2005, Madeddu, 2005).

Angiogenesis is initiated and regulated by abundant cytokines and angiogenic growth
factors which can have either a positive or negative regulation (Gerhardt and Betsholtz, 2003,
Madeddu, 2005, Ribatti, 2005, Ahmad et al., 2011). Those factors may act either directly to
regulate endothelial cell function or indirectly to regulate growth-factor expression by other cell
types. Among all the pro-angiogenic stimuli, vascular endothelial growth factor (VEGF) is
considered the most important for the differentiation of the vascular system (Ferrara and Henzel,
1989, Ferrara et al., 2003). Pulp cells express VEGF in healthy and pathological situations such
as irreversible pulpitis, suggesting a role for pulp cells in angiogenesis (Tran-Hung et al., 2006).
However, the nature and origin of the angiogenic stimuli in these reparative states are still
unclear. In Chapter 5 I present my studies about the angiogenic capacity of pericyte-like DPSCs

both in vitro and in vivo.

1.14 Vascular endothelial growth factors (VEGF) and its receptors
1.14.1 VEGEF ligands
VEGF, a 45-kDa heparin-binding glycoprotein, induces the differentiation, proliferation,

invasion, and migration of endothelial cells, as well as vascular permeability and cell survival
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(Ferrara and Henzel, 1989, Grando Mattuella et al., 2007). The VEGF family of proteins
currently includes 5 structurally related members: VEGF-A, -B, -C, -D, -E, and platelet-derived
growth factor (PDGF). VEGF-A and VEGF-B are intimately related to angiogenesis whereas
VEGF-C and VEGF-D play an important role in lymphangiogenesis.

Vascular endothelial growth factor-A (VEGF-A) specifically functions on endothelial
cells and has multiple effects, including increasing vascular permeability, inducing angiogenesis,
vasculogenesis and endothelial cell growth, promoting cell migration, and inhibiting apoptosis of
endothelial cells (Grando Mattuella et al., 2007). The alternative messenger RNA (mRNA)
splicing of a single gene involving eight exons codifies a large number of VEGF isoforms, with
polypeptide subunits containing 121, 145, 165, 189, and 206 amino acids (Ribatti, 2005). Among
the five presented isoforms, VEGF165 is the most abundantly found and functions to stimulate
endothelial cell growth (Grando Mattuella et al., 2007). VEGF-A activity has been studied
mostly on endothelial cells; however, it has effects on other cell types such as
monocyte/macrophage, neurons, tumor cells, kidney epithelial cells (Ferrara et al., 2003). VEGF-
A has been shown to stimulate endothelial cell mitogenesis and cell migration in vitro (Ribatti,
2005). VEGF-A is also a vasodilator, vascular permeability factor, and increases microvascular
permeability (Ribatti, 2005). VEGF-A gene mutations have been associated with diabetic
retinopathy (Watanabe et al., 2005). Expression of VEGF-A is induced by myocardial ischemia
and a higher level of expression of VEGF-A has been associated with better collateral circulation
development during ischemia, suggesting VEGF-A as a potential therapeutic strategy of
ischemic heart disease (Banai et al., 1994, Chalothorn et al., 2007). VEGF-A induces
angiogenesis by binding to the cell surface receptors VEGFR-1 and VEGFR-2, two tyrosine

kinases located in endothelial cells (Huusko et al., 2010). The binding of VEGF-A to VEGFR-2
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results in the dimerization of VEGFR-2. Subsequently, the receptor itself auto-phosphorylates,
which allows an activation of signal transduction within the cell through the nucleus such as the
mitogen-activated protein kinase (MAPK/ERK) signaling (Dougher-Vermazen et al., 1994,
Khokhlatchev et al., 1998). Unlike the tyrosine kinase activity of VEGFR-2, that of VEGFR-1 is
less efficient, and its activation alone is not sufficient to mediate the proliferative effects of
VEGF-A (Seetharam et al., 1995). However, the primary role of VEGFR-1 is to recruit the cells
responsible in blood cell development (Shibuya, 2001).

Vascular endothelial growth factor-B (VEGF-B) plays a less important role in the
vascular system. VEGF-B seems to function in the maintenance of new blood vessel formation
during pathological conditions (Zhang et al., 2009). In addition, VEGF-B plays an important role
on several types of neurons (Falk et al., 2009), and control endothelial uptake and transport of
fatty acids in cardiac and skeletal muscles (Lahteenvuo et al., 2009, Wafai et al., 2009). VEGF-B
exerts its effects via binding with VEGFR-1 (Li et al., 2009).

Vascular endothelial growth factor-C (VEGF-C) is important in angiogenesis,
lymphangiogenesis, endothelial cell growth and survival, and can also affect the vascular
permeability (Orpana and Salven, 2002). The secreted VEGF-C effectively binds and activates
VEGFR-3. However, only the fully processed form of VEGF-C can bind and activate VEGFR-2
(Grando Mattuella et al., 2007). The over-expression of VEGF-C can result in the enlargement of
lymphatic vessels and possibly enhance metastasis (Ohno et al., 2003).

Vascular endothelial growth factor-D (VEGF-D) functions similarly to VEGF-C in
angiogenesis, lymphangiogenesis, and controls the growth of endothelial cells. VEGF-D binds
and activates VEGFR-2 and VEGFR-3 (Grando Mattuella et al., 2007). However, the interaction

between VEGF-D and VEGFR-3 predominantly expressed in lymphatic vessels plays a crucial
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role in restructuring lymphatic system, thereby altering its functions related to fluid and cell
transportation. Like VEGF-C, the over-expression of VEGF-D has been shown in several types
of tumor tissues in human (Lin et al., 2012).

1.14.2 VEGF receptors

VEGEF receptors are expressed on the surface of vascular endothelial cells. They are of
the tyrosine-kinase (RTK) type and are present in three forms: the fms-like tyrosine-kinase-1
(F1t-1) or VEGFR-1; the fetal liver kinase-1 (Flk-1 in mouse), kinase domain region (KDR in
human) or VEGFR-2; and the fms-like tyrosine-kinase-4 (FIt-4) or VEGFR-3 (Ribatti, 2005,
Grando Mattuella et al., 2007). They also interact with a co-receptor family, the neuropilins
(NRP) to increase the effectiveness of the signal transduction (Ferrara, 2001). These receptors
possess different signal transduction properties and mediate different functions because of their
distinct affinity to VEGF ligands (Ferrara, 2005). The receptors show an overlapping but distinct
expression pattern. However, there is still a predominant pattern of VEGFR-1 expression in
monocytes and macrophages, VEGFR-2 in vascular endothelial cells, and VEGFR-3 in
lymphatic endothelial cells (Fig. 1.7) (Grando Mattuella et al., 2007, Hadj-Slimane et al., 2007).
In response to VEGF, VEGFR-2 undergoes tyrosine phosphorylation and mediates cell
proliferation, migration, and vascular permeability whereas VEGFR-1 has a weak response. The
VEGF produced by human pulp cells acts in an autocrine manner and promotes chemotaxis, cell
proliferation, and/or differentiation of endothelial cells (Matsushita et al., 2000). This action is
mediated by VEGFR-2 although both receptors (VEGFR-1 and VEGFR-2) are present in pulp

cells.
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VEGFR-1 signaling

VEGFR-1 is expressed by a broad range of cell types, and its kinase activity is weak and
not required for endothelial cell function. On the other hand, VEGFR-1 functions mainly as a
negative regulator for VEGFR-2 by binding VEGF, thereby regulating monocyte migration
during inflammation (Ferrara, 2001, Shibuya, 2001, Ferrara et al., 2003). VEGFR-1 binds
VEGF-A, VEGF-B, and PDGF. VEGFR-1 exists as a full-length form and an alternatively
spliced, soluble form (sFlt or sFlt-1) (Kendall and Thomas 1993). Full-length and soluble
VEGFR-1 both bind VEGF-A with higher affinity than does VEGFR-2. Binding of VEGF-A to
VEGFR-1 may therefore prevent activation of VEGFR-2. Consequently, sFlt-1 has been
implicated as a negative regulator of angiogenesis (Ambati et al., 2006, Ambati et al., 2007,
Ponticelli et al., 2008). VEGFR-1 appears not to be required as a signaling receptor in
endothelial cells. Instead, VEGFR-1 may serve to capture VEGF to control VEGFR-2 signaling
and angiogenesis (Kappas et al., 2008).

VEGFR-2 signaling

VEGFR-2 is the main VEGF receptor important for endothelial cell functions during
development and in the adult, in physiological and pathological conditions. VEGFR-2 binds
VEGF-A, but with a lower affinity than VEGFR-1 (Koch et al., 2012). In contrast to VEGFR-1,
VEGFR-2 also binds VEGF-C and VEGF-D (Grando Mattuella et al., 2007). VEGFR-2 is
alternatively spliced to a soluble VEGFR-2 (sVEGFR-2), which is found in various tissues such
as the skin, heart, spleen, and kidney, and binds VEGF-C to prevent binding to VEGFR3,
consequently inhibiting lymphatic endothelial cell proliferation (Albuquerque et al., 2009).
VEGFR-2 is expressed in endothelial cells and their precursors, with highest expression during

vasculogenesis and angiogenesis (Millauer et al., 1993) and during pathological stages such as
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tumor angiogenesis (Millauer et al., 1994). VEGFR-2 is the main mediator of VEGF-A effects
on endothelial cell differentiation, proliferation, migration, and formation of the vascular tubes.
VEGF-A stimulates endothelial proliferation through VEGFR-2 via the RAS/RAF/ERK/MAPK
pathway (Zachary, 2001).

VEGFR-3 signaling

VEGF-C/VEGFR-3 are critical regulators of lymphangiogenesis (Orpana and Salven,
2002). Loss-of-function VEGFR-3 mutants in humans cause lymphedema. In addition, VEGFR-
3 is expressed in vascular endothelial cells and becomes up-regulated during active angiogenesis.
VEGFR-3 forms homodimers as well as heterodimers with VEGFR-2. VEGFR-3 binds VEGF-C
and VEGF-D (Koch et al., 2012).

Angiogenesis is a natural phenomenon which is important for tissue repair and
regeneration including dentin/pulp repair and regeneration. Although several studies have
investigated the role of VEGF in the dental pulp tissue and showed that VEGF signaling is
mediated by VEGFR-2, the angiogenic function of VEGF signaling in DPSCs is still
undetermined. In Chapter 5 I present my studies involving the angiogenic capacity of DPSCs,
and demonstrate that the angiogenic induction by pericyte-like DPSCs is dependent on VEGF

signaling.

1.15 Summary

Stem cell-based therapy holds a great promise to solve health problems from both
systemic and oral diseases. The identification of a good stem cell source is a major key for a
success in tissue regeneration. Although stem cells can be isolated from a variety of tissues at

various developmental stages with different stem cell capacities, adult stem (AS) cells are
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attractive multipotent stem cell sources for clinical applications without ethical concerns. Human
dental pulp stem cells (DPSCs), dental tissue-derived AS cells, have been widely studied due to
their great clinical potential as a mesenchymal stem cell source, easy accessibility and less
invasive harvesting. Since the first discovery of DPSCs in 2000, studying in DPSCs grows
rapidly. Nevertheless, there are still questionable issues needed to be optimized and answered
such as the variable biological capacity of DPSCs. Variability of the differentiation capacity
among DPSCs clones or experiments urged me to address if there are different stem cell niches
and populations from different origins in DPSCs.

Oral tissue engineering such as salivary glands is a potential clinical approach to treat
salivary gland dysfunction such as xerostomia or irradiation-induced salivary gland in patients
with oral cancers. However, the integration cellular components, vascularization and innervation
is necessary to generate a functional salivary gland tissue. Due to similarities between tooth and
salivary gland formation, DPSCs are proposed as potential ecto-mesenchyme supportive cells for
salivary gland formation.

Angiogenesis is crucial for organogenesis, wound healing and the regenerating process in
all tissues, including dentin/pulp regeneration. DPSCs are located in the perivascular niche and
play an important role in dentin/pulp regeneration via angiogenesis, suggesting their pericyte-like
characteristics. However, no direct study has proven the angiogenic capacity of pericyte-like
DPSCs.

In summary, I pursued the characterization of neural crest-derived murine DPSCs and
studied two potential clinical applications of DPSCs: the use of DPSCs to serve as supporting

ecto-mesenchyme for salivary gland tissue regeneration and the angiogenic potential of DPSCs
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for tissue regeneration. Better understanding of DPSC nature and biology will provide more
basic knowledge, and broaden the use of DPSCs in clinical applications.

In this dissertation I will introduce my research goal during my graduate training
including three specific aims, underlying hypotheses, and research strategies. Then, I will present
the experimental studies and results demonstrating the characterization of neural crest-derived
DPSCs in murine neonatal mice. Subsequently, two potential biological capacities of DPSCs in
clinical applications will be discussed both in vitro and in vivo. The use of DPSCs to serve as
supporting ecto-mesenchyme for salivary gland tissue regeneration will first be determined,
followed by the angiogenic potential of DPSCs for tissue regeneration. Lastly I will review my
research objectives, results, conclusions, and discussion about direction of future studies and

clinical applications.
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Figure 1.3 Sources of oral and dental tissues-derived adult stem cells. BMSCs: bone marrow-
derived MSCs from orofacial bone; DPSCs: dental pulp stem cells; SHED: stem cells from
human exfoliated deciduous teeth; PDLSCs: periodontal ligament stem cells; DFSCs: dental
follicle stem cells; TGPCs: tooth germ progenitor cells; SCAP: stem cells from the apical papilla;
OESCs: oral epithelial progenitor/stem cells; GMSCs: gingiva-derived MSCs; PSCs:
periosteum-derived stem cells; SGSCs: salivary gland-derived stem cells (Egusa et al., 2012).
See details in section 1.7 Oral and dental stem cells.
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Figure 1.4 Neural crest migration and contribution (Wislet-Gendebien et al., 2012). See
details in section 1.9 Neural crest contributions.
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Figure 1.5 Brief overview of tooth development. A schematic frontal view of an embryo head
at embryonic day (E) 11.5 is demonstrated with a dashed box to indicate the site where the lower
molars will form. Below, the stages of tooth development are shown from the first signs of oral
epithelium thickening at E11.5 to eruption of the tooth at around 5 weeks after birth. The tooth
germ is formed by the interaction between oral epithelium and neural-crest-derived mesenchyme.
At the bell stage of development, the ameloblasts and odontoblasts form in adjacent layers at the
site of epithelial-mesenchymal interaction, and produce the enamel and dentin in the tooth,
respectively (Tucker and Sharpe, 2004).
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Figure 1.6 Brief overview of salivary gland development in mice. Schematic diagram of the 4
stages of salivary gland development: initial bud, pseudoglandular, canalicular, and terminal bud
stages. Laminin-producing epithelia in end buds are indicated in light grey (pseudoglandular
stage). Laminin-producing epithelia are only present in end buds but not in the stalk portion and
interact with neural crest-derived mesenchyme to form branching structures during branching
morphogenesis. A schematic diagram of the 3 steps in branching morphogenesis, stalk
elongation, cleft formation, and dichotomization is also shown. Salivary mesenchyme is
indicated in dark grey, and epithelia in white. The epithelial-mesenchymal interaction enhances
the branching morphogenesis in salivary gland. See text in section 1.11.2. Abbreviations: mes:
mesenchyme; e: epithelium; e.b: epithelial bud (Okumura K, 2012).
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Figure 1.7 VEGF ligands, their receptors (VEGFR), and their signaling. Neuropilin-1/-2)
and classical VEGFR1-3 (KDR, Flt-1, Flt-4) can bind members of VEGF family (VEGF-A, -B, -
C, -D and -E). All of the classical VEGFRs (KDR, Flt-1, Flt-4) separately mediate VEGF
signaling. However, VEGFRs also form receptor duplexes coupling KDR, Flt-1 or Flt-4 to
neuropilin (NP) that transduce a newer VEGF signal. This schematic representation of VEGFR
bindings and signals clearly shows the complexity of angiogenesis involved receptors. VEGF
signaling pathway is subdivided in cell migration, proliferation and survival, resulting in
angiogenesis (Hadj-Slimane et al., 2007). See details in section 1.14 for more explanation.
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CHAPTER 2

Research goals and specific aims

Dental pulp stem cells (DPSCs) isolated from human tooth pulp have been shown
capable of extensive proliferation, multi-differentiation in vitro, and generation dentin/pulp-like
complex structure in vivo. Furthermore, DPSCs have been reported to contribute to non-dental
tissues such as mesenchyme, neuron, and muscle. Nonetheless, DPSC differentiation capacity
reported by several scientific groups is highly variable and this inconsistency raises questions
about the quality and assurance of DPSCs proposed to be used for clinical applications. Possible
causes that may explain these inconsistencies are proposed to study. DPSC heterogeneity may be
caused by variable contribution of cells derived from different origin(s). During tooth
development, a majority of dental pulp cells originate from neural crest although a significant
minority of non neural crest-derived cells resides in the dental pulp. Thus, I aimed to determine
the developmental origin of DPSCs, whether they are derived from neural crest and/or non-
neural crest.

Irreparable salivary gland tissue dysfunction can be generated by salivary gland diseases
such as xerostomia and radiation treatment for head and neck tumor (Dirix et al., 2008).
Postnatal stem cells isolated from salivary glands have been characterized and demonstrated
capable to give rise into all the epithelial components of the salivary gland tissue such as ductal
and acinar cells (Lombaert et al., 2008); nevertheless, their application for salivary gland tissue
regeneration is hindered by the need of other supportive cells, vasculature, innervations and

matrix necessary for regeneration of the functional salivary gland tissue (Bucheler and Haisch,
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2003). The interaction of epithelium and mesenchyme is essential for the branching
morphogenesis of the salivary gland. Importantly, the epithelial-mesenchymal interactions in
tooth and salivary gland formation are similar and molecular cues such as secretion of fibroblast
growth factors (FGF-10, FGF-7) by the ecto-mesenchyme and expression of FGF receptors
(FGFR-1, FGFR-2) by the epithelium are important for both the development of tooth bud and
salivary gland (Hoffman et al., 2002, Jaskoll et al., 2002, Jaskoll et al., 2004, Jaskoll et al., 2005,
Madan and Kramer, 2005, Patel et al., 2006, Yamamoto et al., 2008). Due to similarities in tooth
bud and salivary gland development, I aimed to study the capacity of neural crest-derived DPSCs
to support and induce salivary epithelium differentiation.

Human and mouse dental pulp stem cells (DPSCs) have been isolated, characterized both
in vitro and in vivo, and proposed for regenerating dental tissue for clinical application
(Gronthos et al., 2000, Huang et al., 2006, Janebodin et al., 2011). Anatomically, DPSCs are
shown to be located in a perivascular niche (Shi and Gronthos, 2003, Lovschall et al., 2007). In
turn, the anatomical position and developmental origin of DPSCs suggest a role as pericytes.
However, the capacity of DPSCs to function as pericytes is yet to be elucidated. Angiogenesis is
important for successful tissue regeneration, repair, and healing. Without adequate blood supply,
tissue regeneration cannot be accomplished and subsequently necrotic or scar tissues are formed
(Madeddu, 2005). Therefore, stem/progenitor cells that can function as pericyte-like cells that

promote angiogenesis are an attractive stem cell source for tissue regeneration.

To address this hypothesis, the specific aims and approaches are set as follows:
Specific Aim 1: To determine a presence of dental pulp stem cells (DPSCs) in neonatal

mice, and their developmental origin. Hypothesis: Dental pulp from neonatal mouse teeth
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contains DPSCs with mesenchymal stem cell properties which are neural crest-derived.
Strategies: a) Determine the DPSC location in Tie2-GFP and Wntl-Cre/R26R-LacZ derived
dental pulp; b) Isolate and culture DPSCs from Tie2-GFP and Wnt1-Cre/R26R-LacZ in stem cell
media to obtain DPSC clones; c¢) Determine the expression of pluripotent stem cell and neural
crest-related genes and markers in DPSCs, and d) Determine the multipotency of DPSCs by in

vitro differentiation and in vivo intramuscular and dorsal subcutaneous transplantations.

Specific Aim 2: To determine function of neural crest derived-DPSCs in salivary gland
tissue formation. Hypothesis: Neural crest derived-DPSCs are able to function as ecto-
mesenchyme and support salivary gland tissue formation. Strategies: a) Determine the formation
of salivary gland acini by in vitro co-culture between human salivary gland cell line (HSG) and
murine DPSCs on matrigel; b) Determine the expression of neural crest-derived salivary gland
mesenchymal genes and angiogenic-related genes in DPSCs, and c¢) Determine the capacity of
salivary gland tissue formation by xeno-transplantation of HSG and DPSCs with hyaluronic acid

(HA) hydrogel plugs.

Specific Aim 3: To determine a role of DPSCs as pericyte-like cells in angiogenesis.
Hypothesis: DPSCs function as pericyte-like cells to enhance angiogenesis via VEGF-dependent
pathway. Strategies: a) Determine the angiogenic capacity of DPSCs on endothelial cells using in
Vvitro co-culture vascular tube formation, compared with femur-derived bone marrow stromal
cells (BMSCs); b) Determine the angiogenic gene expression in DPSCs before and after sFlt-1
treatment in vitro, and c¢) Determine the effect of untreated DPSCs and sFlt-1 treated DPSCs in

angiogenesis in vivo using matrigel plug transplantation, compared with BMSCs.
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All of the research techniques and results obtained are described and discussed in details in the

following chapters.

DPSCs are easily accessible from wisdom or supernumerary teeth. These results will
broaden the knowledge of DPSC biology which will be instrumental to develop translation
protocols for their clinical use for regeneration of dental tissues, and also regeneration of non-

dental tissues in the body.
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CHAPTER 3

Isolation and characterization of neural crest-derived dental pulp stem cells from Tie2-

GFP neonatal mice (Janebodin et al. 2011)

3.1 Introduction

Dental pulp stem cells are adult stem cells which were first discovered by Gronthos and
Shi et al. (Gronthos et al., 2000). They isolated dental pulp, which is loose connective tissue
located in the central part of tooth, from human third molar. Among heterogeneous cell
populations and blood vessels as well as innervation in dental pulp, they characterized a cell
population with high proliferative capacity, forming calcified nodules in vitro, and dentin/pulp-
like structures in vivo, named dental pulp stem cells (DPSCs). On the other hand, they
demonstrated that bone marrow stromal cells (BMSCs) formed mineralized nodules, gave rise to
adipocytes in vitro, and generated bone-like structure in vivo (Gronthos et al., 2000). Another
study from the same group showed more evidence that this cell population has stem cell
properties such as colony formation, adipogenic and neurogenic in vitro differentiation, and also
the generation of dentin/pulp-like structures (Gronthos et al., 2002, Batouli et al., 2003).
Nevertheless, various DPSC clones exhibited different in vitro and in vivo capacities. This may
be from either the heterogeneity of DPSCs or the cell hierarchy of stem cells and committed
progenitor cells in dental pulp (Gronthos et al., 2002). Although diversity was observed among
DPSC clones, DPSCs were distinguished from BMSCs, suggesting differences in the
developmental nature of both stem cell populations (Shi et al., 2001, Batouli et al., 2003). The

following studies attempted to isolate and characterize DPSCs in purer populations by using
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several methods such as clonogenic assays (Gronthos et al., 2002), isolating cells with the
specific stem cell surface receptors or side population property (Shi and Gronthos, 2003, Laino et
al., 2005, Laino et al., 2006). However, the variable multi-differentiation capacity of DPSCs to
form dental and bone tissues in vitro and in vivo was reported (Gronthos et al., 2002, Huang et
al., 2006, d'Aquino et al., 2007, Stevens et al., 2008, Ryu et al., 2009, Spath et al., 2009).

Notch expression, which is an important signaling molecule for determination of stem
cell fate, may be involved in the specification of DPSC niches (Lovschall et al., 2005).
Differential Notch expression was observed in different locations within the dental pulp,
implying that dental pulp may harbor several subpopulations of stem cells with different
proliferative-differentiation capacity and developmental origins (Lovschall et al.,, 2005).
Alternatively all DPSCs may derive from the same origin but their niche and location dictate
their behaviors. These variable results in the differentiation capacity among DPSC clones led me
to question if there are different stem cell niches and/or stem cell populations in dental pulp.

In this chapter, I aimed to exploit a Tie2-GFP transgenic mouse as a model to isolate and
characterize murine dental pulp stem cells (DPSCs) from neonate both in vitro and in vivo for

further experimental analyses.

3.2 Materials and Methods

3.2.1 Dental pulp isolation

Dental pulp tissue were isolated in pools (5 mice per preparation) from 4-8 day old Tie2-
GFP neonates (Jackson Stock Laboratory, Bar Harbor, ME, USA) (n=3 different preparations) in
accordance with approved Institutional Animal Care and Use Committee (IACUC) guidelines.

Mandibles were placed in a petri dish with stem cell media described below, separated from
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maxillae, and cleaned by removing connective tissues to better expose the first and second lower
molars. The molar teeth without root formation were separated from the medial aspect of
mandible. Pulp tissue was gently isolated from tooth crowns and kept in stem cell media. The
procedure was done by using the gauge needle #26 (Becton-Dickinson, NJ) under
stereomicroscope (Stereomaster, Fisher). The tissue was washed with phosphate buffer saline
(PBS; HyClone, Logan, UT) and digested with a 1.2 units/ml dispase II, 2 mg/ml collagenase
type IV (Worthington, Lakewood, NJ) supplemented with 2 mM CaCl, in PBS for 60 min at
37°C. An equal volume of stem cell media was subsequently added to the digest for enzyme
neutralization prior to filtering through 70 mm nylon cell strainers with a filter area of 3.14 mm®
(BD Falcon, Franklin Lakes, NJ), and then centrifuging at 300 g for 10 min at room temperature.
The cell pellets were then resuspended in stem cell media and single cell suspensions were plated
at 1000 cells/cm’.

3.2.2 DPSC culture

Mononuclear cells (1000 cells/cmz) were cultured at 37°C under 5% O, and 5% CO, in
stem cell media, containing a final concentration of 60% low-glucose DMEM (Gibco,
Invitrogen), 40% MCDB201 (Sigma), 2% heat-inactivated fetal calf serum (HyClone) selected
previously for optimal growth of murine mesenchymal stem cells, ITS (Sigma), linoleic acid
with bovine serum albumin (LA-BSA) (Sigma), 10° M dexamethasone (Sigma), 10 M ascorbic
acid 2-phosphate (Sigma), 100 units/ml penicillin with 100 mg/ml streptomycin (HyClone), and
1x10° units/ml leukemia-inhibitory factor (LIF-ESGRO, Millipore), supplemented with 10
ng/mL EGF (Sigma) and 10 ng/mL PDGF-BB (R&D) (Breyer et al., 2006). Once adherent cells
were more than 50% confluent, they were detached with 0.25% trypsin-EDTA (Invitrogen) and

replated at a 1:4 dilution under the same culture condition with fresh media.
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3.2.3 Clonal culture of DPSCs

Cultured DPSCs at passage 4-7 were plated at 50-100 cells/cm”. Clones were derived
from all three non-clonal lines but only clones from line 1 at passage 7 were used in the
experiments described here. 24 h after plating, adherent cells were observed and single isolated
cells were marked by circling the bottom of the plate with a lab marker. After 10 days, cell
colonies were observed and isolated by using 8x8mm cloning rings (Millipore). The clonal
populations were expanded every 4 days and transferred to larger size culture dishes beginning
with 96-well, 48-well, 24-well, 12-well, 6-well, 60 mm and 100 mm, respectively, until finally
being seeding in 150 mm culture plates by day 32. The DPSC clones were cultured at a 1:4
dilution until reaching the appropriate cell number for further experiments.

3.2.4 Reverse transcription-polymerase chain reaction (RT-PCR)

DPSCs were extracted for total RNA by using the RNeasy Mini kit (Qiagen) according to
the manufacturer’s protocol. Quantity and purity of RNA was determined by 260/280 nm
absorbance. First-strand cDNA was synthesized from 500 ng of RNA using the High Capacity
cDNA synthesis kit from Applied Biosystems (Foster City, CA) per manufacturer’s protocols
using a randomized primer. cDNA (20 ng) was diluted in a final volume of 20 pl per reaction
using the Immomix PCR Mastermix from Bioline (Randolph, MA). PCR for each specific target
gene was performed using the following thermal cycling conditions; 95°C 7 min for initial
activation followed by 95°C/30 s; 57°C/30 s; 72°C/45 s, for 40 cycles, with a final 5-min
extension at 72°C. Mouse-specific primers are listed in Table 3.1. 10 pl of each RT-PCR product
was separated on 2% agarose/ethidium bromide gels and viewed under UV light.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as control housekeeping

gene. RNA extracted from mouse embryonic stem cells (mESC), salivary gland, brain, liver,
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calvarial bone cells (a gift from Dr. Thanaphum Osathanon, Chulalongkorn University,
Thailand), and cementoblast cell line (a gift from Dr. Martha Somerman, University of
Washington) were used as positive control while negative controls lacked cDNA.

3.2.5 Quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR)

20 ng cDNA for Q-RT-PCR were prepared using the SYBR green PCR master mix from
from Applied Biosystems. Reactions were run on the ABI 7900HT PCR system with the
following parameters: 50°C/2 min and 95°C/10 min, followed by 40 cycles of 95°C/15 s and
60°C/1 min. Mouse-specific primers are listed in Table 3.1. Results were analyzed using SDS
2.2 software and relative expression calculated using the comparative Ct method. A Ct-value
showed how many PCR cycles were necessary to obtain a certain level of fluorescence.
Amplification efficiency of different genes was determined relative to GAPDH as an endogenous
control to normalize RNA expression (dCt = Ctgene-CteappH). Messenger RNA (mRNA) in each
sample was calculated using a comparative ddCt (dCtgene-dCteonirol) Value method. The fold

change in gene expression relative to the control was calculated using 29"

. Each sample was
run in triplicate reactions for each gene. cDNA of mESC and mouse aortic smooth muscle cells
(a gift from Dr. William Mahoney Jr., University of Washington) were used to calibrate samples.

3.2.6 In vitro multi-differentiation

The compositions of each differentiation media and cell densities are listed in Table 3.2.
DPSCs were plated at corresponding cell density in 24-well plates (BD) and incubated overnight
in stem cell media at 37°C under 5% O, and 5% CO,. After 24 h, media was switched to
corresponding differentiation media for 21 days with media change every 3 days. Each

differentiation media comprised of serum-free media supplemented with specific growth factors

for each respective differentiation lineage. The serum-free media was made using the same
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components and concentrations as stem cell media but without fetal calf serum, PDGF-BB, EGF,
and LIF.

3.2.7 Immunocytochemistry and immunofluorescence

For immunocytochemistry, cells were fixed with ice cold methanol for 5 min,
permeabilized with 0.1% Triton-X 100 (Sigma) in PBS with 1% bovine serum albumin (BSA)
for 10 min, inhibited endogenous peroxidase activity with 0.3% hydrogen peroxide in methanol
for 30 min, and blocked non-specific binding sites with 10% goat or horse serum (Vector
Burlingame, CA) for 1 h. All primary antibodies listed in Table 3.3 were used and incubated
overnight at 4°C. Stained cells were incubated with a biotinylated antibody at 1:100 (Vector
Burlingame, CA) for 1 h, washed and treated with the Vectastain ABC kit and 3, 3’-
diaminobenzidine (DAB) or 3-amino-9-ethylcarbazole (AEC) substrate kit according to
manufacturers protocol (Vector Burlingame, CA).

For immunofluorescence, cells were fixed with 4% formaldehyde for 5 min, washed with
PBS, and stained with primary antibodies as described in Table 3.3. Donkey-derived Alexa 488
or goat-derived Alexa 594 or goat-derived Alexa 647-conjugated secondary antibodies
(Invitrogen) were diluted at 1:800 and incubated for 1 h. Cells were stained with 4°, 6-diamine-2-
phenylindol (DAPI) at 1:1000 to visualize the nuclei. All antibodies were diluted in 0.1% Triton-
X 100 in PBS with 1% BSA. Controls omitting the primary antibody and/or that stained with
IgG isotype were used as negative control included for all staining.

3.2.8 Histochemical staining

Toluidine blue was performed to determine proteoglycan producing cells in chondrogenic
culture (Kiernan, 2009). Briefly, 1% toluidine blue (Fisher Biotech) in 70% ethanol was diluted

in 1% sodium chloride to 0.1% working solution. Cells were fixed with cold methanol (-20°C) 5
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min, stained with fresh toluidine blue working solution 1-2 min, rinsed 3 times with distilled
water.

Oil Red O was used for characterizing lipid-containing cells in adipogenic culture
(Kiernan, 2009). Briefly, 0.5% Oil Red O (Alfa Aesar) in isopropanol diluted in distilled water to
0.25% working solution was incubated 60 min at room temperature and filtered. Cells were fixed
with cold methanol 5 min, incubated in fresh Oil Red O working solution 3-5 min, rinsed 3 times
with distilled water.

3.2.9 In vivo transplantation

In accordance with approved IACUC protocols, 1x10° of murine non-clonal DPSCs,
clonal DPSCs, and femur-derived BMSCs were separately transplanted into 1-month-old male
Ragl null mice (Jackson Laboratory, Bar Harbor, ME, USA) by two methods (n=3 mice/ cell
line); 1) intramuscular (IM) injection in the tibialis anterior, and 2) subcutaneous (SC)
transplantation with hydroxyapatite tricalciumphosphate (HAp/TCP) (Zimmer) in the dorsum.
BMSCs were isolated and cultured as previously described (Reyes et al., 2005). Prior to
transplantation, cells were labeled with the fluorescent membrane dye PKH-26 (Sigma)
according to manufacturer’s instructions. Grafts were harvested after 2-wk and 12-wk IM, 5-wk
and 12-wk SC transplantations. For SC-transplanted tissues, samples were fixed with Bouin’s
fixative solution (Sigma) overnight in 4°C, then washed with 70% ethanol several times, and
demineralized for 7-14 days in demineralizing AFS solution containing acetic acid, 10% neutral
buffered formalin, and sodium chloride at 4°C. Transplanted tissues were embedded in optimal
complete tissue (OCT) medium, frozen with liquid nitrogen cooled isopentane and cut to 10-13

um thick sections. Some SC-transplants were embedded in paraffin and cut to 5 um thick
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sections. Sections were analyzed by Hematoxylin & Eosin (H&E) staining, Masson trichrome,
immunohistochemistry, and immunofluorescence (Kiernan, 2009).

Masson trichrome staining was performed for characterization of collagen matrix which
was formed by transplanted cells. Briefly, samples were stained in Hematoxylin solution which
stained nuclei in blue-black for 5 min, then washed in running tap water for 5 min and rinsed in
deionized water. Next, the samples were stained in Biebrich Scarlet-Acid Fuschin (Sigma) which
stained cytoplasm in red for 5 min, then rinsed in distilled water. The samples were subsequently
placed in Phosphomolybdic (Sigma): Phosphotungstic Acid Solution (Sigma): distilled water (1:
1: 2) for 10 min to allow for the uptake of the Fast Green stain. Then, the samples were stained in
2% Fast Green which stained collagen in blue for 5 min before rinsing briefly in distilled water.
Afterwards, the slides were placed in 1% acetic acid for 5 min. The slides were dehydrated by

95% ethanol, absolute ethanol, and xylene, respectively, before mounting with Permount.

3.3 Results

3.3.1 DPSCs in culture demonstrated high proliferative capacity.

Dental pulp was isolated from lower molar teeth of 4-8 day old neonatal Tie2-GFP mice
because these developing teeth have not formed roots yet (Figs. 3.1A, B), which makes pulp
dissection feasible. Since the dental pulp is a highly vascularized tissue, I used the Tie2-GFP
model to determine the contribution of endothelial cells and hematopoietic cells in my dental
pulp cultures. Tie2-GFP is a transgenic mouse model in which the vascular endothelial cells
express green fluorescent protein (GFP) under the driven of the endothelial-specific receptor
tyrosine kinase (Tie2) promoter (Motoike et al., 2000). Following constant monitoring for the

presence of GFP, all dental pulp cultures derived from Tie2-GFP were completely negative for
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GFP, indicating my cultures did not contain endothelial and/or hematopoietic cells (data not
shown). In addition, cells harvested from early cultures were negative for endothelial expressed
genes VWF (von Willebrand Factor), CD31 (PECAM), angiopoietin receptors Tiel and Tie2 and
Ve-Cadherin by RT-PCR (data not shown).

To identify highly proliferative populations, freshly isolated dental pulp mononuclear
cells were cultured at low density, 1000 cells/cm?, in stem cell media with 2% serum as a
selective condition to enrich for stem cell outgrowth, and 5% CO,/O, to more accurately
replicate physiological conditions (Ma et al., 2009). Within two days in culture, cells began to
proliferate and form individual colonies (Fig. 3.1C). By day 10 in culture, cells formed larger,
confluent colonies (Fig. 3.1D), that were split and subsequently sub-cultured approximately
every 4 days. In each passage, I used a 1:4 dilution as the standard ratio for cell expansion.
Although cells were cultured until passage 14 (day 90), they grew at a consistent and steady
proliferation rate without signs of senescence, suggesting that DPSCs are highly proliferative.
DPSCs from three independent isolations were characterized; each of which demonstrated
similar growth pattern and proliferation rate. The morphology of cultured cells was
heterogeneous in early culture but most appeared spindle-shaped (Fig. 3.1E).

3.3.2 DPSCs expressed stem cell and neural crest-related genes.

In addition to highly proliferative capacity, to gain insights into the stem cell properties
and possible origin of DPSCs, the expression of stem cell genes as well as neural crest and
mesodermal genes were surveyed in freshly isolated dental pulp tissue and three DPSC cell lines
generated from early to late cultures. RT-PCR (Fig. 3.2A) demonstrated negative Oct4 in both
fresh tissue and cells in early culture while Sox2 was generally expressed. However, Oct4 was

expressed in the late culture (passage 7) of two DPSC lines (lines 1 and 2). Surprisingly, there
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was consistently high KIf4 expression even in late passages in all three isolations. KIf4 and Sox2
are two of four pluripotency genes required to generate inducible pluripotent stem (iPS) cells
(Takahashi et al., 2007). Moreover, Nanog, which is important for the maintenance of
pluripotency in embryonic stem cells, was up-regulated in culture (Boyer et al., 2005). The
expression of some pluripotent genes suggests the existence of a primitive stem cell population
in our cultures and indicates that these culture conditions support self-renewing cells. DPSCs
also expressed variable levels of c-Kit. C-Kit, encoding a tyrosine kinase receptor for the
cytokine stem cell factor, plays an important role in cell survival, proliferation, and
differentiation in multiple tissues and stem cell types (Li et al., 2006). Moreover, c-Kit is
expressed in a subpopulation of neural crest stem cells destined to form melanocytes (Randall et
al., 2008). Therefore, expression of c-Kit on DPSCs, although variable, may indicate the
presence of stem cells from neural crest cell origin in our cultures.

To characterize the potential origin of DPSCs, the early developmental markers were
determined in DPSCs (Fig. 3.2B). As expected, a complete absence of genes expressed by
mesodermal cells during development; Brachyury (Martin and Kimelman, 2008) and Mesp2
(Saga et al., 1997), was observed in all DPSC cultures. In contrast, Goosecoids (Gsc) (Sawada et
al., 2000) and Gata6 (Kamnasaran and Guha, 2005), which are genes associated with neural crest
development, were expressed by DPSCs. In addition, DPSCs expressed embryonic neural crest
and neuronal stem/precursor cell associated genes (Fig. 3.2C); tyrosine kinase C (TrkC) ,
platelet-derived growth factor receptor-alpha (Pdgfra), low-affinity nerve growth factor receptor
(LNGFR), Twist, Snail, Slug, Sox10, neural cell adhesion molecule (Ncam), and musashil

(Msid).
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TrkC is expressed in many neural crest derivatives including tooth forming mesenchyme.
In the tooth, TrkC is observed in the core of the dermal papilla (Tessarollo et al., 1993) which
develops into dental pulp. Pdgfra is a marker for skeleto-odontogenic neural crest cells, and has
been strongly detected on the bone-forming cranial neural crest cells of mice, as well as in teeth
and other first branchial arch derivatives (Takakura et al., 1997). LNGFR is one of the two
receptor types for the neurotrophins that stimulate neuronal cells to survive and differentiate, and
LNGFR is a specific cell phenotype that has been used to isolate mammalian neural crest stem
cells from fetal sciatic nerve (Morrison et al., 1999). Twist, Snail, Slug, and Sox10 are four neural
crest specifiers activated in migrating neural crest cells and function by turning on the expression
of effector genes, which results in certain properties of neural crest such as migration and
multipotency (Meulemans and Bronner-Fraser, 2005). Ncam is a binding glycoprotein expressed
on the surface of neural progenitor cells (Tibbitts et al., 2006), and also found in DPSCs
(d'Aquino et al., 2009). Msil is a marker expressed in neural precursor cells and cardiac neural
crest stem cells (Tomita et al., 2005).

The presence of neural crest associated proteins in DPSCs was further examined by
immunocytochemistry to confirm the transcriptional results. Undifferentiated cells showed
positive staining for the pluripotent transcription factor KLF4, and neural crest-related markers;
MSI1, and SOX10 (Fig. 3.3). Although I cannot rule out the existence of non-neural crest cells in
these cultures, these results suggest that a neural crest derived population existed in my DPSC
cultures. To determine if the presence of such pluripotent genes indicates the existence of stem
cell populations in the dental pulp, I further examined the stem cell capacity of DPSCs by their

multi-differentiation.
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3.3.3 DPSCs differentiated into neural crest-lineage cells in vitro.

During head and neck development, neural crest cells migrate to the cephalic region and
give rise to bone, cartilage, fat, neurons, glia, and connective tissues, including dentin-forming
cells, odontoblasts (Bronner-Fraser, 1995, Chai et al., 2000, Abzhanov et al., 2003). In vitro
differentiation of DPSCs into neural crest lineages supports the hypothesis that DPSCs maintain
embryonic neural crest potential. Thus, I studied the capacity of DPSCs to differentiate into
neural crest-lineage, specifically cranial neural crest derived tissues.

3.3.3.1 DPSCs differentiated into osteoblast-like, adipocyte, and chondrocyte-like cells.

DPSCs exposed to osteogenic, chondrogenic, and adipogenic media for 21 days stained
positive for specific differentiation markers (Figs. 3.4A-K) and expressed transcripts (Fig. 3.4L)
specific to each respective differentiation lineage.

Osteogenic differentiation

Immunoperoxidase staining of DPSCs cultured in osteogenic media, containing serum, [3-
glycerophosphate, ascorbic acid, and dexamethasone, showed cytoplasmic pattern of bone
sialoprotein (BSP) and osteopontin (OPN) in differentiated cells, but not in undifferentiated cells
(Figs. 3.4A-D) (Gronthos et al., 1994). RT-PCR showed that differentiated cells expressed
osteogenic markers (Fig. 3.4L, Osteogenic differentiation); runt related transcription factor 2
(Runx2), osterix (Osx), Opn, Bsp and dentin matrix proteinl (Dmpl). Runx2 is a transcription
factor important for osteo-odontoblast differentiation in mesenchymal cells and regulates many
bone- and tooth-related gene expressions (Ducy et al., 1997, Lian et al., 2006). Osx is another
osteoblast-specific transcription factor and is expressed in tooth germ mesenchymal cells

(Nakashima et al., 2002). OPN, BSP and DMP1 proteins are present in mineralized tissues such
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as bone, dentin, and cementum (Sommer et al., 1996, Feng et al., 2003). These results suggest
that DPSCs cultured in osteogenic media differentiate into osteoblast/odontoblast-like cells.

Adipogenic differentiation

Small clusters of lipid-containing cells were first observed on day 7 in cells exposed to
adipogenic media (data not shown) (Gregoire, 2001). Treated cells showed expression of
peroxisome proliferator-activated receptor gamma (Pparg2) and CCAAT/enhancer binding
protein alpha (CEBPa), which are transcription factors for adipocyte differentiation, as well as,
leptin and adipsin, which are specific markers of adipocytes (Fig. 3.4L, Adipogenic
differentiation) (Gregoire, 2001). Despite Pparg2 and leptin expression in undifferentiated cells,
Oil Red O-positive lipid-containing adipocytes were observed only in differentiated cells but not
in undifferentiated cells (Figs. 3.4E-F). Small clusters of lipid-containing cells were first
observed on day 7 in cells exposed to adipogenic media (data not shown) (Gregoire, 2001).
Treated cells showed expression of peroxisome proliferator-activated receptor gamma (Pparg2)
and CCAAT/enhancer binding protein alpha (CEBPa), which are transcription factors for
adipocyte differentiation, as well as, leptin and adipsin, which are specific markers of adipocytes
(Fig. 3.4L, Adipogenic differentiation) (Gregoire, 2001). Despite Pparg2 and leptin expression
in undifferentiated cells, Oil Red O-positive lipid-containing adipocytes were observed only in
differentiated cells but not in undifferentiated cells (Figs. 3.4E-F).

Chondrogenic differentiation

DPSCs cultured in chondrogenic media were first observed to display changes from
spindle-shaped cells to clusters of round and cuboidal cells representing chondrocyte-like
morphology on day 10 (Pavlov et al., 2003, Tscheudschilsuren et al., 2006). After 21 days, these

cells secreted matrix with high proteoglycan content which stained positive for toluidine blue
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(Fig. 3.4H) and collagen type II (COL II) (Fig. 3.4J) and formed calcified nodules (Fig. 3.4K),
indicating that these cells form cartilage matrix (Oesser and Seifert, 2003). RT-PCR
demonstrated that treated cells in chondrogenic media expressed S0x9 and increased expression
of pro-collagen type II (Col2al) genes which are specific markers for chondrocyte differentiation
(Lefebvre et al., 1997). I did not observe these chondrogenic hallmarks in undifferentiated cells
despite chondrogenic gene expression in such cells (Fig. 3.4L, Chondrogenic differentiation).

RT-PCR showed chondrogenic and adipogenic markers in cells treated with osteogenic
media; however, COL II- and/or Oil Red O-positive cells were not observed in this culture (data
not shown). Interestingly, I found BSP- and OPN-positive cells, as well as Oil Red O positive-
adipocytes in the chondrogenic media (data not shown). This is consistent with previous studies
that showed BMP2 is an inducer of not only chondrogenic differentiation but also osteoblastic
and adipogenic differentiations (Ji et al., 2000). Osx, Bsp, Dmpl, Pparg2, leptin, Sox9, and
Col2al, expressed in confluent undifferentiated cells in stem cell media at day 21 (Fig. 3.4L),
suggesting these are default differentiation pathways of DPSCs in confluent cultures.
Alternatively, it has been previously demonstrated that bone marrow stromal cells display an
osteogenic imprinting program and express messengers of these proteins in undifferentiated cells
(Satomura et al., 2000).

Intriguingly, Q-RT-PCR showed that Nanog and Klf4 were down-regulated during
differentiation of DPSCs (Fig. 3.5), suggesting that like embryonic stem cells, these pluripotent
genes play a role in maintaining DPSC stemness and thus are down-regulated during
differentiation (Zhang et al., 2010).

2.3.3.2 DPSCs differentiate into neuronal-like and smooth muscle-like cells.  After

exposing DPSCs to neurogenic media, differentiated cells stained positive for N-CAM, a
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neuronal adhesion molecule, and y-aminobutyric acid (GABA), an inhibitory neurotransmitter
produced by GABAergic neurons (Figs. 3.6A-D) (Jiang et al., 2003, Amoh et al., 2005). I also
treated DPSCs with PDGF-BB to induce smooth muscle differentiation (Ross et al., 2006).
Following day 21 of PDGF-BB, DPSCs showed smooth muscle-like morphology, and stained
positive for a-smooth muscle actin (SMA) (Figs. 3.6E, F). However, I could not observe any
positive cells of either neurogenic or smooth muscle differentiations in the undifferentiated cells
(Figs. 3.6A, C, E).

3.3.4 DPSCs generate single cell colonies

Colony-forming capacity is a characteristic growth pattern of many adult stem cells
including bone marrow mesenchymal stem cells, and has been used as an indicator of self-
renewal (Friedenstein et al., 1976). Indeed, a single stem cell should create a colony of progeny
cells with all or some daughter cells identical to the original cell. Initially, I attempted to
demonstrate colony formation from single DPSC by Fluorescent Activated Cell Sorting (FACS)
mediated single cell deposition. Unfortunately, this approach was unsuccessful possible due to
sensitivity of DPSCs to cell sorting. Thus, I utilized clonal rings commonly used to generate
single cell colonies from mesenchymal stem cells (Guilak et al., 2006). I first seeded cells at
several dilutions and determined that the limiting dilution to obtain single colonies was 50-100
cells/cm®. After 24 hrs adherent single cells were marked and monitored everyday for the
formation of colonies. At day 10, I observed 12 colonies in 600 cm? (four 150 cm? petri dishes)
(Figs. 3.7A-D). After clonal isolation, I cultured these clones in several passages and 5 of 12
(approximately 42%) survived and proliferated for further characterization.

Like the non-clonal populations, RT-PCR of clones expressed the pluripotent genes, KlIf4

and Nanog, and neural crest developmental genes, but not mesodermal developmental genes
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(Fig. 3.7E). Compared to non-clonal populations, clones definitively expressed higher and
consistent levels of Pax3, a cardiac neural crest developmental gene (Conway et al., 1997). All
clones demonstrated strong expression of neural crest and neural precursor genes; Msil, Twist,
Snail, Slug, Pdgfra, and also Vimentin (Fig. 3.7F). Vimentin is expressed in mesenchymal cells
irrespective of their origin or in cells undergoing epithelial-mesenchymal transition such as
migratory neural crest cells (Rao and Anderson, 1997). Additionally, the clones showed variable
Dmp1 but not Dspp, indicating an undifferentiated state of dental pulp cells (Yu et al., 2007).

3.3.5 DPSC clones show in vitro multi-differentiation in neural crest lineage, but not
adipocyte.

To determine if DPSC clones show multi-differentiation in neural crest lineages, we
performed in vitro differentiation by exposing 5 clones (C5-C9) to the same differentiating
media used to differentiate the non-clonal populations (Gronthos et al., 1994, Gregoire, 2001,
Jiang et al., 2003, Ross et al., 2006, Tscheudschilsuren et al., 2006, Noth et al., 2007). Prior to
differentiation, I analyzed gene expression levels for KIf4 and Nanog compared to non-clonal
populations and dental pulp tissue (Fig. 3.8). In turn, Nanog and Klf4 expression were variable
among the clones but comparable to the non-clonal populations. Thus, I assumed that clonal
populations should exhibit same differentiation capacity and fate as compared to non-clonal
populations (Figs. 3.9A-J, L, M).

Unlike differentiation of non-clonal cultures (Figs. 3.9A, C), I did not observe any
differentiated clonal cells positive for BSP and OPN in osteogenic media (Figs. 3.9B, D),
corresponding to low expression of Bsp in differentiated clones (Fig. 3.9K). BSP is the
osteoblast-specific protein found in bone matrix and highly secreted by osteoblasts (Lee et al.,

2009). In contrast, consistent with Dmpl expression (Fig. 3.9K), non-clonal and all clones in
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osteogenic media stained positive for DMP1 (Figs. 3.9E, F), dentin sialoprotein (DSP) (Figs.
3.9G, H) and osteocalcin (OCN) (Figs. 3.91, J); all of which are non-collagenous proteins
secreted by odontoblasts and found in dentin matrix (Papagerakis et al., 2002, Braut et al., 2003,
Feng et al., 2003). DSP is particularly considered a dentin-specific protein which is highly
expressed by odontoblasts (Lee et al., 2009).These results suggest the presence of odontoblast-
like cells more abundant in clonal differentiations. This osteogenic media has been used to
differentiate odontoblast-like cells from dental pulp cells in previous studies, thus it is not
surprising that DPSCs can differentiate into odontoblast-like cells when induced with such media
(Zhang et al., 2005). However, the clonal populations showed a more odontogenic than
osteogenic phenotype under this condition. Furthermore, all non-clonal DPSCs and 4 out of 5
DPSC clones stained positively for COL II (Figs. 3.9L, M) after treatment with chondrogenic
media, which was confirmed by the Sox9 and Col2al expression (Fig. 3.9N).

In contrast, all non-clonal and clonal DPSC cultures acquired a smooth muscle-like
morphology and stained positive for a-smooth muscle actin (SMA) after treatment with PDGF-
BB media (Figs. 3.6F, 3.10B). In addition, Q-RT-PCR of smooth muscle genes showed higher
expression of smooth muscle- and pericyte-related genes (Sm22-alpha, Sma, SMHC, and
calponin) in the undifferentiated clonal populations as compared to non- clonal (Fig. 3.11). In
turn, the differentiated progeny derived from the clonal populations showed a pattern of smooth
muscle maturation with significantly increased levels of myocardin, Sm22-alpha, Sma, SMHC,
and calponin (>10 folds higher than non-clonal differentiated cells and >100 folds higher
compared to smooth muscle cells) whereas in the non-clonal populations this trend of maturation
is not apparent (Fig. 3.11) (Wang et al., 2003, Grabski et al., 2009). Three out of five clones

stained positive for neurofilament (NF-160/200) (Fig. 3.10D), S100 (Fig. 3.10F), and NG2 (Fig.
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3.10H) which are neuronal cytoskeletal, glial, and oligodendrocyte markers, respectively, after
induction with neurogenic media (Nishiyama et al., 2005). The NF staining was confirmed with
RT-PCR of neurofilament-light (NFL) and -heavy (NFH) (Fig. 3.10I). In conclusion, 3 out 5
clones could differentiate into odontoblast-like, chondrocyte-like, smooth muscle-like and
neuronal-like cells, demonstrating their neural crest stem cell capacity (comparison summarized
in Table 4.4). Nevertheless, each clone showed some variability in lineage differentiation
capacity and efficiency, which reflects heterogeneity and/or a complex hierarchy of
progenitor/stem cells in our cultures.

3.3.6 DPSCs show plasticity depending on the in vivo niche.

To determine in vivo differentiation of DPSCs, I transplanted DPSCs labeled with a red
fluorescence dye (PKH-26) intramuscularly and subcutaneously in immune compromised Ragl
null mice to avoid immune rejection (Horan and Slezak, 1989). We used murine femur-derived
bone marrow stromal cells (BMSCs) cultured and transplanted under the same conditions in
order to compare DPSCs in vivo differentiation capacity with another mesenchymal line derived
from a different origin (mesodermal).

Two-weeks after intramuscular (IM) transplantation, non-clonal DPSCs identified as
PKH-26+ (Fig. 3.12A), created compacted collagen bundles as indicated by Masson’s trichrome
(Fig. 3.12B). The presence of collagen fibers was confirmed with polarized light microscopy
(Fig. 3.12C). Staining for dentin or bone proteins was only slightly positive (data not shown),
suggesting that the compacted collagen bundles did not resemble dentin- or bone-like structure. I
then hypothesized that longer in vivo transplantation will result in more mature phenotype of the
transplanted cells. Nonetheless, 12-week IM transplantations of non-clonal, clonal DPSCs, and

BMSCs, only generated abundant immature collagen fibers that stained blue in Masson’s
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trichrome (Figs. 3.12D-F), and polarized light (Figs. 3.12G-I) but were negative for dentin or
bone proteins (data not shown). This indicates that the skeletal muscle is not an inductive
environment for formation of mature mineralized matrix.

To explore if DPSCs can form more mature matrix structures in vivo, I used a more
permissive model of matrix formation, subcutaneous (SC) transplantation with
hydroxyapatite/tricalcium phosphate scaffolds (HAp/TCP) (Gronthos et al., 2000). Here I
transplanted three clones separately, which expressed high levels of Nanog and Klf4 by Q-RT-
PCR (Fig. 3.8), and showed multi-lineage neural crest differentiation capacity (Table 4.4). In
these transplants we also used femur-derived BMSCs as control cell line.

Five weeks after SC transplantation with HAp/TCP, PKH26-labeled DPSC clones (Fig.
3.13A) generated collagen forming-tissue demonstrated by Masson trichrome (Fig. 3.13C) and
polarized light (Fig. 3.13D, white arrowheads). In addition, PKH-26+ clonal cells produced
extracellular matrices which showed strong staining for DMP1 (Figs. 3.14A, D), and slightly
positive staining for DSP (Figs. 3.14B, E) and BSP (Figs. 3.14C, F). However, strong positive
staining of DSP (Fig. 3.14E, black arrowheads) and BSP (Fig. 3.14F, black arrowheads) was
observed in the cytoplasm of transplanted cells. DPSC clones were negative for dentin and bone
proteins prior to transplantation. All antibodies for dentin and bone matrices showed appropriate
staining pattern in tooth sections used as positive control to confirm the antibody specificity (Fig.
3.15). 1 observed that these mineralized tissues formed by DPSCs contained abundant
microvessels that stained positive for CD31, an endothelial marker (Fig. 3.16A). I consistently
observed some PKH-26+ (donor DPSCs) cells adjacent to these microvessels. These PKH-26+
cells seem scattered around vessels. Staining for a-smooth muscle actin revealed that these

microvessels did not contain a thick muscle layer but were wrapped by pericyte-like cells that



62

were SMA positive and some were also PKH-26+ (Figs. 3.16C, D, F). Many of these
microvessels seemed fenestrated and stained positive for VEGF receptor 3 (Figs. 3.16E, F)
(Partanen et al., 2000).

Interestingly, the 12-week SC transplantation showed different composition of
mineralized matrices depending on the donor cells, DPSCs and BMSCs. The H&E and Masson’s
trichrome showed bone-like structure created by BMSCs (Figs. 3.13G, J), but not in non-clonal
and clonal DPSC transplantations (Figs. 3.13E, F, H, and I). The structures produced by both
DPSC populations demonstrated collagen-forming matrices in many areas that were arranged
perpendicularly to the surface, which was confirmed using polarized light (Figs. 3.13K, L).
Corresponding to previous studies, the DPSC transplantation showed that elongated cells created
collagen fibers which run perpendicularly to HAp/TCP surfaces, resembling the morphology and
arrangement of odontoblasts (Figs. 3.13K, L, white arrowheads) (Gronthos et al., 2000,
Gronthos et al., 2002, Braut et al., 2003). In contrast, in the BMSC transplantation I observed
osteocyte-like cells trapped in matrix of collagen fibers which did not run perpendicularly to the
mineralized matrix (Figs. 3.13J, M) (Gronthos et al., 2000, Gronthos et al., 2002).

As negative control, the SC transplantation with only HAp/TCP, did not show any
positive staining of DMPI1, DSP, and BSP, respectively (Figs. 3.14G-I). Conversely,
immunohistochemistry in DPSC transplants showed positive DMP1, DSP, and BSP staining in
both cytoplasmic area and extracellular matrices (Figs. 3.14J-O). We observed elongated and
polarized cells that were positive for DMP1 and DSP in the DPSC transplantations (Figs. 3.14K,
M, N insets). On the other hand, the bone-like structures created by BMSCs were negative for
DSP, but positively for BSP (Figs. 3.14Q and R inset). I also observed positive DMP1 staining in

both DPSC-derived odontoblast-like cells and BMSC-derived osteoblast-/osteocyte-like cells
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(Figs. 3.14M inset, P osteoblast-like cells indicated by arrowheads, osteocyte-like cells indicated
by arrows). These results, based on tissue morphology and antibody staining, indicate that in vivo
DPSCs differentiated into odontoblast-like cells and generated dentin-like matrix whereas
BMSC:s differentiated into osteoblast-like cells and formed bone condensations.

Upon closer examination of the odontoblastic niche in the 12-week DPSC transplants,
similar to 5-week transplants, I observed abundant microvessels in close proximity to
odontoblast-like cells with fenestrated morphology surrounded by PKH-26+ cells, in both non
clonal and clonal DPSC transplants (Figs. 3.13E, F black arrowheads, 3.16G, 3.17A, B). In
contrast, matrices that were generated by BMSC transplants surrounded areas rich in HAp/TCP
(Figs. 3.13G black arrowheads, and J). Although microvessels were observed in the BMSC
transplants, the BMSC mineralized areas did not show close proximity to vessels (Fig. 3.17C
black arrowheads). Interestingly, in the BMSC transplants microvessels were predominantly
found in areas rich in adipocytes (Figs. 3.13G and 3.16H). In both transplants, microvessels were
mature as circulating red blood cells can be seen throughout (Fig. 3.17D). Therefore, I performed
a quantification of the average distance of donor nuclei in condensed matrices to nearest
capillaries. Surprisingly, the distance from odontoblast nuclei to nearest capillary was very close
(9 pm +/- 4.49) and very consistent across all DPSC transplants whereas the distance of
osteocyte nuclei to capillaries in bone condensations were significantly farther (187 pm+/-
76.88) (Fig. 3.17E). This capillary arrangement resembles dentinogenesis and contrasts early
osteogenesis. In dentinogenesis, capillaries are in close proximity to odontoblasts and many of
these capillaries are fenestrated whereas in osteogenesis the initial bone condensations occur in

avascular areas (Thompson et al., 1989, Yoshida and Ohshima, 1996, Carlile et al., 2000).
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3.4 Discussion

Differences in DPSC proliferation and differentiation capacities in vitro and in vivo as
described in previous reports indicate heterogeneity within DPSC populations (Gronthos et al.,
2002, Huang et al., 2006, d'Aquino et al., 2007). In turn, such heterogeneity may be attributed to
distinct developmental origins. The hypothesis that DPSCs are of neural crest origin has been
suggested and indirectly related by previous reports (Chai et al., 2000, Zhang et al., 2006,
Stokowski et al., 2007, Waddington et al., 2009). Accordingly, human dental pulp contains self-
renewing DPSCs capable of giving rise to mesenchymal-lineages and non-mesenchymal cells
such as neuron-like, smooth muscle-like, and melanocyte-like cells, indicating that these cells
might be derived from neural crest (Alliot-Licht et al., 2001, Gronthos et al., 2002, Stevens et al.,
2008). In this study, I explored several criteria to determine if stem cells in dental pulp originate
from neural crest. I first investigated the proliferative capacity of murine DPSCs cultured in stem
cell selective media, as well as, the expression of stem cell and neural crest genes. Subsequently,
I determined in vitro and in vivo multi-differentiation of DPSCs into neural crest-lineage.

Unlike human, mouse DPSCs have not been well described possibly due to the difficult
nature of isolating dental pulp from murine teeth (Gronthos et al., 2000). A recent study
characterized progenitors and stem cells in dental pulps of mouse molars in uneruption and
eruption states in vitro and revealed a small population of mesenchymal multipotent cells in
erupted molars but not in the dental pulp of the unerupted molars. Instead, a majority of dental
pulp cells of the unerupted molar were osteo-dentogenic progenitor cells (Balic et al., 2010). In
my studies, I determined the existence of stem cells in mouse dental pulp from unerupted molars
which exhibit high proliferation and multi-differentiation into mesenchymal and non-

mesenchymal lineages. DPSCs sufficiently self-perpetuated more than 14 passages (~3 months)
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without the alteration in morphology and proliferation rate. DPSCs chosen for all differentiation
experiments were harvested near passage 7, the time which Nanog and KIf4 expression was
highest (Fig. 3.8). In this study I used the optimal conditions for long-term cultivation of stem
cells without any signs of degeneration or spontaneous differentiation; near physiological oxygen
concentration, and a low concentration of serum supplemented with platelet derived growth
factor-BB (PDGF-BB), epidermal growth factor (EGF), insulin transferrin selenium (ITS),
dexamethasone, and leukemia inhibitory factor (LIF) (Breyer et al., 2006, Ma et al., 2009). This
combination differs from previously described culture condition used to grow human and mouse
DPSCs (Gronthos et al., 2000, Balic et al., 2010). Therefore, a direct comparison of culture
conditions must be undertaken to determine if DPSCs described here are equivalent to previously
described populations.

Interestingly the expression of embryonic pluripotent genes suggests the existence of
primitive stem cells within the DPSC population that share a similar genetic program to
embryonic and inducible pluripotent stem cells (Takahashi et al., 2007). Q-RT-PCR showed
down-regulation of Klf4 and Nanog after differentiation of DPSCs, suggesting that both
transcription factors play a similar role and function for maintenance of DPSC multi-potentiality
and undifferentiated state. Consistent with my hypothesis of a neural crest origin, DPSCs
expressed multiple neural crest markers whereas they did not show mesodermal developmental
markers. To determine that DPSCs fulfill the stem cell criteria, in addition to self-renewal, I also
explored their multi-differentiation capacity with emphasis on neural crest lineages.

Explants of cranial and trunk neural crest cells give rise to chondrocytes, glia, neuronal
cells, smooth muscle cells, and melanin-forming cells, which are all neural crest-lineage derived

during embryogenesis (Abzhanov et al., 2003). In my differentiation conditions, treated DPSCs
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expressed markers for osteoblast, chondrocyte, neuron, smooth muscle and adipocyte
differentiation, indicating that non-clonal DPSCs contains multipotent stem cells with capacity to
differentiate into mesenchymal and non-mesenchymal lineages of neural crest cells. Consistently
human DPSCs can in vitro differentiate into non-mesenchymal lineages (Alliot-Licht et al.,
2001, Gronthos et al., 2002).

DPSC clones, initiated from early passages of non-clonal cultures, were sub-cultured for
1 month without changing cell morphology. Like non-clonal DPSCs, all clones expressed Klf4,
Nanog, and neural crest-related genes, suggesting that clones maintain neural-crest
multipotential. My observations showed DPSC clones gave rise to odontoblast-like,
chondrocyte-like, smooth muscle-like, and neuronal-like cells, but not adipocyte.

To further assess DPSC plasticity, I transplanted cultured DPSCs to examine their
response In Vvivo in two different models: subcutancous (SC) and intramuscular (IM)
transplantations. Interestingly, each transplantation method resulted in different cell fates
indicating that DPSCs are not under a fixed program as environmental factors influence their
response. Short subcutaneous transplantation with HAp/TCP resulted in the production of a
disorganized dentin-like structure, mimicking a structure generated in reparative dentin
formation after tooth injury (Sloan and Smith, 2007). Reparative dentin exhibits disorganized
arrangement due to lack of signaling from inner enamel epithelium and basement membrane
which results in multiple inducing molecules secreted from dentin matrix (Sloan and
Waddington, 2009). Lack of epithelium induction may explain why DPSC clones generated a
disorganized structure. Like the renal capsule or subcutaneous regions, I used the intramuscular
model to transplant DPSCs since we hypothesized that a high vascularized system in muscle may

enhance the function of DPSCs (Gronthos et al., 2000, Gronthos et al., 2002, Yu et al., 2007). In
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turn, IM transplantation of DPSCs generated well-organized but immature collagen-forming
matrix. These results may be explained by several possibilities. First, each transplant
environment has a distinct influence on differentiation of DPSCs. Secondly, the IM transplanted
structure was more organized possibly because muscle fibers function as scaffold to stabilize and
directly instruct transplanted cells toward the proper arrangement and orientation. Thirdly, the
length of transplantation in the IM injections was only 2 weeks, 3 weeks shorter than SC
transplantation, and thus, longer IM transplantation may result in more mature matrix formation.

To determine if longer transplantations are required for formation of more mature
matrices, | performed IM and SC transplantations for 12 weeks. Surprisingly, longer in vivo
exposure did not result in more mature matrix formation in the IM transplants. However, longer
SC transplantations with HAp/TCP resulted in more mature matrix formation in both DPSC and
BMSC transplants but the morphology and matrix compositions differed.

First, I observed many abundant small blood vessels in close proximity to odontoblast-
like cells in DPSC transplants. Many of these microvessels were fenestrated and stained positive
for VEGFR-3. I observed pericyte-like cells adjacent to these microvessels; some of which were
donor DPSC-derived. This observation illustrates the perivascular nature of DPSCs and their
potential to function as pericytes (Shi and Gronthos, 2003, Marchionni et al., 2009). Although
BMSC transplants also contained abundant microvessels, bone condensations were significantly
distant to vessels. Interestingly, in BMSC transplantations I observed a large number of
microvessels in areas rich in adipocytes. These cells may be from BMSC-derived or derived
from host cells which were signaled by BMSCs to differentiate into adipocytes.

Secondly, long-term DPSC transplantation resulted in a more organized mineralized

matrix formed by elongated and polarized cells resembling odontoblast-like morphology which
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were in close proximity to microvessels. These matrices represent dentin-like structure with
strong positive staining for dentin matrix proteins, DMP1, DSP, and BSP. In contrast, BMSC
transplantation showed mineralized matrices with osteocyte-like cells in lacunae. Consistently,
the matrices produced by BMSCs were positive for the bone protein, BSP, but not positive for
the dentin protein, DSP. However, some studies reported that certain states of bone or tooth
development can express low levels of dentin or bone proteins, respectively; therefore, I cannot
distinguish bone or dentin structures by only protein expression (Papagerakis et al., 2002, Feng
et al., 2003). As mentioned above, the combination of cell / tissue morphology and matrix
protein expression is important to characterize the structure created by DPSCs and BMSCs
(Gronthos et al., 2000, Braut et al., 2003, Yu et al., 2007).

Thirdly, as described previously in human DPSC in vivo transplantation, murine DPSCs
can create collagen fibers arranging perpendicularly to the scaffold/matrix surface whereas
BMSCs created collagen fibers running parallel to the scaffold/matrix surface (Gronthos et al.,
2000, Gronthos et al., 2002). Lastly, the distribution and association of odontoblasts with
microvessels resembles dentinogenesis whereas the formation of bone condensation in avascular
areas resembles early osteogenesis (Thompson et al., 1989, Yoshida and Ohshima, 1996, Carlile

et al., 2000).

3.5 Conclusion
In this study, I first showed dental pulp stem cells isolated from mouse neonates with
neural crest-related stem cell properties in vitro and in vivo. However, to confirm their neural

crest origin, I proposed to use another transgenic mouse model which is more specific of neural



69

crest lineage, Wnt1-Cre/R26R-LacZ , to demonstrate their neural crest origin of murine dental

pulp stem cells. The results from these studies will be discussed in the next chapter.



Table 3.1 The mouse-specific primer sequences
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RT-PCR primers

Gene

Brachyury

CD105

Dmpl

GAPDH

Leptin

Lpl

Msil

Ncam

NFL

Oct4

Forward primer
(5’23

CCCCTATGCTCATCGGAACA

CTTCGTACAGGTGAGCGTGTCT

AGCCTGGCGTTTCCTACG T

TTGGGAGCCAGAGAGGGTAGA

CTCGTCCCGTAGACAAAATGG

ACGCTGTCGCGCACTGA

ACCTGCTCCGGGTACATGTTC

GGATGGACGGTAACGGGAAT

GACCCCTGCAAGATGTTCATC

TGCTCGTGTGTCCTCCTTGA

GCCTTGGACATCGAGATTGC

CTGGGCGTTCTCTTTGGAAA

Reverse primer
(523

GTAGGTGGGCTGGCGTTATG

GCTAGGGCGCAGAGCTAAGTT

GCCCGAAATCGCAAATCT TT

AGTCCACCAGCCGGTCTGTA

CGCTCCTGGAAGATGGTG

CTCCGGCGAGGCTTTTG

TGGGCAGACCCATCAATAGG

CATGGGCTCCAAGGCTGTAC

CTCTGTGCCTGTTGGTGGTTT

GCTTGGCAGCAACTGACCAT

CAGCTTTCGTAGCCTCAATGG

TCGGGCACTTCAGAAACATG

GenBank

Accession

number

NM_009309

NM_007932

NM_001122733

NM_016779

NM_008084

NM_010351

NM_008493

NM_008509

NM_008629

NM_001081445

NM_010910

NM_013633




RT-PCR primers

Gene

Pax3

Pparg2

Slug

Sox10

Sox9

Twist

Forward primer
(523"

CGCTGTCTGTGATCGGAACA

CAAGAATACCAAAGTGCGATCAAA

CACTGTGATGCCCAGTCTAGGA

CAGCCACGAGGTAATGTCCAA

ACCCACCACTCCCAAAACC

GACGAGCTGGACTCCAAGATG

Q-RT-PCR primers

Reverse primer
(5’23

TCTGCTCCTGCGCTGCTT

GGATCCGGCAGTTAAGATCACA

GCAGATGTGCCCTCAGGTTT

GTGTAGGCGATCTGGGAAGTG

GATGCCGTAACTGCCAGTGTAG

GCCCCTCTGGGAATCTCTGT

GenBank
Accession
number

NM_001159520

NM 011146

NM 011415

NM 011437

NM 011448

NM_011658

Gene

GAPDH

Myocardin

Sm22-alpha

SMHC

Forward primer
(523"

GGGAAGCCCATCACCATCT

ACACTCCTGGGGTCTGAACA

CAACAAGGGTCCATCCTACGG

AAGCTGCGGCTAGAGGTCA

Reverse primer
(523"

GCCTCACCCCATTTGATGTT

GCGGTATTAAGCCTTGGTTAGC

ATCTGGGCGGCCTACATCA

CCCTCCCTTTGATGGCTGAG

GenBank
Accession
number

NM_008084

NM_145136

NM_178598

NM_013607
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Differentiation Cell density Media composition Reference
(cells/cm?)
Osteogenic 2x10%cells plated on | Serum-free media supplemented with (Gronthos
(Osteo- plastic surface 10% FBS, 10 mM B-glycerophosphate etal.,
odontogenic) (CalBiochem), 0.2 mM L-ascorbic acid, 1994)
and 100 nM dexamethasone
Chondrogenic | 2x10%cells plated on | Serum-free media supplemented with (Tscheuds
plastic surface 10% FBS, 100 ng/ml BMP-2 chilsuren
(Shenandoah Biotech), 0.2 mM L- et al.,
ascorbic acid, and 100 nM 2006)
dexamethasone
Adipogenic | 2x10%cells plated on | Serum-free media supplemented with (Gregoire,
plastic surface 10% horse serum, 100 pM indomethacin 2001)
(Alfa Aesar), 0.5 mM 3-isobutyl-1-
methyl-xanthine (ACROS), and 1 uM
dexamethasone
Neurogenic 1x10" cells plated on | Serum-free media with three series of (Jiang et
glass surface coated | growth factors; 1) media with 100ng/ml al., 2003)
with 5 ng/ml bFGF for the first week; 2) media with
fibronectin 10 ng/ml FGF-8b and 100 ng/ml Shh for
the second week; and 3) media with 10
ng/ml BDNF (all from R&D) and 10
ng/ml EGF (Sigma) for the last week of
culture
Smooth muscle | 1.5x10" cells plated Serum-free media supplemented with (Ross et
on plastic surface 100 ng/ml PDGF-BB (R&D) al., 2006)

coated with 5ng/ml

fibronectin
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Table 3.3 Lists of antibody for staining

Marker Antibody Species Dilution Company

BSP (tissues) Polyclonal Rabbit 1:200 Renny Franceschi, School of Dentistry,
University of Michigan

Smooth muscle Monoclonal Mouse 1:100 Sigma
myosin heavy
chain

VEGFR-3 Monoclonal Rat 1:100 eBioscience
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Figure 3.1 DPSC isolation and culture. (A, B) First and second developing molar teeth of 4-8
day-old neonatal mice were isolated from mandible. (C) DPSCs started to proliferate and form a
small colony after 2 days in stem cell media under 5% O, incubation. (D) DPSCs at day 10
formed larger colonies and were confluent. (E) The cell morphology of DPSCs in early cultures
was heterogenous; most of which were spindle-shaped cells. T = teeth, and M = mandible. Scale
bars indicate 200 pm.
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Figure 3.2 Gene profile of DPSC cultures. Gene expression of fresh dental pulp and DPSCs
cultured several passages from three isolations (#1, #2 and #3) are shown. (A) Stem cell genes,
Oct4, Sox2, Klf4, Nanog and c-Kit, were observed; however, Oct4 was inconsistent and transient
from early to late passages. (B) In contrast to neural crest developmental genes Gsc and Gata6,
carly mesodermal developmental genes Brachyury and Mesp2 were not expressed. (C) Neural
crest-related genes TrkC, Pdgfra, LNGFR, Twist, Slug, Snail, Msil, and Ncam, were
continuously expressed in all three non-clonal DPSCs. RNA isolated from mouse embryonic
stem cells (mESC) and salivary gland were used as positive control for the expression of stem
cell/early developmental genes and neural crest genes, respectively. The PCR reaction without
template was used as negative control.
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Figure 3.3 Gene and protein expression of undifferentiated DPSCs. Immunocytochemistry
showed positive staining of KLF4 to confirm the pluripotency gene Klf4 expression, and of
neural crest-related proteins, MSI1 and SOX10. KLF4 and SOXI10 showed nuclear and
perinuclear staining. Perinuclear localization of KLF4 and SOX10 has been described in
previous reports (Cheung et al., 2005, Chen et al., 2009). Staining with IgG isotype was used as
negative control. RT-PCR also showed the expression of S0x10 in undifferentiated cells. RNA of
salivary gland was used as positive control while the reaction without cDNA was used as
negative control. Scale bars indicate 100 um.
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Figure 3.4 DPSC cultures differentiate into neural crest-derived mesenchymal lineages. (A-
D) After 21 days in osteogenic media, differentiated DPSCs (Differentiated D21) were positive
for BSP and OPN in a membranous location but this pattern was not seen in undifferentiated
cells (Undifferentiated D21). (E, F) Cultures in adipogenic media (Differentiated D21), but not in
stem cell media (Undifferentiated D21), showed lipid droplets-containing cells positive for Oil
Red O. (G-J) Cultures in chondrogenic media (Differentiated D21), but not in stem cell media
(Undifferentiated D21), showed cells in clusters positive for toluidine blue and COL II. (K)
Mineralized nodules were observed in cells treated with the chondrogenic media after 21 days.
The inset depicts a mineralized nodule in high magnification. (L) RT-PCR confirmed the
staining results. For osteogenic differentiation (Osteogenic D21), RT-PCR showed expression of
osteoblast-associated genes; Runx2, Osx, Opn, Bsp, and Dmpl. For adipogenic differentiation,
induced cells (Adipogenic D21) expressed Pparg2 and CEBPa, adipogenic transcription factors,
as well as Leptin and Adipsin, markers of adipocytes. For chondrogenic differentiation, treated
cells (Chondrogenic D21) expressed chondrocyte-associated genes; S0x9 and Col2al. (A, C, E,
G, and I) Confluent undifferentiated cells cultured in stem cell media at day 21 (UD D21)
expressed some of differentiation genes, but were negative by staining for all differentiation
markers and Oil Red O. Cells were counterstained with hematoxylin. RNA isolated from mouse
calvarial bone, adipose tissue, and femur was used as positive control while the reaction without
cDNA was used as negative control for gene expression. Scale bars indicate 100 um.
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Figure 3.5 Down-regulation of Nanog and Klf4 after differentiation of DPSCs. Q-RT-PCR
analyses showed that Nanog and KlIf4 were down-regulated after osteogenic and chondrogenic
differentiation of DPSC line 1. RQ (Relative Quantification or Relative Expression) values were
relative to the gene expression of mouse embryonic stem cells (mESC). Similar results were
observed for DPSC line 2. GAPDH was used as the internal control for normalization. Error bars
represent = Standard Error of the Mean (SEM).
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Figure 3.6 DPSC cultures differentiate into neural crest non-mesenchymal lineages.

(B, D) Neuronal-induced cells stained positively for neuronal markers; N-CAM (in green), and
GABA (in red). (F) DPSCs in smooth muscle differentiation media showed smooth muscle-like
phenotype that stained positively for smooth muscle actin (SMA) (in red). (A, C, and E)
Undifferentiated cells in stem cell media at day 21 did not stain positively for any of the three
differentiation markers. DAPI used for nuclei staining is depicted in blue. Scale bars indicate 100
pm.
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Figure 3.7 DPSC clonal isolation and gene profile. (A-D) At day 10, colonies derived from
single cells can be visualized. (E and F) Gene expression of cells from fresh dental pulp (Tissue),
cultured non-clonal DPSC line 1 (Non-clonal), and different DPSC clones (C5-C9). (E) RT-PCR
showed variable Nanog and stable Klf4 expression among different clones. All clones showed
the absence of early mesodermal genes Brachyury and Mesp2, but showed expression of neural
crest developmental genes Pax3, Gsc, and Gata6. (F) Several neural crest-related genes Msil,
Twist, Slug, Snail, and Pdgfra, and mesenchymal-related gene Vimentin, were strongly expressed
in clones. Dmp1, but not Dspp, was also observed in the clones. RNA of mouse embryonic stem
cells (mESCs), salivary gland, clavarial bone and cementoblast cell line were used as positive
control while the reaction without cDNA was used as negative control. Scale bars indicate 300
pm.
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Figure 3.8 Nanog and KIf4 expression of undifferentiated non-clonal and clonal DPSCs. Q-
RT-PCR showed RQ (Relative Quantification or Relative Expression) values demonstrating
differential Nanog and KIf4 expression in fresh dental pulp (Tissue), non-clonal (bulk) DPSCs in
several passages (PO, P3, and P7), as well as, DPSC clones derived from the non-clonal
populations (C5-C9). The non-clonal DPSC passage 7 showed the highest expression of Nanog
and KlIf4 among different passages of cultured non-clonal DPSCs, which we chose for
differentiation assays. Nevertheless, dental pulp tissue expressed higher level of KIf4 than that of
cultured cells, possibly due to contamination of odontoblasts expressing KIf4 during pulp
isolation but thereafter the stem cell-like population probably outgrew primary mature
odontoblasts under stem cell culture conditions (Chen et al., 2009). DPSC clones 6, 7, and 8
showed higher expression of Nanog as compared to non-clonal populations. These clones
showed neural crest multi-lineage differentiation capacity (Table 4.1). C5 and C9 showed higher
levels of Nanog and KIlf4 than that of C7 and C8 but were not able to differentiate into most
neural crest-lineages (Table 4.1). Consequently, DPSC clones 6, 7 and 8 were chosen for in vivo
transplantation. RQ values were relative to the expression of mouse embryonic stem cells
(mESC). GAPDH was used as the internal control for normalization. Error bars represent +
Standard Error of the Mean (SEM).
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Figure 3.9 Non-clonal and clonal DPSC cultures differentiate into mesenchymal lineages.
Treatment of DPSC clones with osteogenic media resulted in different outcomes compared to the
differentiation of non-clonal DPSCs. (A-D) Clones did not produce positive cells for BSP and
OPN while non-clonal populations showed clusters of positive cells for these markers. (E-J)
Non-clonal and all clonal DPSC cultures in osteogenic media stained positively for DMP1, DSP,
and OCN. (K) Corresponding to staining results, RT-PCR shows the expression of differentiation
genes following treatment of clones with osteogenic media, lack of Bsp, but strong expression of
Dmpl was observed in the differentiation of DPSC clones (Osteogenic D21). (L and M) Non-
clonal and 4 out of 5 clones (C5-C8) stained positively for COL II after treatment with
chondrogenic media. (N) RT-PCR shows strong expression of chondrogenic markers, Sox9 and
Col2al, in DPSCs cultured in chondrogenic media (Chondrogenic D21). Staining and RT-PCR
are all derived from a representative clone (C6). RNA isolated from mouse mandible and femur
was used as positive control for gene expression. Scale bars indicate 100 um.
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Figure 3.10 DPSC clones differentiate into neural crest non-mesenchymal  lineages. (B)
All clones showed smooth muscle-like cells positive for smooth ~ muscle actin (SMA) (in red).
(D, F, and H) Three clones (C6-C8) showed positive cells for neurofilament (NF-

160/200), S100, and NG2. (I) The NF staining was confirmed by RT-PCR of neurofilament-
light (NFL) and -heavy (NFH). (A, C, E, and G) Undifferentiated clones were negative for
smooth muscle and neuronal markers. DAPI used for nuclei staining is depicted in blue. Scale
bars indicate 100 um.
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Figure 3.11 Gene expression of non-clonal and clonal DPSCs after smooth muscle
differentiation. Q-RT-PCR showed RQ (Relative Quantification or Relative Expression) values
demonstrating smooth muscle genes of non-clonal and clonal DPSCs after 21-day culture in
smooth muscle differentiation media. As compared to non-clonal DPSCs, higher expression of
Sm22-alpha, Sma, SMHC, and Calponin, which are smooth muscle- and pericyte-related genes,
were observed in the undifferentiated clonal DPSCs. The differentiated cells derived from the
clonal populations showed a pattern of smooth muscle maturation with significantly increased
levels of Myocardin, Sm22a, Sma, SMHC, and Calponin (about 10 folds higher than non-clonal
differentiated cells and >100 folds compared to aortic smooth muscle cells) while in the non-
clonal populations this trend of maturation is not apparent. RQ values were relative to the
expression of mouse aortic smooth muscle cells. GAPDH was used as the internal control for
normalization. Error bars represent + Standard Error of the Mean (SEM).
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Figure 3.12 Intramuscular transplantation of DPSCs and BMSCs. (A) Non-clonal DPSCs
were identified as PKH-26 positive cells. (B, D-F) 2- or 12-week intramuscular non-clonal
DPSC, clonal DPSC, and BMSC transplants showed donor cells formed compacted collagen
bundles which were strongly positive for Masson’s trichrome in blue, but slight positive for
DMP1, DSP, and OCN (data not shown). Skeletal muscles were shown in red. (C, G-I) Polarized
light confirmed the formation of collagen fibers from all transplanted cells. Scale bars indicate
100 pm.



Panel A
S-week subcutaneous transplantation

with clonal DPSCs

HAp/TCP with
PKH-26 labeled
transplanted cells

B HAp/TCP without
transplanted cells

HAP/TCP e "\

C Masson’s trichrome D Polarized light

Panel B
12-week subcutaneous transplantation

Clonal Non-clonal
DPSCs DPSCs

BMSCs

Polarized light

88



&9

Figure 3.13 Subcutaneous transplantation of DPSCs and BMSCs. Non-clonal and clonal
DPSCs (C6-C8) were labeled with PKH-26 before transplantation to track cells in vivo. Panel A
shows 5-week subcutaneous (SC) transplantation of DPSC clones with HAp/TCP. (A and B)
PKH-26+ cells SC transplanted with HAp/TCP were identified in bright red fluorescent color
whereas the HAp/TCP scaffold without cells was devoid of red fluorescent cells despite some
autofluoresence derived from HAp/TCP. The HAp/TCP scaffold without cells did not show
mineralized tissues (data not shown). Most of transplanted cells surrounded HAp/TCP. (C) These
clonal cells generated collagen-forming matrix shown in blue of Masson’s trichrome. (D, white
arrowheads) Polarized light was used to confirm collagen formation. Panel B shows 12-week SC
transplantation of non-clonal DPSCs, clonal DPSCs, and BMSCs with HAp/TCP. (E-G) H&E
staining showed the morphology of tissues created by non-clonal, clonal DPSCs and BMSCs.
Capillaries and small blood vessels near mineralized matrices were found in DPSC transplants.
In contrast, BMSCs formed bone condensations near HAp/TCP devoid of vessels. In BMSC
transplants capillaries were found mainly in the adipose tissue. The black arrowheads indicate
the location of capillaries and small blood vessels. (H-J) Masson’s trichrome showed the
intensive staining of collagenous extracellular matrices generated by both DPSCs and BMSCs.
(K-M) polarized light images with high magnification of transplanted tissues showed different
collagen arrangement produced by DPSCs and BMSCs. (K and L, white arrowheads, and M)
The white arrowheads indicate the direction of polarized collagen fibers created by DPSCs run
perpendicularly to HAp/TCP while that created by BMSCs do not run perpendicularly to
scaffold surface. DAPI used for nuclei staining is depicted in blue. HAp/TCP =
Hydroxyapatite/tricalcium phosphate. Scale bars indicate 200 um.
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Figure 3.14 Immunohistochemistry of subcutaneous DPSC and BMSC transplanted tissues.
Panel A shows the staining of 5-week subcutaneous (SC) clonal DPSC transplanted tissues. (A-
C) Three DPSC clones (C6-C8) secreted extracellular matrices which were positive for DMPI,
slightly positive for DSP and BSP by immunoperoxidase staining. (D-F) High magnification
images correspond to the rectangular areas of A-C. (D) Strong DMP1 staining was seen in the
matrices. (E and F, arrows) Strong positive staining for DSP and BSP were observed in the
transplanted cells. Panel B shows the staining of 12-week SC transplantations of non-clonal
DPSCs, clonal DPSCs, and BMSCs with HAp/TCP. (G-I) Only HAp/TCP transplantation
without donor cells did not show any extracellular matrices positive for dentin and bone proteins.
(J-O) Both non-clonal and clonal DPSCs secreted extracellular matrices which were strongly
positive, but different intensity, to DMP1, DSP, and BSP. All insets in each figure show high
magnification images of the transplanted tissues to illustrate the morphology and positive
intracellular staining of transplanted cells. (K, M, and N insets) transplanted cells were
elongated, polarized, and showed very close relation to scaffold surface, resembling odontoblast-
like cell morphology. (K, L, M, N, and O insets) Positive staining of DMP1, DSP, and BSP was
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seen in transplanted DPSCs. Some cells showed elongation and polarization. (P, arrowheads and
arrows) BMSC transplanted cells showed osteoblast-like cells (arrowheads) lining bone surface,
and osteocyte-like cells (arrows) in lacunae which stained positively for DMP1. (Q) Negative
staining for DSP was observed in bone matrix and transplanted BMSC cells. (R, inset) Positive
staining for BSP was observed in bone matrix secreted by transplanted BMSCs. (S-V)
Transplanted sections stained with only anti-rabbit biotinylated antibody or IgG isotype were
used as negative control. HAp/TCP = Hydroxyapatite/tricalcium phosphate. Scale bars indicate
200 pm.
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Figure 3.15 Staining of tooth sections for dentin and bone proteins. The specificity of all
antibodies for dentin and bone matrix proteins used in this report was confirmed by
immunoperoxidase staining with AEC in murine tooth sections as positive control. All tooth
sections are a gift from Dr. Martha Somermen, University of Washington. (A and B) The tooth
section of 19-day-old Ankylosis (ANK) knockout mice stained by DMP1 antibody showed
positive staining in cementum and alveolar bone (Fong et al., 2009). (C-L) Staining of the 26-
day-old wild-type (WT) murine tooth section showed positive staining of DSP, BSP, and OCN,
as well as, negative controls. (C and D) DSP staining was present in dentin and odontoblast cells
lining at the periphery of dental pulp. (E-H) BSP staining was positive in alveolar bone and
cementum, but slightly positive in odontoblastic cell layer, as well as, OCN positively stained
alveolar bone and odontoblastic cell layer. (I-L) Sections stained with anti-rabbit biotinylated
antibody or IgG isotype were used as negative control. Sections were counterstained with
hematoxylin. AB = Alveolar bone, DT = Dentin, DP = Dental pulp, C = Cementum, PDL =
Periodontal ligament. Scale bars indicate 200 pm.
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5-week subcutaneous transplantation of
PKH26-labeled clonal DPSCs with HAp/TCP

PKH26-labelled cells without
CD31-FITC staining

12-week subcutaneous transplantation with HAp/TCP
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Figure 3.16 Abundant microvessels were observed in DPSC transplantation. (A, inset,
indicated by an arrowhead) Abundant microvessels that stained positive for CD31-FITC
indicating endothelial cells (green) were observed in mineralized tissues formed by 5-week
subcutaneous transplanted DPSCs labeled with PKH-26 (red). Some PKH-26+ (donor DPSCs)
cells were adjacent to these microvessels and seem scattered around vessels. (B) Autoflurescence
or non-specific green fluorescence was not detected in PKH26-labeled DPSC transplants without
CD31-FITC staining. (C-F, inset) Staining for smooth muscle actin (SMA-FITC) in green
showed that these microvessels did not contain a thick muscle layer but were wrapped by
pericyte-like cells that were SMA+ and some were also PKH-26+ in red (arrowheads). Many of
these microvessels seem fenestrated and stained positive for VEGF receptor 3 (VEGFR-3) in
pseudo-color white. (G, inset) Similar to 5-week transplants, in the 12-week DPSC transplants
abundant microvessels (positive for VEGFR-3 in pseudo-color magenta) in close proximity to
odontoblast-like cells with fenestrated morphology surrounded by PKH-26+ cells (indicated by
arrows) were observed in DPSC transplants. (H, inset) In the BMSC transplants, microvessels
were predominantly found in areas rich in adipocytes, but not close to the bone forming areas.
DAPI used for nuclei staining is depicted in blue. Scale bars indicate 100 pm.
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Figure 3.17 Proximity of donor cell nuclei to blood vessels in DPSC and BMSC
transplantation. The average distance of donor nuclei in condensed matrices to nearest
capillaries was measured using ImageJ v1.43u (Wayne Rasband, NIH; http://rsb.info.nih.gov/ij).
The distances between donor nuclei to blood vessels were represented by yellow lines. (A and B)
In the 12-week DPSC transplants, abundant microvessels with fenestrated morphology were seen
in close proximity to odontoblast-like cells in both non clonal and clonal DPSC transplants. (C)
In BMSC transplants microvessels were predominantly found in areas rich in adipocytes whereas
mineralized areas formed by BMSCs were distant to microvessels. Microvessels were mature as
circulating red blood cells can be seen throughout in both DPSC and BMSC transplants. (D)
Abundant microvessels with fenestrated morphology containing circulating red blood cells
(insets) are seen in close proximity to mineralized matrix formed by DPSCs. (E) The bar graph
shows that the average distance from odontoblast nuclei to nearest capillary was significantly
close (9um * 4.49) and consistent across all DPSC transplants whereas the average distance of
osteocyte nuclei in bone condensations to nearest microvessels were significantly farther (187um
+ 76.88). The average distances from donor cell nuclei to blood vessels in non-clonal DPSCs
(n=5, n; numbers of measured area) or clonal DPSCs (n=7) and BMSCs (n=5) are statistically
significant. Student’s t-test calculated * p<0.05. Error bars represent + Standard Error of the
Mean (SEM). Scale bars indicate 25 um.
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CHAPTER 4

Wntl-Cre/R26R-LacZ mouse used as a model to determine the developmental origin of

dental pulp stem cells (Janebodin et al. 2011)

4.1 Introduction

Neural crest is a pluripotent cell population formed in the developing vertebrate embryo
and located at the junction between epidermal ectoderm and presumptive neural ectoderm at the
dorsal lip of the developing neuroectoderm. During early embryological development, neural
crest cells extensively migrate from the lateral margins of the neural tube from four different
segments of the neuraxis: cranial, cardiac, vagal, and trunk, and contribute to different specific
cell types in several organs of the vertebrate body (Bronner-Fraser, 1995).

Cranial neural crest cells migrate to the first branchial arch and participate in
differentiation of dental mesenchyme to develop dental pulp and giving rise to dentin-forming
cells, odontoblasts (Thesleff, 2003). In addition, cranial neural crests show multipotent
differentiation capacity by giving rise to the majority of the bone and cartilage of the head and
face, as well as to neuron and glial cells in cranial ganglia, smooth muscle, connective tissue and
pigment cells (Abzhanov et al., 2003). During tooth development, dental pulp which is loose
connective tissue containing several cell types with diverse developmental origins is derived
from neural crest and non-neural crest tissues (Chai et al., 2000). Although neural crest
contributes to a majority of cells in dental pulp, the origin of dental pulp stem cells (DPSCs), a

subset of stem cell population found in dental pulp, is still unclear.
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Previously, DPSCs have been indirectly suggested to be of neural crest origin. The
expression and function of the Eph/ephrin molecules on DPSCs, which play an essential role in
the neural crest migration, suggests that neural crest contributes to DPSCs (Stokowski et al.,
2007). Stem cell populations in adult human dental pulp have been described based on low-
affinity nerve growth factor receptor (LNGFR) and B1-integrin expressions, suggesting that the
former population is neural crest-derived (Waddington et al., 2009). In a separate study stem
cells isolated from rat embryonic mandibular processes, of neural crest origin, showed multi-
differentiation to neural and mesenchymal lineages suggesting DPSCs retain the differentiation
capacity of embryonic progenitors (Zhang et al., 2006). Collectively, these reports urged us to
investigate the origin of DPSCs.

In the past, most reports studying in the neural crest contribution were based on vital dye
labeling, transplantation and viral transfection of neural crest cells and mostly happened in the
avian system (Le Douarin and Teillet, 1973, Kuratani and Kirby, 1991, Murphy et al., 1991,
Serbedzija et al., 1992). However, ex-utero culturing embryos, microsurgical manipulation of
embryonic tissue, and retaining the dye throughout the long period of embryological
development was potentially difficult to obtain a systematic lineage tracing of neural crest
derivatives in mammals. Furthermore, all neural crest cells might not be labeled using either dye
labeling or viral infection approaches.

The isolation and characterization of DPSCs from specific cell-lineage transgenic mouse
models will provide comprehensive information to directly study the developmental origin of
DPSCs, which has been a limitation in human DPSC studies. Two transgenic approaches, PO-
Cre/ CAG-CAT-LacZ (Yamauchi et al., 1999) and Wntl-Cre/R26R-LacZ (Chai et al., 2000),

demonstrated the application of the transgenic system to mark neural crest derivatives driven by
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PO and Wntl promoters, respectively, during early embryogenesis. The expression of the Cre
enzyme in neural crest cells will remove a STOP codon flanked by two loxP sequences, thereby
inducing the LacZ expression. Using these transgenic mice, a subset of migrating neural crest
cells and a wide variety of cells in the neural crest cell lineage could be marked by LacZ
expression, facilitating lineage analysis, isolation, and study of the mammalian neural crest cells.
Compared to Wnt1-Cre/R26R-LacZ, PO-Cre/CAG-CAT-LacZ revealed incomplete expression of
LacZ in neural-crest derived tissue with significant ectopic expression in notochord derived from
non-neural crest origin.

I previously demonstrated the successful isolation and characterization of murine DPSCs
in vitro and in vivo. Nevertheless, the developmental origin of DPSCs, which is presumably
derived from neural crest, is undetermined. In this chapter, I utilized Wnt1-Cre/R26R-LacZ
neonatal mice to isolate DPSCs and demonstrate their highly proliferative capacity and multi-
differentiation in neural crest-lineage in vitro and in vivo. Furthermore, the comparison of the
niches and mineralized matrix generated by bone marrow stromal cells (BMSCs) and DPSCs
when transplanted in vivo illustrated main differences in dentinogenesis and osteogenesis and

underlying the role of pericytes and microvessels during these processes.

4.2 Materials and Methods

4.2.1 Dental pulp isolation

Dental pulp tissue were isolated in pools (5 mice per preparation) from 4-8 day old Wnt1-
Cre/R26R-LacZ mouse (n=1 preparation) (a gift from Dr. Michael Cunningham, University of
Washington) in accordance with approved Institutional Animal Care and Use Committee

(IACUC) guidelines. The molar teeth were separated from the mandible. Pulp tissue was gently



99

isolated and kept in stem cell media described below. The tissue was washed with PBS
(HyClone) and digested with a 1.2 units/ml Dispase II, 2 mg/ml Collagenase type IV
(Worthington) supplemented with 2 mM CaCl, in PBS for 60 min at 37°C. Subsequently an
equal volume of stem cell media was added to the digest prior to filtering through 70 mm nylon
cell strainers (BD Falcon), and then centrifuging at 300 g for 10 min at room temperature. Cells
were then resuspended in stem cell media and single cell suspensions were plated at 1000
cells/cm’.

4.2.2 DPSC culture

Cells (1000 cells/cm?®) were cultured at 37°C under 5% O, and 5% CO, in stem cell
media, containing a final concentration of 60% low-glucose DMEM (Gibco, Invitrogen), 40%
MCDB201 (Sigma), 2% fetal calf serum (HyClone) selected previously for optimal growth of
murine mesenchymal stem cells, ITS (Sigma), linoleic acid with bovine serum albumin (LA-
BSA) (Sigma), 10° M dexamethasone (Sigma), 10* M ascorbic acid 2-phosphate (Sigma), 100
units/ml penicillin with 100 mg/ml streptomycin (HyClone), and 1x10° units/ml leukemia-
inhibitory factor (LIF-ESGRO, Millipore), supplemented with 10 ng/mL EGF (Sigma) and 10
ng/mL. PDGF-BB (R&D) (Breyer et al., 2006). Once adherent cells were more than 50%
confluent, they were detached with 0.25% trypsin-EDTA (Invitrogen) and replated at a 1:4
dilution under the same culture condition with fresh media.

4.2.3 Clonal culture of DPSCs

Cultured DPSCs at passage 4-7 were plated at 50-100 cells/cm”. Clones were derived
from all three non-clonal lines but only clones from line 1 at passage 7 were used in the
experiments described here. 24 h after plating, adherent cells were observed and single isolated

cells were marked by circling the bottom of the plate with a lab marker. After 10 days, cell
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colonies were observed and isolated by using 8x8mm cloning rings (Millipore). The clonal
populations were expanded every 4-day and transferred to larger size culture dishes beginning
with 96-well, 48-well, 24-well, 12-well, 6-well, 60 mm and 100 mm respectively, until finally
being seeding in 150mm culture plates by day 32. The DPSC clones were cultured at a 1:4
dilution until reaching the appropriate cell number for further experiments.

4.2.4 Reverse transcription-polymerase chain reaction (RT-PCR)

DPSCs were extracted for total RNA by using the RNeasy Mini kit (Qiagen) according to
the manufacturer’s protocol. Quantity and purity of RNA was determined by 260/280 nm
absorbance. First-strand cDNA was synthesized from 500 ng of RNA using the High Capacity
cDNA synthesis kit from Applied Biosystems (Foster City, CA) per manufacturer’s protocols
using a randomized primer. cDNA (20 ng) was diluted in a final volume of 20 ul per reaction
using the Immomix PCR Mastermix from Bioline (Randolph, MA). PCR for each specific target
gene was performed using the following thermal cycling conditions; 95°C 7 min for initial
activation followed by 95°C/30 s; 57°C/30 s; 72°C/45 s, for 40 cycles, with a final 5-min
extension at 72°C. Mouse-specific primers are listed in Table 4.1. 10 pl of each RT-PCR product
was separated on 2% agarose/ethidium bromide gels and viewed under UV light.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as control housekeeping
gene. RNA extracted from mouse embryonic stem cells (mESC), salivary gland, brain, liver,
calvarial bone cells (a gift from Dr. Thanaphum Osathanon, Chulalongkorn University,
Thailand), and cementoblast cell line (a gift from Dr. Martha Somerman, University of
Washington) were used as positive control while negative controls lacked cDNA.

4.2.5 Quantitative reverse transcription-polymerase chain reaction (Q-RT-PCR)
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20 ng cDNA for Q-RT-PCR were prepared using the SYBR green PCR master mix from
from Applied Biosystems. Reactions were run on the ABI 7900HT PCR system with the
following parameters: 50°C/2 min and 95°C/10 min, followed by 40 cycles of 95°C/15 s and
60°C/1 min. Mouse-specific primers are listed in Table 4.1. Results were analyzed using SDS
2.2 software and relative expression calculated using the comparative Ct method. A Ct-value
showed how many PCR cycles were necessary to obtain a certain level of fluorescence.
Amplification efficiency of different genes was determined relative to GAPDH as an endogenous
control to normalize RNA expression (dCt = Ctgene-Cteappn). Messenger RNA (mRNA) in each
sample was calculated using a comparative ddCt (dCtgene-dCteonirol) Value method. The fold

274 Each sample was

change in gene expression relative to the control was calculated using
run in triplicate reactions for each gene. cDNA of mESC and mouse aortic smooth muscle cells
(a gift from Dr. William Mahoney Jr., University of Washington) were used to calibrate samples.

4.2.6 In vitro multi-differentiation

The compositions of each differentiation media and cell densities are listed in Table 4.2.
DPSCs were plated at corresponding cell density in 24-well plates (BD) and incubated overnight
in stem cell media at 37°C under 5% O, and 5% CO,. After 24 h, media was switched to
corresponding differentiation media for 21 days with media change every 3 days. In addition to
monolayer differentiation, for chondrogenic differentiation Wntl-Cre/R26R-LacZ derived
DPSCs were cultured in chondrogenic media by 3D-pellet culture technique. The 3D-pellet
culture is one of widely used technique for chondrogenic differentiation (Johnstone et al., 1998).
Briefly, 2x10° cells were transferred in a 15-ml polypropylene conical tube and centrifuged at

450g for 10 min. The pellets were cultured at 37°C under 5% O, condition in 1 ml of

chondrogenic media for 21 days with media change every 3 days. After 21 days, the pellets were
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fixed 4% formaldehyde/PBS for 30 min and wash with PBS. Then, fixed pellets were embedded
in optimal cutting temperature compound (OCT) (Tissue-Tek; Sakura Finetek), frozen with
liquid nitrogen cooled isobutane and cut to 8-10 pum thick sections.

4.2.7 Immunocytochemistry and immunofluorescence

For immunocytochemistry, cells were fixed with ice cold methanol for 5 min,
permeabilized with 0.1% Triton-X 100 (Sigma) in PBS with 1% bovine serum albumin (BSA)
for 10 min, inhibited endogenous peroxidase activity with 0.3% hydrogen peroxide in methanol
for 30 min, and blocked non-specific binding sites with 10% goat or horse serum (Vector
Burlingame, CA) for 1 h. All primary antibodies listed in Table 4.3 were used and incubated
overnight at 4°C. Stained cells were incubated with a biotinylated antibody at 1:100 (Vector
Burlingame, CA) for 1 h, washed and treated with the Vectastain ABC kit and 3, 3’-
diaminobenzidine (DAB) or 3-amino-9-ethylcarbazole (AEC) substrate kit according to
manufacturers protocol (Vector Burlingame, CA).

For immunofluorescence, cells were fixed with 4% formaldehyde for 5 min, washed with
PBS, and stained with primary antibodies as described below. Donkey-derived Alexa 488 or
goat-derived Alexa 594 or goat-derived Alexa 647-conjugated secondary antibodies (Invitrogen)
were diluted at 1:800 and incubated for 1 h. Cells were stained with 4°, 6-diamine-2-phenylindol
(DAPI) at 1:1000 to visualize the nuclei. All antibodies were diluted in 0.1% Triton-X 100 in
PBS with 1% BSA. Controls omitting the primary antibody and/or that stained with IgG isotype
were used as negative control included for all staining.

4.2.8 Histochemical staining

Toluidine blue was performed to determine proteoglycan producing cells in chondrogenic

culture (Kiernan, 2009). Briefly, 1% toluidine blue (Fisher Biotech) in 70% ethanol was diluted
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in 1% sodium chloride to 0.1% working solution. Cells were fixed with cold methanol (-20°C) 5
min, stained with fresh toluidine blue working solution 1-2 min, rinsed 3 times with distilled
water.

Oil Red O was used for characterizing lipid-containing cells in adipogenic culture
(Kiernan, 2009). Briefly, 0.5% Oil Red O (Alfa Aesar) in isopropanol diluted in distilled water to
0.25% working solution was incubated 60 min at room temperature and filtered. Cells were fixed
with cold methanol 5 min, incubated in fresh Oil Red O working solution 3-5 min, rinsed 3 times
with distilled water. X-gal was stained for determining the expression of LacZ gene in Wntl-
marked DPSCs (Kiernan, 2009).

4.2.9 Tooth histology and staining

Mandibles were isolated from 4-8 day-old Tie2-GFP or Wnt1-Cre/R26R-LacZ mice and
cut in halves after removing surrounding connective tissues. To preserve GFP, Tie2-GFP derived
mandibles were fixed with 0.5% formaldehyde/PBS for 2h at RT, and washed. The first wash
was 30 min followed by 20-min and 10-min washes, respectively (Sacco et al., 2005). For Wnt1-
Cre/R26R-LacZ derived mandibles, they were fixed with 4% formaldehyde/PBS for 2h at 4°C,
and wash. After washing, mandibles from both transgenic mice were immersed in 20% sucrose
in PBS at 4°C overnight to preserve tissue morphology before embedding in OCT and frozen
with liquid nitrogen cooled isobutane. Since those mandibles were incompletely calcified, we did
not process decalcification. Therefore, we cut the tissues into 15-20 um thickness to get a good
morphology of tissue section.

For immunofluorescence of tooth section, we did double staining between J3-
galactosidase or MSI1 and CD44. Briefly, tooth sections were fixed with 4% formaldehyde/PBS

for 10 min at RT. Fixed sections were washed and permeabilized with 1% BSA in 0.1% Triton
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X-100/PBS. Then sections were blocked with 10% normal goat serum for 1 h at RT, and
incubated with rabbit-anti-mouse-p-galactosidase or -MSII for 1 h at RT following three times
of washing. Stained sections were subsequently incubated with goat-derived Alexa 488 or goat-
derived Alexa 647-conjugated secondary antibody (Invitrogen) at 1:800 dilution for 1 h at RT,
following three times of washing. Then sections were incubated by the second set of primary
antibody which is rat-anti-mouse-CD44 for 1 h at RT, washed, and incubated with goat-derived
Alexa 594-conjugated secondary antibody (Invitrogen) at 1:800 dilution for 1 h at RT before
washing three times. All immunofluorescence images described in this manuscript was detected
using a Zeiss Axiovert 200 fluorescent microscope (Thornwood, NY). Photographs were taken
with an onboard monochrome AxioCam MRm camera and colored using Adobe Photoshop (San
Jose, CA). Background was reduced using brightness and contrast adjustments, and color
balance was performed to enhance colors. All the modifications were applied to the whole image
using Adobe Photoshop.

4.2.10 In vivo transplantation

In accordance with approved IACUC protocols, 1x10° of murine non-clonal DPSCs,
clonal DPSCs, and BMSCs were separately subcutaneously (SC) transplanted into 1-month-old
male Ragl null mice (Jackson Laboratory, Bar Harbor, ME, USA) (n=3 mice/ cell line) with
hydroxyapatite tricalciumphosphate (HAp/TCP) (Zimmer) in the dorsum. BMSCs were isolated
and cultured as previously described (Reyes et al., 2005). Prior to transplantation, cells were
labeled with the fluorescent membrane dye PKH-26 (Sigma) according to manufacturer’s
instructions. Grafts were harvested after 5-wk and 12-wk SC transplantations. For SC-
transplanted tissues, samples were fixed with Bouin’s fixative solution (Sigma) overnight in 4°C,

then washed with 70% ethanol several times, and demineralized for 7-14 days in demineralizing
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AFS solution containing acetic acid, 10% neutral buffered formalin, and sodium chloride at 4°C.
Transplanted tissues were embedded in paraffin and cut to 5 pm thick sections. Sections were
analyzed by Hematoxylin & FEosin (H&E) and Masson trichrome staining,

immunohistochemistry, and immunofluorescence (Kiernan, 2009).

4.3 Results

43.1 Wntl-Cre/R26R-LacZ derived DPSCs, but not femur-derived BMSCs,
demonstrate positive X-gal staining

To conclusively determine the neural crest origin of DPSCs generated in our cultures, we
used a genetic lineage tracing model of neural crest derivatives, the Wntl-Cre/R26R-LacZ
transgenic mouse. In the Wntl-Cre/R26R-LacZ double-transgenic mice all neural crest
derivatives express Wntl reporter driven [-galactosidase, thereby stained positive for X-gal.

DPSCs isolated from the Wntl-Cre/R26R-LacZ neonatal mice showed a majority of
Wntl-marked cells in culture stained positive for B-galactosidase with X-gal. Nonetheless, early
in culture a minority of cells (approximately 10%) stained negative for X-gal (Fig. 4.1A,
arrowheads). Although we could not confirm the origin of this minority, the percentage of f-
galactosidase negative cells is consistent with the highest Cre/lox efficiencies reported for other
transgenic models (Hara-Kaonga et al., 2006, Long and Rossi, 2009). To confirm the neural crest
origin of DPSCs, I also isolated femur-derived bone marrow stromal cells (BMSCs) from the
same Wnt1-Cre/R26R-LacZ mice and cultured in the same condition. Unlike DPSCs, primary
culture of BMSCs at day 8 negatively stained for X-gal, indicating their non-neural crest origin
(Fig. 4.1B). A previous study using the same transgenic mouse model, Wnt1-Cre/R26R-LacZ,

reported that BMSCs did not derive from neural crest (Hunt et al., 2009). DPSCs were
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successfully cloned on day 7-10 before the first passage. All DPSC clones (n=10) stained 100%
positive with X-gal (Figs. 4.1C, D) and were grown for four passages. Since the majority of cells
early in culture stained positive with X-gal, it is unlikely that the homogeneous expression of -
galactosidase in clones derived prior to the first passage resulted from epigenetic changes
induced by long-term culture. X-gal staining of C57BL6-derived DPSCs in a late passage was
negative (Fig. 4.1E) demonstrating specificity of X-gal staining and ruling out non-specific or
mammalian endogenous B-galactosidase activity in the X-gal staining.

4.3.2 Wnt1-Cre/R26R-LacZ derived DPSC clones expressed pluripotent stem cell and
neural crest-related genes

Like my previous DPSCs, RT-PCR showed that Wnt1-Cre/R26R-LacZ derived DPSC
clones expressed pluripotent stem cell genes, Nanog, Klf4, Sox2, and c-Myc, but not Oct4. As
expected, DPSCs expressed neural crest-related genes, Msil, Sox10, TrkC, LNGFR, Twist, and
Snail, whereas BMSCs did not express these genes. Twist, Snail, and Slug are expressed by cells
undergoing epithelial-mesenchymal transition (EMT) process during embryological development
such as migratory neural crest cells (Duband et al., 1995). Previous studies have shown that those
EMT-related genes can be expressed by mesenchymal stem cells from bone marrow (Battula et
al., 2010, Torreggiani et al., 2011).

4.3.3 Wntl1-Cre/R26R-LacZ derived DPSC clones stained positive for mesenchymal
stem cell markers

Both DPSCs and BMSCs also expressed CD105, also known as endoglin, which is a
well-known mesenchymal stem cell (MSC) marker (Fig. 4.1F) (Chamberlain et al., 2007). In
addition, immunofluorescence showed that DPSC clones in my culture condition stained

positively for CD44, CD73, CD105, three MSC markers previously reported in human DPSCs,
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and stained positively for MSI1, a neural crest-related marker (Figs. 4.1G-K) (Shi et al., 2005,
Huang et al., 2006, Sloan and Smith, 2007) .

4.3.4 Localization of neural crest-derived dental pulp mesenchymal stem cells

I corroborated the presence of neural crest-derived MSCs in dental pulp of neonatal mice,
Wnt1-Cre/R26R-LacZ and Tie2-GFP that co-expressed MSC and neural crest-related markers.
Since neural crest-derived cells of the Wnt1-Cre/R26R-LacZ express p-galactosidase under Wntl
promoter driven, I studied the expression of MSC markers in Wntl marked cells in dental pulp.
From all three of MSC markers expressed by cultured DPSCs (CD44, CD73, and CD105), only
CD44 is strongly expressed in dental pulp tissue. Staining of tooth sections with anti-B-
galactosidase showed that many dental pulp cells and all odontoblast cells in the Wntl-
Cre/R26R-LacZ mouse were positive for [-galactosidase, confirming their neural crest origin
(Fig. 4.2A). Cells co-expressing p-galactosidase and CD44 were found in the Wnt1-Cre/R26R-
LacZ dental pulp particularly in the sub-odontoblastic and perivascular regions, indicating
DPSCs are of neural crest origin (Fig. 4.2A, arrowheads and arrows, respectively). Tie2-GFP
derived dental pulp showed CD44-positive cells in the same areas found in the Wnt1-Cre/R26R-
LacZ (Fig. 4.2B, arrowheads and arrows). The CD44 staining of both transgenic mice’s teeth
indicates DPSCs are preferentially localized in perivascular niches as suggested in previous
studies (Shi and Gronthos, 2003, Lovschall et al., 2005, Sloan and Waddington, 2009).

Additionally, I used another double staining of MSI1 and CD44 to confirm co-expression
of CD44, a mesenchymal stem cell marker, and MS1, a neural crest-related marker, by DPSCs.
Like the co-staining of B-galactosidase and CD44, DPSCs stained positively for MSI1 and CD44
preferentially located in the same areas; underneath odontoblast cell layer and surrounding blood

vessels (Figs. 4.2C, D arrowheads and arrows, respectively). As expected, I did not observe any
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positive cells for B-galactosidase in the Tie2-GFP derived dental pulp and IgG isotype control
staining (Figs 4.2E, F). Accordingly, I observed blood vessels in the Tie2-GFP dental pulp
expressing GFP (Figs 4.2B, F, arrowheads). The co-expression of f-galactosidase or neural crest-
related and MSC markers indicates the existence of neural crest-derived DPSCs in murine
neonatal teeth.

4.3.5 Wntl-Cre/R26R-LacZ derived DPSC clone gave rise into neural crest-derived
mesenchymal lineage in vitro

I determined in vitro multi-differentiation capacity in neural crest lineages of the Wnt1-
Cre/R26R-LacZ derived clonal DPSCs using the differentiation protocols described in Table 4.2.
Cells treated with adipogenic media generated lipid-containing cells positive for Oil Red O (Fig.
4.3A). I performed chondrocyte differentiation in both monolayer and cell pellet methods
cultured in chondrogenic media (Johnstone et al., 1998, Wang et al., 2003). After 21 days
differentiated cells in the monolayer secreted extracellular matrix stained positively for COLII
(Fig. 4.3B). In addition, the chondrogenic pellet culture conditions induced DPSCs to form
aggregations in differentiated medium, but not in stem cell media. These aggregates stained
positively for toluidine blue and alcian blue, which stain cartilage extracellular matrices (Figs.
4.3C, D) (Johnstone et al., 1998, Tscheudschilsuren et al., 2006). For osteo-odontogenic
differentiation, in contrast to undifferentiated cells, treated cells with differentiation media
showed clusters of cells stained positively for DMP1 and DSP (Figs. 4.3E-G). The staining
results were confirmed by RT-PCR (Figs. 4.3H-J). The gene expression after each differentiation
revealed that induced cells expressed higher levels of specific adipogenic, chondrogenic, and

osteo-odontogenic markers, respectively.
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4.3.6 Wntl-Cre/R26R-LacZ derived DPSC clone gave rise into neural crest-derived
non-mesenchymal lineage in vitro

In addition to mesenchymal lineages, clonal DPSCs gave rise into neuronal-like cells
positive for neurofilament and S100, confirming by NFL and NFH gene expression (Figs. 4.4A-
E). DPSCs cultured in smooth muscle media showed smooth muscle-like cells positive for
smooth muscle actin; some of which stained positive for smooth muscle myosin heavy chain,
calponin, and caldesmon, which are mature markers of smooth muscle cells (Figs. 4.4F-I)
(Grabski et al., 2009). Q-RT-PCR showed treating DPSCs in smooth muscle media revealed up-
regulation of specific gene expression for smooth muscle differentiation, serum response factor
(SRF), Sm22-alpha, Sma, SMHC, and calponin (Fig. 4.4J). Thus, Wntl-marked DPSCs can
successfully differentiate into neural crest lineages. Altogether these results confirm that clonal
DPSCs generated in our culture conditions are all derived from neural crest origin.

4.3.7 In vivo transplantation of Wnt1-Cre/R26R-LacZ derived DPSC clone

To determine the differentiation potential of cultured Wntl-marked DPSCs in vivo, Wnt1-
marked DPSCs were subcutaneously transplanted following the protocol described in Materials
and Methods. Transplanted Wntl-marked DPSCs were identified by anti-f-galactosidase staining
in transplants (Fig. 4.5A) whereas HAp/TCP only and transplanted tissue stained with IgG
isotype control were negative for anti P-galactosidase staining (Figs. 4.5B, C). Transplanted
Wntl-marked DPSCs were also positive for CD44 and MSI1, two markers expressed by DPSCs
in dental pulp tissue and in vitro (Figs. 4.5D, E).

Wntl-marked DPSC concentrated near HAp/TCP areas, and secreted dense extracellular
matrices. Some transplanted Wntl-marked DPSCs were elongated, polarized, and arranged

perpendicularly to HAp/TCP, resembling odontoblast-like cells (Figs. 4.5F-H, arrows). In
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addition, transplanted Wntl-marked DPSCs also formed clusters of loose connective tissue
containing blood vessels, resembling dental pulp-like tissue (Figs. 4.5F-H, arrowheads). As
expected, transplanted HAp/TCP without DPSCs tissues were devoid of dense extracellular
matrices (Fig. 4.5I). Masson’s trichrome confirmed dense collagen matrix formation in DPSC
transplants, but not in HAp/TCP transplants only (Figs. 4.5J-M). In addition, DPSCs secreted
extracellular matrices which were positive for dentin matrix proteins, DMP1 and DSP (Figs.
4.5N, O). The staining of dentin matrices was completely negative in the transplantation of
HAp/TCP only (Figs. 4.5P, Q). Corresponding to my previous results of DPSC transplantation,
these observations confirmed that Wntl-marked DPSCs generate odontoblast-like cells, dentin-
like matrix and dental pulp-like tissue in vivo.

In addition to odontoblast-like cell differentiation, I found that some of DPSCs were
strongly positive for smooth muscle actin, and those were located adjacent to blood vessels close
to HAp/TCP, suggesting pericyte-like phenotype (Figs. 4.6A-F, arrowheads). DPSC-derived
pericyte-like cells were also found surrounding blood vessels distant to HAp/TCP (Figs. 4.5G-1,
arrowheads). Nevertheless, some pericytes found in DPSC transplants were not derived from
transplanted DPSCs as they did not stain positive for anti B-galactosidase. This transplantation
model demonstrated that Wntl-marked DPSCs were able to give rise not only odontoblast-like

cells, but also pericyte-like cells.

4.4 Discussion
In the previous chapter, I have shown that non-clonal and clonal DPSCs derived from
Tie2-GFP express neural crest genes and differentiate into neural crest-lineages in vitro and form

dentin like structures in vivo; however, the developmental origin of my cultured cells collectively
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called DPSCs could not completely be distinguished. Therefore, I used a transgenic mouse
model, the Wnt1-Cre/R26R-LacZ mouse, to demonstrate the genetic lineage tracing of neural
crest contribution to stem cells in dental pulp (Chai et al., 2000). Although the Wnt1-Cre/R26R-
LacZ mouse has been widely used to study neural crest development, to date the origin of DPSCs
has not been examined. Staining results of Wnt1-Cre/R26R-LacZ tooth sections showed the
existence of neural crest-derived DPSCs in sub-odontoblastic and perivascular regions. Those
two areas have been reported as stem cell niches in dental pulp tissue (Shi and Gronthos, 2003,
Lovschall et al., 2005, Sloan and Waddington, 2009). Under my culture conditions, early dental
pulp cells isolated from the Wnt1-Cre/R26R-LacZ revealed the majority of cells were of neural
crest origin. This is consistent with the study by Chai et al (2000) showing that dental pulp
consists of cells from neural crest and non-neural crest origins (Chai et al., 2000). In addition,
Wnt1-Cre/R26R-LacZ-derived BMSCs, previously known as non-neural crest-derived used as a
control showed negative X-gal staining (Hunt et al., 2009).

The X-gal staining of both DPSCs and BMSCs indicates that the Wnt1-Cre/R26R-LacZ is
a good strategy to study the developmental origin of DPSCs. This model definitely confirms the
neural crest origin of DPSCs. In spite of a mixed cell population of DPSC in early culture, after
6-week-in vitro expansion, all cells were positive by X-gal staining indicating only neural crest-
derived cells remained and were present in late cultures. The Wntl-Cre/R26R-LacZ-derived
DPSC clones also expressed strongly pluripotent stem cell and neural crest-related genes, and
gave rise to neural crest lineages. In addition to the expression of neural crest genes and
differentiation capacity into neural crest-lineage, this lineage tracing data undeniably proves that

in my culture condition DPSCs are neural crest-derived stem cells.
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Although some studies showed that both neural crest and non-neural crest cells can be
found in dental pulp during tooth development, my stem cell conditions select for only the
outgrowth of neural crest-derived stem cells (Fig. 4.7A). Thus, future studies should aim at
comparing the differentiation capacity, contribution and cross-talk of neural crest- and non-
neural crest-derived cells from dental pulp. Upon transplantation, DPSCs formed dentin-like
matrix composed of odontoblast-like cells and pericytes associated with microvessels in dental
pulp-like tissue recapitulating dentinogenesis (Fig. 4.7B).

The mechanisms that control the differentiation fate of dental pulp stem cells are not
completely elucidated but interactions with their niche are important for maintenance of
stemness and induction/guidance for differentiation. In my transplantation model, interactions
with microvessels seem pivotal for the differentiation of DPSCs into pericytes and odontoblasts.
Since the dental pulp tissue is highly vascularized, it is probable that dental pulp stem cells reside
in a vascular niche. To date multiple reports have revealed the presence of various adult stem
cells residing within the vascular niches (Shi and Gronthos, 2003, Kiel and Morrison, 2006,
Crisan et al., 2008, Tavazoie et al., 2008).

In addition, several recent studies have shown the existence of neural crest-derived stem
cels in various postnatal tissues (Kruger et al., 2002, Tomita et al., 2005, Sieber-Blum and Hu,
2008). Thus, future studies should also aim at understanding the interactions of neural crest-
derived stem cells with their respective niches from multiple adult tissues. Understanding the
mechanisms that control organogenesis and adult tissue homeostasis will be instrumental for
tissue engineering and tissue regeneration. Thus, studying how neural crest-derived stem cells

from multiple organs such as DPSCs interact within each niche to remain either stem cells or
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differentiate may help elucidate the mechanisms for maintenance of tissue-specific stem cells

and tissue-specific differentiation, in tissue regeneration or homeostasis.

45  Conclusion

Using the Wnt1-Cre/R26R-LacZ transgenic mouse model to isolate DPSCs in my culture
condition indicates that DPSCs are highly proliferative, express stem cell and neural crest-related
genes, as well as are capable of differentiating into neural crest-lineage in vitro and in vivo,
confirming the neural crest origin of DPSCs. This will broaden the potential clinical applications
of DPSCs as a readily accessible source of neural crest-derived cells for tissue
regeneration/homeostasis not only of pulp regeneration but possibly other neural crest
derivatives. Moreover, my in Vvivo transplantation of DPSCs demonstrated abundant of blood
vessel formation, suggesting the role of pericyte-like DPSCs in angiogenesis which is considered
an important key for successful tissue regeneration. This observation provides DPSCs as

promising stem cell sources for regenerative therapeutic medicine.
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RT-PCR primers

Gene

Bsp

Bsp

c-Myc

Dmpl

GAPDH

Leptin

Lpl

Nanog

NFL

Oct4

Forward primer
(5’23

AGAACAATCCGTGCCACTCACT

AGAACAATCCGTGCCACTCACT

CCTCTGCCCGCGATCA

TTGGGAGCCAGAGAGGGTAGA

CTCGTCCCGTAGACAAAATGG

ACCTGCTCCGGGTACATGTTC

GGATGGACGGTAACGGGAAT

TCTCAAGTCCTGAGGCTGACAAG

GCCTTGGACATCGAGATTGC

CTGGGCGTTCTCTTTGGAAA

Reverse primer
(5’23

CCCTGGACTGGAAACCGTTT

CCCTGGACTGGAAACCGTTT

AGGAAATCCAGCCTTCAAACAG

AGTCCACCAGCCGGTCTGTA

CGCTCCTGGAAGATGGTG

TGGGCAGACCCATCAATAGG

CATGGGCTCCAAGGCTGTAC

GTGCTGAGCCCTTCTGAATCA

CAGCTTTCGTAGCCTCAATGG

TCGGGCACTTCAGAAACATG

GenBank
Accession
number

NM_008318

NM_008318

NM_010849

NM_016779

NM_008084

NM_008493

NM_008509

NM_028016

NM_010910

NM_013633
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RT-PCR primers

Gene

Pparg2

Slug

Sox10

Sox9

Forward primer
(523"

CAAGAATACCAAAGTGCGATCAAA

CACTGTGATGCCCAGTCTAGGA

CAGCCACGAGGTAATGTCCAA

ACCCACCACTCCCAAAACC

Reverse primer
(5’23

GGATCCGGCAGTTAAGATCACA

GCAGATGTGCCCTCAGGTTT

GTGTAGGCGATCTGGGAAGTG

GATGCCGTAACTGCCAGTGTAG

GenBank
Accession
number

NM 011146

NM 011415

NM 011437

NM 011448

GAPDH

Sma

SRF

GGGAAGCCCATCACCATCT

TACATGGCGGGGACATTGAA

GGCCCCACAGCAAGCGTCTC

GCCTCACCCCATTTGATGTT

CCGATAGAACACGGCATCATCA

GTGGCGGGCAACGTCACTGT

Twist GACGAGCTGGACTCCAAGATG GCCCCTCTGGGAATCTCTGT NM 011658
Q-RT-PCR primers
Gene Forward primer Reverse primer GenBank
(523" (523" Accession
number

NM_008084

NM_007392

NM_020493
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Differentiation Cell density Media composition Reference
(cells/cm?)
Osteogenic 2x10%cells plated on | Serum-free media supplemented with (Gronthos
(Osteo- plastic surface 10% FBS, 10mM -glycerophosphate etal.,
odontogenic) (CalBiochem), 0.2mM L-ascorbic acid, 1994)
and 100nM dexamethasone
Chondrogenic | 2x10%cells plated on | Serum-free media supplemented with (Tscheuds
plastic surface or 10% FBS, 100ng/ml BMP-2 chilsuren
2x10° cells cultured (Shenandoah Biotech), 0.2mM L- et al.,
as micromass in a ascorbic acid, and 100nM 2006)
conical tube dexamethasone
Adipogenic | 2x10%cells plated on | Serum-free media supplemented with (Gregoire,
plastic surface 10% horse serum, 100uM indomethacin 2001)
(Alfa Aesar), 0.5mM 3-isobutyl-1-
methyl-xanthine (ACROS), and 1pM
dexamethasone
Neurogenic 1x10" cells plated on | Serum-free media with three series of (Jiang et
glass surface coated | growth factors; 1) media with 100ng/ml al., 2003)
with 5ng/ml bFGF for the first week; 2) media with
fibronectin 10ng/ml FGF-8b and 100ng/ml Shh for
the second week; and 3) media with
10ng/ml BDNF (all from R&D) and
10ng/ml EGF (Sigma) for the last week
of culture
Smooth muscle | 1.5x10" cells plated Serum-free media supplemented with (Ross et
on plastic surface 100ng/ml PDGF-BB (R&D) al., 2006)

coated with 5ng/ml

fibronectin
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Table 4.3 Lists of antibody for staining

Marker Antibody Species Dilution Company

\ \

\ \

Smooth muscle Monoclonal Mouse 1:100 Sigma

myosin heavy

chain




118

Table 4.4 Variable differentiation capacity of non-clonal and clonal DPSCs

Differentiation / Clone | Non-clonal | Non-clonal C5 C6 c7 C8 C9 Wntl-
#1 #2 marked

DPSC

clone
Osteogenic POS POS NEG NEG NEG | NEG NEG POS
Odontogenic POS POS POS POS POS POS POS POS
Adipogenic POS POS NEG NEG NEG | NEG NEG POS
Chondrogenic POS POS POS POS POS | POS NEG POS
Smooth muscle POS POS POS POS POS POS POS POS
Neurogenic POS POS NEG POS POS | POS NEG POS

Table 4.4 shows the summary and comparison of the capacity of non-clonal DPSCs and clones to
differentiate into neural crest-derived mesenchymal (osteogenic, odontogenic, adipogenic, and
chondrogenic) and non-mesenchymal (smooth muscle and neuronal) lineages. These data
indicate that non-clonal DPSCs were able to give rise to all neural crest-lineages. In contrast,
DPSC clones differentiated at passage 7 showed differentiation capacity into certain lineages, but
lack osteogenic and adipogenic capacity. Nonetheless, the clones still showed multi-
differentiation capacity into mesenchymal and non-mesenchymal lineages. Interestingly, DPSC
clones isolated from the Wntl-Cre/R26R-LacZ differentiated at passage 4 show the capacity to
differentiate into osteoblasts and adipocytes, which differs from that of our previous clones. This
may indicate DPSCs lose differentiation capacity to certain lineages during long-term cultures.
In addition, differences in the differentiation capacity among the clones indicate heterogeneity or
hierarchical relationship of stem cells and progenitors. Note that POS (positive) means that cells
can give rise to that lineage whereas NEG (negative) means that cells did not differentiate into

that lineage.
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Wnt1-Cre/R26R-LacZ Wnt1-Cre/R26R-LacZ C57BL6
Primary culture Passage 7 Passage 7
(d40)

(d8)

OPSCs
BMSCs
mESCs
Mo template

Mo lemplate

GAPDH
Msi1
Soxtl
Tkl

LNGFR

Twist

DPC1
DPC2
DFC3
DF C4

Snail
Slug
CD105

i
|

IlgG control

Figure 4.1 DPSC clones from Wnt1-Cre/R26R-LacZ mice. (A) DPSCs first isolated from 4-10
day-old Wntl-Cre/R26R-LacZ showed a majority of Wntl-marked cells in primary culture on
day 8 (d8) which stained positively for B-galactosidase with X-gal. A significant minority (10%)
of negative cells was also observed in early cultures (arrowheads). (B) Femur-derived bone
marrow stromal cells (BMSCs) isolated from the same Wntl-Cre/R26R-LacZ cultured in the
same condition for 8 days showed negative staining for X-gal. DPSCs were successfully cloned
on day 7-10. Following several passages until day 40 (d40), all clones generated in this
experiment (n=10) were 100% positive for X-gal. (C and D) Two different Wntl marked clones
were shown. (E) A representative DPSC clone from C57BL6 was negative for X-gal. (F) RT-
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PCR demonstrated that DPSC clones strongly expressed most of neural crest-related genes,
Msil, Sox10, TrkC, Twist, Snail, and slightly expressed LNGFR, but not in BMSCs. Both DPSCs
and BMSCs expressed CD105, a known mesenchymal stem cell marker. DPSC clones also
expressed pluripotent stem cell genes, Nanog, Klf4, Sox2 and c-Myc. (G-J) Immunofluorescence
showed positive staining of mesenchymal stem cell markers, CD44, CD73, CD105, and neural
crest-related marker, MSI1 in DPSC clones (in red). (K) Staining with IgG isotype was used as
negative control. DAPI used for nuclei staining is depicted in blue. Scale bars indicate 50 pm.
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Wnt1-Cre/R26R-LacZ

Tie2-GFP

Figure 4.2 Localization of neural crest-derived stem cells in dental pulp of neonatal mice.
(A) Immunofluorescence showed Wntl-Cre/R26R-LacZ derived dental pulp cells and
odontoblasts expressing -galactosidase (B-gal, in green). The co-expression of -galactosidase
and mesenchymal stem cell marker, CD44, in plasma membrane (in red) was observed in DPSCs
located in sub-odontoblastic (arrowheads) and perivascular regions (arrows). (B) In Tie2-GFP
dental pulp only vessels express green fluorescent protein (GFP), CD44 positive cells were
particularly located in sub-odontoblastic (arrowheads) and perivascular areas (arrows). (C and D)
The co-localization of CD44 (in red) and MSII (in pseudo-color cyan), a neural crest-related
marker, was observed in cells located in sub-odontoblastic (arrowheads) and perivascular areas
(arrows) of both Wntl-Cre/R26R-LacZ and Tie2-GFP, respectively. (E) Staining with IgG
isotypes are shown as negative control. (F) Tie2-GFP derived dental pulp cells did not express -
galactosidase, but blood vessels in this transgenic mouse were labeled by GFP (arrows). D =
Dentin, DP = Dental pulp, OD = Odontoblasts. Scale bars indicate 100 um.
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Figure 4.3 Multi-differentiation capacity in neural crest-derived mesenchymal lineages of
Wntl-marked DPSCs. (A) Double staining showed that X-gal+ treated cells in adipogenic
media demonstrated lipid droplets-containing cells positive for Oil Red O. (B) Chondrogenic
differentiation by monolayer method showed that a cluster of chondrocyte-like cells derived
from DPSCs secreted extracellular matrices positive for COLIIL. (C and D) DPSCs cultured in
chondrogenic media by pellet method formed aggregates containing highly proteoglycan which
stained positively for toluidine blue and alcian blue, respectively. (E) Differentiated DPSCs in
osteo-odontogenic media stained with IgG isotype as negative control showed X-gal positive
staining. (F and G) DPSCs treated in osteo-odontogenic media for 21 days secreted dentin
matrices stained positively for DMP1 and DSP; those extracellular matrices were not found in
cells cultured in stem cell media. (H-J) RT-PCR from each differentiation confirmed the staining
results. DPSCs treated in each differentiation media up-regulated specific adipogenic (A D14),
chondrogenic (C D21), and osteo-odontogenic (B D21) genes after 14 to 21-day culture. RNA of
mouse adipose tissue, femur, and mandible was used as positive control while the reaction
without cDNA was used as negative control. Scale bars indicate 100 pm.
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Figure 4.4 Wntl-marked DPSCs gave rise into neural crest-derived non-mesenchymal
lineages. (A-D) Neuronal-induced cells stained positively for neuronal markers; neurofilament
and S100 (in red). (E) The neurofilament staining was confirmed by the expression of
neurofilament-light (NFL) and -heavy (NFH) of treated cells in neurogenic media after 21 days
(N D21) (F-I) DPSCs in smooth muscle differentiation media showed smooth muscle-like
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phenotype that stained positively in red fluorescence for smooth muscle actin, smooth muscle
myosin heavy chain, calponin, caldesmon. DAPI used for nuclei staining is depicted in blue. (J)
Corresponding to immunofluorescence, Q-RT-PCR revealed the up-regulation of smooth
muscle-specific genes, SRF, Sm22-alpha, Sma, SMHC, and calponin in DPSCs after cultured in
smooth muscle media. Scale bars indicate 100 um. RQ values were relative to the expression of
mouse smooth muscle cells. GAPDH was used for the internal control. Error bars represent +
Standard Error of the Mean (SEM).
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DPSC transplant HAp/TCP only DPSC transplant

HAp/TCP

HAp/TCP

HAp/TCP

lg G control

DPSC transplant

HAR/TCP HAp/TCP

DPSC transplant HAp/TCP only

H&E

Masson’s
trichrome

CP only

B8

Figure 4.5 Wntl-marked DPSCs gave rise to odontoblast-like cells and generated dentin-
like structure in vivo. The Wntl-marked DPSCs were subcutaneously transplanted in HAp/TCP
scaffolds and analyzed 5 weeks post-transplantation. (A) anti B-galactosidase staining (in green)
indicated the location of transplanted cells in DPSC transplantation. (B and C) Negative staining
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of anti-B-galactosidase was observed in both transplantation of HAp/TCP only and IgG isotype
control, respectively. (D and E) Co-localization of cells positive for B-galactosidase (in green)
and CD44 (in red), as well as, MSII (in green) and CD44 (in red) were shown in odontoblast-
like cells surrounding HAp/TCP scaffold surfaces in DPSC transplants. (F-H) H&E staining
demonstrated the morphology of transplanted tissues in DPSC transplants. The transplanted
DPSCs concentrated near HAp/TCP surfaces, and secreted extracellular matrices. Some of
transplanted cells were elongated, polarized, and located perpendicularly to HAp/TCP surfaces,
resembling odontoblast-like cells (indicated by arrows). Many loose connective tissue areas
containing small blood vessels (indicated by arrowheads) surrounded by transplanted cells
were found in DPSC transplants, resembling dental pulp-like tissues. (I) transplantations of
HAp/TCP without cells were devoid of dense extracellular matrix. (J-M) Masson’s trichrome
staining confirmed the formation of collagen matrices found in DPSC transplants, but not in the
transplantation of HAp/TCP only, respectively. (J-L) DPSC transplants showed elongated and
polarized transplanted cells (indicated by arrows). (N-Q) DMP1 and DSP staining was strongly
positive in DPSC transplants, but negative in the transplantation of HAp/TCP only, respectively.
(O) White arrowheads illustrate polarized transplanted cells positive for DSP. (R) Staining with
IgG isotype was used as negative control. DAPI used for nuclei staining is depicted in ~ blue.
The dot lines represent a boundary between extracellular matrices secreted by DPSCs and dental
pulp-like structure. DP = Dental pulp-like structure, HAp/TCP = Hydroxyapatite/tricalcium
phosphate. Scale bars indicate 100 um.
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HAp/TCP

Figure 4.6 Wntl-marked DPSCs gave rise to pericyte-like cells in vivo. (A-I) Double
staining of anti B-galactosidase (B-gal, in green) and smooth muscle actin (SMA, in red) showed
that some transplanted DPSCs labeled by anti B-gal were positive for SMA (indicated by white
arrowheads) and located adjacent to blood vessels (indicated by red arrows), indicating
pericyte-like phenotype. Some SMA-negative cells were elongated and polarized lining the
HAp/TCP surface, representing odontoblast-like cells (indicated by white arrows). (A, D, and G,
as well as B, E, and H) Monochromatic figures represented anti (-galactosidase and smooth
muscle actin staining, respectively. (C, F, and I) Fluorescence staining was merged to illustrate
pericyte-like cells that co-stained positive for anti B-galactosidase and smooth muscle actin
(white arrowheads) although some non-specific green and red fluorescence was detected in red
blood cells and HAp/TCP, respectively. DAPI used for nuclei staining is depicted in blue. BV =
Blood vessel, HAp/TCP = Hydroxyapatite/tricalcium phosphate. Scale bars indicate 100 um.
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Figure 4.7 Summary of results and working models of neural crest-derived stem cells
isolated from murine dental pulp tissue. (A) Base on the Wnt1-Cre/R26R-LacZ mouse model,
neural crest gene expression, and differentiation capacity, dental pulp stem cell (DPSC)
populations contain a majority of neural crest-derived cells (approximately 90%) (shown in blue)
while the remaining cell populations were derived from non-neural crest origin (shown in white).
In our condition, only neural crest-derived cells can survive and proliferate. After in vitro
differentiation, these cells can give rise to neural crest-lineages, neuronal-like, smooth
muscle/pericyte-like, odontoblast-like cells, including classical mesenchymal cell lineages,
osteoblast-like, chondrocyte-like, and adipocytes. Nonetheless, in this study the differentiation
capacity of non-neural crest-derived mesenchymal stem cell (MSC)-like cells was not
characterized. (B) In vivo models show the different capacity between DPSCs and bone marrow
stromal cells (BMSCs). Based on the cell/tissue morphology and antibody staining, DPSCs
formed dentin-like matrix composed of odontoblast-like cells and pericytes associated with
microvessels (close distance about 9-12 um) recapitulating dentinogenesis. On the other hand,
the formation of bone condensation from BMSCs occurred in avascular areas (far distant, about
100-200 um), resembling early osteogenesis. This model illustrates how two different types of
mesenchymal stem cells derived from different origins form different niches and matrices when
transplanted under the same conditions. Interestingly, these tissue-specific stem cells recapitulate
formation of their own tissue (organogenesis). Understanding the mechanisms of this “memory”
of their tissues of origin may be pivotal information for tissue regeneration and cell therapy.
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CHAPTER 5

Neural crest derived-dental pulp stem cells function as ecto-mesenchyme to support

salivary gland tissue formation (Janebodin and Reyes, 2012)

51  Introduction

Irreparable salivary gland tissue dysfunction can be generated by salivary gland diseases
such as xerostomia and radiation treatment for head and neck tumor (Dirix et al., 2008).
Postnatal stem cells isolated from salivary glands have been characterized and demonstrated
capable to give rise into all the epithelial components of the salivary gland tissue such as ductal
and acinar cells (Lombaert et al., 2008); nevertheless, their application for salivary gland tissue
regeneration is struggled by the need of other supportive cells, vasculature, innervations and
matrix necessary for regeneration of the functional salivary gland tissue (Bucheler and Haisch,
2003). Although the salivary gland epithelium of the parotid glands is ectoderm-derived whereas
the epithelium of the submandibular and sublingual glands is endoderm-derived, the salivary
gland mesenchyme is neural crest-derived (Jaskoll et al., 2002, Yamamoto et al., 2008). The
interaction of epithelium and mesenchyme is essential for the branching morphogenesis of the
salivary gland. Importantly, the epithelial-mesenchymal interactions in tooth and salivary gland
formation are similar and molecular cues such as secretion of fibroblast growth factors (FGF-10,
FGF-7) by the ecto-mesenchyme and expression of FGF receptors (FGFR-1, FGFR-2) by the
epithelium are important for both the development of tooth bud and salivary gland (Hoffman et
al., 2002, Jaskoll et al., 2002, Jaskoll et al., 2004, Jaskoll et al., 2005, Madan and Kramer, 2005,

Patel et al., 2006, Yamamoto et al., 2008). Also important morphogens such as Shh, Wnt,
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fibroblast growth factors seem to play important roles in tooth bud and saliva gland development
(Jaskoll et al., 2004, Dang et al., 2009, Hai et al., 2010). We have recently characterized neural
crest-derived dental pulp stem cells (DPSCs) from neonatal mice that can differentiate into
neural crest lineages including mesenchyme, Schwann cells, odontoblasts and pericyte-like cells
(Janebodin et al., 2011). Due to similarities in tooth bud and salivary gland development, we
aimed to study the capacity of neural crest-derived DPSCs to support and induce salivary
epithelium differentiation. Both salivary gland mesenchyme and DPSCs are originated from
neural crest. Thus, I hypothesized that DPSCs enhanced salivary gland tissue differentiation and
formation.

The human salivary gland cell line, HSG, is a neoplastic cell line originally developed
from an intercalated duct cell of an irradiated human submandibular salivary gland. The HSG
cell line forms primary adenocarcinoma tumors with malignant characteristics when transplanted
into nude mice (Hayashi et al., 1985, Sato et al., 1985). Nonetheless, when cultured on matrigel
the HSG cell line rapidly differentiates into mature salivary epithelium (Maria et al., 2011).
Thus, the HSG cell is a good cell line to study salivary gland tissue differentiation as it is capable
of rapid expansion, and differentiation into multiple salivary gland epithelial cell phenotypes
including myoepithelial-like, acinar like, keratinocyte-like, chondrocyte-like and mucinous-like
cells (Shirasuna et al., 1981, Vag et al., 2007).

In order to study the inductive effects of mouse DPSCs on HSG differentiation I
performed in vitro xeno-cultures of mouse DPSCs and HSG on matrigel and I observed larger
and increased number of acini in the co-cultures as compared to HSG cultures alone. Although
matrigel is widely used for in vitro culture (Maria et al., 2011, Maria et al., 2011) its

immunogenicity limits its in vivo application (Cheng and Lambert, 2011).
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Thus, 1 sought extracellular matrix components important for salivary gland tissue
development. Hyaluronic acid (HA) is one of the major extracellular matrix components of the
developing and adult salivary gland (Cohn et al., 1977, Cutler et al., 1987). HA accounts for 50%
of all the glycosaminoglycans (GAGs) in the basal lamina of the developing submandibular
salivary gland (Cohn et al., 1977). In adult salivary gland tissue, HA accounts for 25% of all the
GAGs synthesized by the secretory units (acini and intercalated ducts) (Cutler et al., 1987).
Furthermore, HA is the ligand for CD44 which is highly expressed by DPSCs (Janebodin et al.,
2011). Acinar cells also express CD44 (Fonseca et al., 2000). I hypothesized that HA hydrogels
will provide a HA rich basement membrane for close epithelial-mesenchymal interaction and
will result in induction of differentiated salivary gland three-dimensional (3-D) structures.

Tissue engineering for salivary gland restoration is limited by availability of stem cells or
cell sources capable of providing all the cellular components necessary to generate a functional
salivary gland tissue. Furthermore, vascularization and innervation of engineered salivary gland
tissue is a long-lasting challenge. In this chapter, I performed both in vitro and in vivo studies by
combination of HSG and DPSCs in co-culture and xeno-transplantation to examine the effect of
murine DPSCs on the enhancement of human salivary gland differentiation. I report that neural
crest-derived DPSCs co-transplanted with HSG in HA hydrogels, secrete fibroblast growth
factors, namely FGF-7, angiogenic factors such as VEGF-C and support HSG differentiation into

mature salivary gland tissue in vivo.

5.2 Materials and Methods

5.2.1 HSG and DPSC culture
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HSG cells, derived from a human submandibular salivary gland, were a gift from Dr.
Kenneth Izutsu (Department of Oral Health Sciences, University of Washington). The cells were
plated in 10,000 cells/cm” on plastic tissue culture dishes (BD Biosciences, Franklin Lakes, NJ)
and cultured at 37°C under 5% CO, in growth media containing Dulbecco’s modification of
eagle’s medium (DMEM) with 4.5g/L. glucose, L-glutamine and sodium pyruvate (Cellgro,
Manassas, VA) supplemented with 10% heat-inactivated fetal calf serum (FCS) (HyClone,
Logan, UT), 100 units/ml penicillin with 100 pg/ml streptomycin (Cellgro).

Murine DPSCs derived from 4-day to 8-day Wnt1-Cre/R26R-LacZ mice was isolated and
cultured as previously described (Janebodin et al., 2011). Briefly, the pulp tissue from molar
teeth was gently isolated from tooth crowns and digested with a combination of 1.2 units/ml
dispase II, 2 mg/ml collagenase type IV (Worthington, Lakewood, NJ) and 2 mM CaCl, in
phosphate buffer saline (PBS) for 60 minutes at 37°C. The single cell suspension was plated in
1000 cells/cm? on plastic tissue culture dishes (BD Biosciences) and cultured at 37°C under 5%
0O, and 5% CO; in stem cell media containing 60% low-glucose DMEM (Gibco BRL), 40%
MCDB-201 (Sigma), 2% FCS, 1X insulin transferrin selenium (ITS) (Cellgro), 1X linoleic acid
bovine serum albumin (LA-BSA) (Sigma), 10° M dexamethasone (Sigma), 10 M ascorbic acid
2-phosphate (Sigma), 100 units/ml penicillin with 100 pg/ml streptomycin, and 1x10? units/ml
leukemia-inhibitory factor (LIF; ESGRO) (Millipore, Temecula, CA), supplemented with 10
ng/mL EGF and 10 ng/mL PDGF-BB (Sigma). The media were changed every three days and
passaged when adherent cells were more than 50% confluent. Both cells were passaged using
0.25% trypsin-EDTA (Cellgro) and replated at a 1:4 dilution under the same culture condition

for each cell type.
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5.2.2 In vitro differentiation of HSG, DPSCs alone, or HSG co-cultured with DPSCs
on matrigel

Cells were cultured on either plastic or matrigel-coated surfaces. Growth factor-reduced
matrigel (BD Biosciences) was thawed on ice and diluted in DMEM at a final concentration of 2
mg/ml. To form three-dimensional matrix in culture dishes, 100 pl of matrigel was added to 48-
well tissue culture plate (0.75 cm® per well) and incubated at 37°C for 1 hour before cell seeding.
HSG cells, DPSCs alone, or a combination of HSG with DPSCs (2.5 x 10* cells per each cell
type/cm?) were seeded in either non-coated or matrigel-coated plastic surfaces with 100 ul of
additional growth media. Culture medium was changed every two days. After 4 days, X-gal was
stained to distinguish Wntl-marked DPSCs which express LacZ gene from HSG cells. The cells
were fixed with 0.2% gluteraldehyde / 2% formaldehyde in PBS for 10 min, and washed with
three times of PBS. The fixed cells were subsequently incubated in X-gal solution at 37°C
overnight with light protection before washing with three times of PBS. The stained cells were
photographed and analyzed.

5.2.3 In vivo subcutaneous transplantation of HSG alone or HSG co-transplanted
with DPSCs with HA hydrogels

In accordance with approved Institutional Animal Care and Use Committee (IACUC)
protocols, HSG alone or HSG combined with murine DPSCs (1x10° cells/cell type) were
separately transplanted into 2-month-old male Ragl null mice (Jackson Laboratory, Bar Harbor,
ME, USA) by subcutaneous transplantation with hyaluronic acid (HA) hydrogel (HyStem,
Glycosan) (n=3 mice/group) according to the manufacturer’s protocol. 100 pl of cell suspension
was injected ventrally to the submandibular salivary gland without penetrating the gland. After 2

weeks of transplantation, HA plugs were dissected without involving mouse recipients’ salivary
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gland tissues and fixed with 10% neutral buffered formalin (NBF) (Sigma) for 30 min at 4°C
with agitation, then washed with three times of PBS at RT with agitation. The fixed transplanted
tissues were embedded in paraffin and cut to 8-um thick sections. Sections were analyzed by
Hematoxylin and Eosin (H&E), Periodic Acid Schiff (PAS), and immunofluorescence staining.

5.2.4 Quantitative reverse transcriptase -polymerase chain reaction (Q-RT-PCR)

Undifferentiated cultured DPSCs and transplanted tissues (HSG alone or HSG co-
transplanted with DPSCs) were extracted for total RNA by using the RNeasy Mini kit (Qiagen)
and TRIzol reagent (Invitrogen) according to the manufacturer’s protocol, respectively. Quantity
and purity of RNA was determined by 260/280 nm absorbance. First-strand cDNA was
synthesized from 1000 ng of RNA using the High Capacity cDNA synthesis kit from Applied
Biosystems per manufacturer’s protocols using a randomized primer. Q-RT-PCR primers are
included in Table 5.

cDNA (20ng) was prepared using the SYBR green PCR master mix from Applied
Biosystems. Reactions were processed by the ABI 7900HT PCR system with the following
parameters: 50°C/2 min and 95°C/10 min, followed by 40 cycles of 95°C/15 s and 60°C/1 min.
Results were analyzed using SDS 2.2 software and relative expression calculated using the
comparative Ct method. Each sample was run in triplicate reactions for each gene. cDNA of
undifferentiated HSG cells and mouse salivary gland tissue were used to calibrate samples.

5.2.5 Immunofluorescence

Cultured cells were fixed with 4% formaldehyde/PBS for 5 min, washed with 1% BSA in
0.1% Triton-X 100/PBS, stained with rat-anti-mouse/human LAMP-1 monoclonal antibody
(whole supernatant, Developmental Hybridoma Bank) overnight at 4°C following three times of

washing. Goat-derived Alexa 488-conjugated secondary antibody (1:800, Invitrogen) was
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incubated for 1 h and washed three times. The cells were double-stained with anti-human CD44
monoclonal antibody directly conjugated with PE (CD44-PE, 1:100, eBioscience) for 1 h at RT,
and then washed three times.

Transplanted tissue sections were deparaffinized, rehydrated, and permeabilized with 1%
bovine serum albumin (BSA) in 0.1% Triton X-100/PBS. Then sections were blocked with 10%
normal goat serum for 1 h at RT, and incubated with primary antibody which is rat-anti-
mouse/human LAMP-1 or rabbit-anti-mouse vVWF polyclonal antibody (1:400, Dako) overnight
at 4°C following three times of washing. The stained sections were subsequently incubated with
goat-derived Alexa 488-conjugated secondary antibody (1:800) for 1 h at RT, and washed three
times. Then the sections were incubated by the second set of primary antibody which is anti-
human-CD44-PE or anti-mouse-SMA monoclonal antibody directly conjugated with Cy3 (1:400,
Sigma) for 1 h at RT before washing three times. Cells were stained with 4°, 6-diamine-2-
phenylindol (DAPI, 1:1000) to visualize the nuclei. All antibodies were diluted in 1% BSA in
0.1% Triton-X 100/PBS.

All immunofluorescence images described in this manuscript was detected using a Zeiss
Axiovert 200 fluorescent microscope (Thornwood, NY). Photographs were taken with an
onboard monochrome AxioCam MRm camera and colored using Adobe Photoshop (San Jose,
CA). Background was reduced using brightness and contrast adjustments, and color balance was
performed to enhance colors. All the modifications were applied to the whole image using
Adobe Photoshop.

5.2.6 Periodic Acid Schiff (PAS) staining

Transplanted tissue sections were dewaxed and rehydrated. The sections were stained in

1% Periodic Acid solution (Sigma) for 10 min at RT with agitation before rinsing with deionized
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water. Then the tissues were incubated in Schiff reagent (Sigma) for 5 min at RT with agitation
before washing three times with deionized water. The stained tissues were dehydrated in a series
of alcohol solutions, and cleared with xylene before mounting.

5.2.7 Statistical analysis

The number of acini formed in the in vitro experiment and the number of blood vessels in
the transplanted tissues was quantified using an image analysis program, ImageJ v1.43u (Wayne
Rasband, NIH; http://rsb.info.nih.gov/ij). The number of acinar-like structure was counted from
6 wells in each experimental group. The percentage of blood vessel per area was determined
upon examination of 10 areas in each experimental group. Data were represented as Means =+ the
Standard Error of the Mean (SEM) of results from three separate experiments. The data were
analyzed by Student’s t-test where p-value < 0.05 represented significant differences between

HSG alone and HSG co-cultured or co-transplanted with DPSCs.

53  Results

5.3.1 HSG co-cultured with DPSCs formed more mature and increased number of
acinar-like structures

HSG and DPSCs cultured separately on plastic surfaces showed their different cell
morphology; the former were polyhedral-shaped epithelial cells whereas the latter were spindle-
shaped fibroblasts (Figs. 5.1A, B). As expected, HSG, DPSCs alone, and HSG co-cultured with
DPSCs (HSG+DPSC) grown on non-coated surfaces proliferated, but only formed a confluent
monolayer (Figs. 5.1C-E).

After cultured separately on matrigel-coated plastic surfaces for 4 days, HSG underwent

dramatically morphological changes in both HSG alone and HSG+DPSC. As previously reported
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(Maria et al., 2011), the salivary gland cells initiated to form acinar-like structures after day 1 in
matrigel culture; however, the acinar-like structures found in HSG+DPSC were larger and more
numerous than those in HSG alone (Figs. 5.1F, H). The acinar-like structures in HSG alone and
HSG+DPSC gradually increased in size (Figs. 5.11, J). DPSCs which were cultured alone on
matrigel did not change their cell morphology (Fig. 5.1G). HSG cultured alone on matrigel for 4
days showed small acinar-like phenotypes, represented by spherical structures with polarized
nuclei and lumen formation (Fig. 5.1K) (Patel et al., 2006, Tucker, 2007). In contrast, HSG in the
co-culture group formed large multi-cellular structures that resembled intact salivary glands with
acinar- and duct-like structures (Fig. 5.1L, arrowheads). Noticeably, co-culturing DPSCs shown
by positive X-gal staining (in blue) were clustered near HSG-derived acinar-like structure (Fig.
5.1], arrows).

The HSG-derived acinar structures in both HSG alone and HSG+DPSC were positive for
CD44 (in red) and lysosome associated membrane protein-1 (LAMP-1) (in green), confirming
the differentiation of HSG to acinar cells (Figs. 5.1K, L). CD44 and LAMP-1 are expressed by
HSG and acinar salivary gland (Heffernan et al., 1989, Fonseca et al., 2000, Maria et al., 2011).
The acinar structures in the HSG+DPSC group were strongly positive for LAMP-1 when
compared to those in HSG alone, suggesting higher maturity of acinar salivary gland structures.
Additionally, the number of acinar-like structures quantified in the HSG+DPSC group was
significantly larger than those in HSG alone (*p = 0.002) (Fig. 5.1M). Taken these results
together, this suggests that DPSCs enhance the ability of HSG to differentiate to acinar- and
duct-like phenotypes.

5.3.2 DPSCs expressed high level of Fgf-7 and Fgf-10, neural crest-derived

mesenchymal genes essential for salivary gland formation
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To complement our in vitro study and to gain insight into DPSC supportive role to induce
HSG differentiation into functional salivary gland units in vivo, I transplanted HSG alone or the
combination between HSG and DPSCs subcutaneously by direct injection of cell suspension
ventrally to the submandibular salivary gland without penetrating in the gland with hyaluronic
acid (HA) hydrogel in Ragl null mice to avoid immune rejection against the human cells (HSG)
(Fig. 5.2A).

Undifferentiated DPSCs in my culture condition showed the expression of ectodysplasin,
Eda, and fibroblast growth factors, Fgf-7 and Fgf-10. Eda, Fgf-7, and Fgf-10 are proteins
secreted by neural crest-derived mesenchymal cells to induce branching morphogenesis during
salivary gland development and formation (Morita and Nogawa, 1999, Jaskoll et al., 2005,
Tucker, 2007). DPSCs expressed significantly high levels of Fgf-7 and Fgf-10, which is
approximately >10 folds greater than endogenous Fgf-7 and Fgf-10 expression in mouse
submandibular salivary gland (*p = 0.0014 and 0.00005, respectively) (Fig. 5.2B). The high
expression of both growth factors combined with my previous study showing that DPSCs are
neural crest-derived led me to hypothesize that DPSCs may be a good source of ecto-
mesenchymal supportive of salivary gland formation and regeneration (Janebodin et al., 2011).
In addition, DPSCs expressed high level of vascular endothelial growth factor receptor 3, Vegfr-
3 (>5 folds greater than endogenous Vegfr-3, *p = 0.0026), and similar level of its ligand, Vegf-C
but not Vegf-A, when compared with that of mouse salivary gland (Fig. 5.2B). A previous study
demonstrated that stimulation of blood vessel formation improved regeneration of submandibular
salivary gland (Lombaert et al., 2008). Therefore, the expression of angiogenic genes by DPSCs

suggests that their angiogenic potential may be beneficial for salivary gland formation.
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5.3.3 Co-transplantation of HSG and DPSCs demonstrated high expression of
murine neural crest-derived mesenchymal and human salivary gland differentiation genes

After two-week post-transplantation, HA hydrogel plugs were processed for histological
and Q-RT-PCR analyses using primers specific for human salivary gland differentiation genes
and mouse specific mesenchymal genes.

DPSCs up-regulated the expression of Eda, Fgf-7, and Fgf-10 in the HA hydrogel plugs
in vivo. The level of all three mesenchymal genes expressed in HSG+DPSC was also greater than
that expressed in HSG alone. In particular, the levels of Fgf-7 showed >10 folds greater than
endogenous Fgf-7 expression in untransplanted mouse submandibular gland (*p = 0.009) (Fig.
5.3A). To confirm the formation of functional salivary gland, I used human specific primers to
determine the expression of salivary gland differentiation genes. The HSG alone and co-
transplanted with DPSCs expressed higher level of human ectodysplasin receptor (EDAR), mucin
(MUC-5B and MUC-7), alpha-amylase-1 (AMY-1), and aquaporin-5 (AQP-5) (approximately
>10-150 folds greater than the expression in undifferentiated human submandibular salivary
gland cells) (Fig. 5.3B). Importantly, alpha-amylase-1 which is an enzyme that is secreted by a
functional salivary gland, was expressed significantly higher in the co-transplanted tissues (*p =
0.046), suggesting that HSG co-transplanted with DPSCs formed more mature and functional
salivary gland.

Next, I studied if DPSCs enhance human salivary gland cells to differentiate and form
functional salivary gland by induction of blood vessel and nerve innervating formation. To
answer this question, I examined endothelial-specific, neuronal, and angiogenic gene expression
by Q-RT-PCR. Accordingly, HSG+DPSC group showed higher level of the endothelial markers,

von Willebrand Factor (VWWF) (*p = 0.018) as well as the neuronal marker, heavy neurofilament
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(NF-200) (p = 0.058), when comparing with HSG group (Fig. 5.3C). Likewise, the HSG+DPSC
co-transplanted tissues expressed higher levels of Vegfr-3 and Vegf-C (*p = 0.023 and 0.027,
respectively) (approximately >30-35 folds and >2 folds greater than expression in mouse
submandibular salivary gland and in HSG transplants, respectively) (Fig. 5.3D). The expression
of these transcripts suggests that DPSCs enhance the salivary gland cells to differentiate and
form salivary gland tissue by induction of blood vessel and nerve innervating formation.

5.3.4 Glandular structures were observed in the co-transplantation of HSG and
DPSCs

In addition to gene expression, I determined the morphology of transplants in HSG alone
and HSG+DPSC. H&E staining revealed that HSG hydrogel plugs showed only immature
cancer-like cells with large nuclei (Figs. 5.4A-C). Conversely, duct- and acinar-like structures
represented by their polarized nuclei were seen in the hydrogel plugs containing HSG and DPSC,
particularly at the periphery close to mesenchymal cells (Figs. 5.4D-F) and vessels (Fig. 5.4E,
inset).

PAS staining distinguished acinar- from duct-like structures by revealing the formation of
mucin/mucopolysaccharide containing cells. PAS-positive cells (in pink) were randomly found
in the HSG transplants alone (Figs. 5.4G-I). In contrast, several clusters of PAS-positive acinar-
like with some PAS-negative duct-like structures were present in the HSG+DPSC transplants
(Fig. 5.4J, inset).

Immunofluorescence showed more mature glandular structures which were double-
positive for CD44 and LAMP-1 in the HSG+DPSC co-transplantation group, but not in the HSG
alone (Figs. 5.5A, B, arrows). The cells in HSG transplants were immature which stained

positive for CD44, but negative for LAMP-1 (Fig. 5.5A). Interestingly, differentiated HSG cells
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were observed at the interface with mesenchymal cells (DPSCs) which encapsulated the HSG
tumor (Fig. 5.5B, arrowheads). In addition, encapsulating DPSC which stained positive for
smooth muscle actin (SMA) integrated deeper into the core of the transplanted tissue and also
recruited blood vessels (Figs. 5.4E, K insets, L, 5.5C, D arrowheads, E, F). The blood vessels
were recognized by SMA and vWF staining (Figs. 5.5C-F). The quantification of blood vessels
in both transplanted tissues showed significantly increased number of blood vessels in

HSG+DPSC than that in HSG alone (*p = 0.004) (Fig. 5.5G).

54  Discussion

In general stem cell therapy focuses on delivering only the desired stem cell population.
This approach works if the stem cell can regenerate the whole organ. For salivary gland
regeneration, although a putative salivary gland stem cell can potentially regenerate all the
epithelial components it cannot give rise to the supportive tissue including mesenchyme,
vasculature and nerves. Since dental pulp stem cells (DPSCs) are neural crest-derived and
epithelial-mesenchymal interactions of tooth bud and salivary glands are similar, I hypothesized
that DPSCs is a good source of mesenchyme to induce and support salivary gland tissue
differentiation.

I first studied the effects of co-culture with DPSCs on HSG differentiation in vitro.
DPSCs and HSG were co-cultured on matrigel. After 4 days, HSG had formed acini but the
number of acini and the size of the acini were significantly increased in the co-cultures with HSG
as compared to HSG only cultures.

The unknown composition and immunogenicity of matrigel are some of the

disadvantages for its in vivo use (Norrby, 2006, Kilarski and Bikfalvi, 2007). Thus, I sought a
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more natural matrix for salivary gland formation. Hyaluronic acid (HA) is the most abundant
glycosaminoglycan in the developing salivary gland (Cohn et al., 1977). Also, adult salivary
gland secretory units produce high amount of HA, which is deposited in the basal lamina (Cutler
et al., 1987). Furthermore, acinar epithelial cells express CD44 the receptor for HA (Terpe et al.,
1994, Xing et al., 1998). Thus I hypothesized that HA hydrogels will provide a good a natural
scaffold for salivary gland formation and epithelial-mesechymal interaction. Therefore, I
conducted xeno-transplantation of HSG alone or HSG and DPSCs in HA hydrogels
subcutaneously ventrally to the endogenous submandibular gland. Although HA hydrogels have
been previously used to induced 3-D formation of salivary secretory units in vitro (Pradhan et
al.), to my knowledge this is the first report that demonstrate the potential use of HA hydrogels
for in vivo formation of salivary gland tissue.

I performed transplantation of DPSCs and HSG in Ragl null mice. Using this hetero-
xeno-transplantation approach, I can clearly monitor and distinguish the contribution of murine
DPSCs using murine specific mesenchymal primers compared to untransplanted murine salivary
gland tissue as well as the contribution and differentiation stage of HSG using human specific
primers of salivary gland epithelial markers. Before transplantation, I observed that DPSCs
expressed approximately 10 folds higher levels of Fgf-7 and Fgf-10. These fibroblast growth
factors are essential for proper salivary gland formation as their respective knockout and their
receptor Fgfr-1 knockout mouse models result in salivary gland development defects or aplasia
(Jaskoll et al., 2005, Makarenkova et al., 2009). Furthermore, upon transplantation, DPSCs
expressed significantly higher levels of Fgf-7 as compared to untransplanted murine salivary

gland and HGS only transplants. This is therapeutically significant as FGF-7 (aka Keratinocyte
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Growth Factor, KGF) administration has been shown beneficial for salivary gland restoration
(Lombaert et al., 2008, Zheng et al., 2011).

Given the tumorigenic nature of HSG, I only performed short term transplantation.
Nonetheless, in 2 weeks post-transplantation I showed significant increase in the levels of human
salivary gland differentiation markers in both HSG only and HSG with DPSC co-
transplantations. Moreover, gene expression of human alpha-amylase-1 (AMY-1) was
significantly increased in the HSG co-transplanted with DPSC indicating that DPSC induced
functional differentiation of HSG in vivo. Upon histological examination it became obvious that
differentiated glandular structures were observed at the interface with mesenchyme and near
vessels. This underlies the importance of epithelial-mesenchymal interaction for proper glandular
differentiation and demonstrates that DPSCs is a good source of ecto-mesenchyme. Consistent
with my previous observations, DPSCs exhibit great angiogenic capacity in vivo (Janebodin et
al., 2011). DPSCs express high levels of Vegfr-3 and Vegf-C and significant higher levels of
these angiogenic factors were found in the co-transplanted tissue containing DPSCs and HSG as
compared to HSG alone. This may explain the increased number of vessels in the co-transplanted
tissue. This suggests that angiogenesis may be an important aspect of salivary gland tissue
development and regeneration. Furthermore, I observed near significant higher levels of NF-200
that reached the levels seen in normal submandibular gland. Recently it has been demonstrated
that innervation is crucial for normal development of the salivary gland (Knox et al., 2010).
Future studies are warranted to understand the mechanisms of DPSC induction of angiogenesis

and neurogenesis.
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55  Conclusion

I provide an evidence of the potential clinical use of neural crest-derived DPSCs as ecto-
mesenchyme for induction and support of salivary gland development and formation. DPSCs are
considered biological and easily accessible sources of postnatal stem cells isolated from adult
and deciduous teeth with less invasive procedure. Their multi-lineage stem cell differentiation
capacity combined with their trophic epithelial-morphogenic, angiogenic and neurogenic
capacity makes DPSCs ideal inductive and supportive cell source for salivary gland tissue
engineering approaches. Further studies should be performed in order to understand better in
molecular biological mechanisms or signaling pathways of DPSCs or neural crest-derived
mesenchyme to enhance the salivary gland differentiation. Also, studying the effect of DPSCs or
neural crest-derived mesenchyme on salivary gland regeneration or formation emphasizing
salivary gland functional analyses in mouse models with damaged or diseased salivary gland will

provide very useful information to translate into human clinical models.
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Table 5. The human- and mouse-specific primer sequences

Q-RT-PCR primers

(Human)
Gene Forward primer Reverse primer GenBank
(5’23 (5’23 Accession
number

EDAR TCTCCCTTCCAGCACGCCCA TCAGGGCAGTGGCCAGGTGT NM_022336

MUC-7 TGGCTACCAAAATGCCTAGACACAG | GGAATCCTTCCTCCAAGTCTGGTCA | NM_001145006

AQP-5 TGTGGCACCGCTCAATGCCC GCCTGGCCCTGCGTTGTGTT NM_001651

Q-RT-PCR primers

(Mouse)
Gene Forward primer Reverse primer GenBank
5>3 5>3 Accession number
Eda TGGAGGTACTGGTGGACGGCA ACCACCACCTCGTAGCTGGCA | NM_010099

Fgf-10 TGGTGTCACAGGAGGCCACCAA CGCACATGCCTTCCCGCACT NM_008002

NF-200 CATTGAGATTGCCGCTTACAGA GAGAAGGGACTCGGACCAAAG | NM_011708

Vegf-C GATTCTCTGCCCCGCTTTG GGAGGATGCTGTGTTGCTACAA | NM_009506
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Figure 5.1 Human Salivary Gland (HSG) Cells formed more mature and increased number
of acinar-like structures in the presence of Dental Pulp Stem Cells (DPSCs). (A and B)
Undifferentiated HSG cells and DPSCs cultured on plastic surfaces before starting experiment
showed polyhedral- and spindle- shaped, respectively. (C-E) HSG, DPSCs alone, and HSG co-
cultured with DPSCs (HSG+DPSC) cultured on non-coated plastic surfaces proliferated and
formed a confluent monolayer. (F-H) HSG, DPSCs alone, and HSG+DPSC cultured on
Matrigel-coated surface for 1 day. (F) HSG started to form small acinar-like structures. (G)
DPSCs survived, proliferated, and formed a monolayer, but not gave rise to any acinar-like
structures. (H) Large HSG-derived acinar-like structures were found in HSG+DPSC group. (I
and J) X-gal showed the positive staining of Wnt1-Cre/R26R-LacZ derived DPSCs due to the
expression of P-galactosidase (B-gal), but not HSG. (I) HSG-derived acinar-like structures
increased in size after 4 days cultured on Matrigel. (J) HSG co-cultured with Wnt-1/B-gal+
DPSCs (X-gal+ cells shown in blue) formed larger acinar-like structures which closely contacted
to DPSCs (arrows). (K and L) The acinar-like structures in both HSG and HSG+DPSC were
positively stained for CD44 and LAMP-1. (L) HSG co-cultured with DPSCs formed more
mature due to higher expression of LAMP-1 and CD44. The duct-like structure was also seen in
this group (arrowheads). (M) The bar graph shows that the number of acinar structures increased
in HSG+DPSC (182 + 0.68 acini) when compared with HSG alone (163 + 1.32 acini). The
number of acini in both groups were counted from 6 wells (n = 6) are statistically significant.
Student’s t-test calculated * p < 0.05. Error bars represent + SEM. Scale bars indicate 100 pm.
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A A cell transplantation model: HSG only or
HSG and DPSC mixed with hyaluronic acid
(HA) hydrogel were subcutaneously
transplanted ventrally to the submandibular
salivary gland (SMG) without penetrating in
the gland in Rag1-/- mice (n=3 per group) to
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Figure 5.2 Cultured undifferentiated DPSCs expressed high level of Fgf-7 and Fgf-10,
neural crest-derived mesenchymal genes involving salivary gland formation. (A) A diagram
illustrates the in vivo cell transplantation model. HSG alone or the combination between HSG
and DPSCs (1 million per cell type) were prepared as cell suspension in hyaluronic acid (HA)
hydrogel scaffold and subcutaneously injected ventrally to the submandibular salivary gland
(SMG) without penetrating in the gland in 2-month-old Rag1-/- null mice (n = 3 mice/group) to
avoid immune rejection against the human cells (HSG). (B) Q-RT-PCR showed RQ (Relative
Quantification) values demonstrating differential gene expression of Eda, Fgf-7, Fgf-10, Vegfr-3,
Vegf-C, and Vegf-A in undifferentiated DPSCs and mouse salivary gland. DPSCs cultured in
stem cell media under 5% O, incubation, as previously described in Materials and Methods,
expressed high level of Fgf-7, Fgf-10, and Vegfr-3, as well as the same level of Vegf-C,
compared to mouse salivary gland (approximately >10 folds greater than endogenous Fgf-7 and
Fgf-10 , and >5 folds greater than endogenous Vegfr-3 expression in mouse submandibular
salivary gland. RQ values (n = 3) were normalized by the expression of mouse salivary gland.
Gapdh was used for the internal control. Student’s t-test calculated * p < 0.05. Error bars
represent £ SEM.
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Figure 5.3 Co-transplantation of HSG and DPSCs demonstrated high expression of murine
neural crest-derived mesenchymal and human salivary gland genes. (A-D) Q-RT-PCR
showed RQ (Relative Quantification or Relative Expression) values demonstrating differential
gene expression in HSG alone (HSG-HA) and HSG co-transplanted with DPSCs (HSG+DP-
HA). The transplanted HSG and DPSCs in HA hydrogel scaffolds expressed higher levels of
murine Eda, Fgf-7, and Fgf-10, human EDAR, MUC-5B, MUC-7, AMY-1, and AQP-5, as well as
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murine VWF, NF-200, Vegfr-3, and Vegf-C. (A) HSG+DPSC particularly expressed significantly
higher Fgf-7 expression (> 10 folds compared to HSG transplants alone). (B) The HSG alone and
HSG co-transplanted with DPSCs expressed higher level of EDAR, MUC-5B, MUC-7, AMY-1,
AQP-5 (approximately >10-150 folds compared to undifferentiated human submandibular
salivary gland cells). AMY-1 was expressed significantly higher in the co-transplanted tissues.
(C and D) HSG+DPSC expressed higher level of mouse VWF, NF-200, Vegfr-3 and Vegf-C
compared to HSG transplants alone. RQ values (n = 3) were normalized to the expression of
mouse salivary gland or human salivary gland cells. Mouse Gapdh or human GAPDH was used
for the internal control. Student’s t-test calculated * p < 0.05. Error bars represent + Standard
Error of the Mean (SEM).
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Figure 5.4 HSG co-transplanted DPSCs demonstrated glandular structures with acinar-
and duct-like structures. HSG only (1 million cells) or HSG and DPSCs (1 million each) were
injected in HA hydrogels subcutaneously ventrally to the submandibular salivary gland in Rag1 -
/- mice (n =3 mice per group). (A-C) H&E staining demonstrated immature cancer-like cells
with large nuclei in HSG hydrogel plugs. (D-F) H&E staining showed the duct- and acinar-like
structures represented by their polarized nuclei in the hydrogel plugs containing HSG and
DPSCs. (G-I) PAS staining indicated some randomly positive cells (in pink) were found in the
HSG transplants alone. (J-L) Clusters of PAS-positive acinar-like with some PAS-negative duct-
like structures were present in the HSG+DPSC transplants. (E and K, insets, and L) Blood
vessels were found at the interface of HSG and DPSCs where the glandular structures were
observed. Scale bars indicate 100 pm.
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Figure 5.5 Immunohistological characterization of HSG and DPSCs in HA hydrogels. (A
and B) Mature glandular structures which were double-positive for CD44 and LAMP-1 (arrows)
were seen in the HSG+DPSC co-transplantation group, but not in the HSG alone. (A) The cells
in HSG transplants stained positive for CD44, but negative for LAMP-1, suggesting their
immature state. (B, arrowheads) Differentiated HSG cells were observed at the interface with
DPSCs which encapsulated the HSG tumor. (C-F) Encapsulating DPSCs which were positively
stained for SMA (arrowheads) attempted to invade into the transplanted tissue and also recruited
blood vessels. The blood vessels were recognized by SMA and vWF staining. (G) The bar graph
shows the quantification of blood vessels as percentage per area in both HSG and HSG+DPSC
transplants. The number of blood vessels in HSG+DPSC (82% =+ 1.37) was significantly higher
compared to that in HSG alone (33% =+ 0.91). The number of blood vessels in both transplants
were measures from 10 areas of three samples per transplant (n = 10). Student’s t-test calculated
* p < 0.05. Error bars represent + Standard Error of the Mean (SEM). Scale bars indicate 100
pm.
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CHAPTER 6

Angiogenic capacity of pericyte-like murine dental pulp stem cells

(Janebodin et al. 2013)

6.1  Introduction

Human and mouse dental pulp stem cells (DPSCs) have been isolated, characterized both
in vitro and in vivo, and proposed for regenerating dental tissue for clinical application
(Gronthos et al., 2000, Huang et al., 2006, Janebodin et al., 2011). Anatomically, DPSCs are
shown to be located in a perivascular niche (Shi and Gronthos, 2003, Lovschall et al., 2007).
Craniofacial pericytes and DPSCs originate from cephalic neural crest (Etchevers et al., 2001,
Janebodin et al., 2011). In turn, the anatomical position and developmental origin of DPSCs
suggest a role as pericytes. However, the capacity of DPSCs to function as pericytes is yet to be
elucidated.

Pericytes are specialized mural cells located at the interface between capillaries and
surrounding tissues where they play an active role in vascular maintenance and angiogenesis
(Allt and Lawrenson, 2001). Angiogenesis, the formation of new vessels from existing vessels, is
orchestrated by the interaction of pericytes and endothelial cells. Pericytes enhance angiogenesis
by responding to physiological or angiogenic stimuli and guiding endothelial cells to form new
vessels. Pericytes induce angiogenesis via cell-cell interaction or by secreting angiogenic factors
(Gerhardt and Betsholtz, 2003). Certain diseases such as cancer, diabetic microangiopathy, and
tissue fibrosis manifest pericyte dysfunction, consequently resulting in pathological angiogenesis

(Robison et al., 1991, Xian et al., 2006, Lin et al., 2008).
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Angiogenesis is important for successful tissue regeneration, repair, and healing. Without
adequate blood supply, tissue regeneration cannot be accomplished and subsequently necrotic or
scar tissues are formed (Madeddu, 2005). Therefore, stem/progenitor cells that can function as
pericyte-like cells that promote angiogenesis are an attractive stem cell source for tissue
regeneration.

Although DPSCs have been shown to locate adjacent to blood vessels, no study has yet
directly shown that DPSCs function as pericytes (Shi and Gronthos, 2003, Feng et al., 2011).
Recently, I have demonstrated significant microvessel formation in subcutaneously transplanted
hydroxyapatite/tricalciumphosphate plugs containing murine DPSCs that closely associated with
blood vessels, mimicking the endogenous pericyte location (Janebodin et al., 2011). Moreover,
the co-transplantation of human submandibular salivary gland cell line (HSG) with murine
DPSCs demonstrated the enhancement of salivary gland differentiation with the increased
number of vessels, compared to that of HSG alone, suggesting angiogenic inducing capacity of
DPSCs (Janebodin and Reyes, 2012). This result urged me to examine the pericyte-like
properties of DPSCs by determining angiogenic gene expression, in Vvitro and in vivo capacity to
induce vessel formation. Furthermore, I demonstrate that the capacity of DPSCs to function as

pericytes is VEGF-dependent.

6.2  Materials and Methods

6.2.1 Cell cultures

Wnt1-Cre/R26R-LacZ derived DPSCs, LacZ-labeled bone marrow stromal cells
(BMSCs), and GFP-cardiac endothelial cells were derived from previous studies and cultured

based on the protocols previously reported (Reyes et al., 2005, Ileronimakis et al., 2008,
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Janebodin et al., 2011). The frozen cells were thawed and expanded in stem cell media at 37°C
under 5% O, and 5% CO,. Human umbilical vein endothelial cell (HUVEC) line was cultured in
endothelial cell media at 37°C under 5% CO,. DPSCs and BMSCs were cultured in stem cell
media and treated with soluble Flt (sFlt) (Abcam); 2.5, 5, and 10 ng/ml for 4 days before cell
proliferation and gene expression analysis.

6.2.2 Dental pulp explant isolation

All mouse experiments were performed in accordance with approved Institutional Animal
Care and Use Committee (IACUC) guidelines, University of Washington. Pulp tissue were
isolated from first lower molar teeth of 4 to 10-day-old neonatal Tie2-GFP (Jackson Laboratory,
Bar Harbor, ME) (n = 10 teeth), and cultured as explants separately in stem cell media to observe
migrating cells and determine the presence of endothelial cells by GFP expression as previously
described (Janebodin et al., 2011).

6.2.3 Invitro vascular tube formation

HUVECs and DPSCs or BMSCs (5:1 ratio) were mixed with collagen (3mg/ml) and
seeded on 48-well plates pre-treated with 1% polyethyleneimine and 0.1% glutaradehyde. Co-
cultures of endothelial cells with DPSCs or BMSCs (1:1 ratio) were seeded at on 48-well plates
pre-treated with pure growth factor-reduced matrigel.

Vascular tubes on collagen

Type I collagen was extracted from rat tails and prepared at the concentration of 8mg/ml
in 0.1% acetic acid, which was further diluted and neutralized with buffer solution (1X Medium
199, 10X M199, and IN NaOH) on ice. Endothelial cells and DPSCs or BMSCs were
trypsinized from the culture flask, centrifuged and resuspended at 10’cells/ml. Appropriate

volume of concentrated cell suspension at above concentration was mixed into the neutralized
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collagen solution to achieve the concentration of collagen at 3mg/ml, the density of HUVECs at
10° cells/ml, and that of DPSCs or BMSCs at 2x10°cells/ml, resulting the ratio of HUVECs to
DPSCs or BMSCs at 5:1 ratio. To set up the tube formation assay, 48- well plates were first
treated with 1% poly(ethyleneimine) (PEI) solution for 10 minutes followed by 0.1%
glutaradehyde (GA) for 30 min to allow the boundary adherent to collagen and prevent cells
from collapsing the gel. Following that, neutralized collagen solution mixed with cells was then
placed into coated wells and allowed to polymerize at 37°C at 5% CO, for 20 minutes. The
polymerized gel with co-cultured cells were then cultured in a tube formation media, composed
of endothelial growth media supplemented with 50ng/ml TPA, 40ng/ml VEGF, 40ng/ml bFGF,
and 50pg/ml ascorbic acid, for 3 days before fixing and staining. Culture cells were re-fed with
the above media every two days.

Vascular tubes on matrigel

The vascular tube formation was performed by co-culturing DPSCs or BMSCs with
endothelial cells on matrigel. DPSCs and BMSCs were labeled with PKH26 red fluorescent
membrane dye (Sigma, St. Louis, MO) according to manufacturer’s protocol. 150 ul of pure
growth factor reduced matrigel (BD Biosciences, Franklin Lakes, NJ) was coated on a 48-well
plate and incubated 3 hours before usage. DPSCs, BMSCs, and endothelial cells were seeded at
2.6x10%cells/cm? and incubated at 37°C, 5% CO; and 5% O,. In the co-culture group, cells were
mixed well by pipetting before seeding in endothelial cell media (Ieronimakis et al., 2008).
PKH26-labeled DPSCs or BMSCs or GFP-endothelial cells alone were also studied in parallel.
Cells were fixed following 15 hours in culture and analyzed for vascular tube formation.

6.2.4 Invivo matrigel plugs
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The modified matrigel (MG) plug assay from the previous study (Ieronimakis et al.,
2008) was performed to examine in Vivo angiogenic potential of DPSCs and BMSCs by
subcutaneous injection over tibialis anterior muscles. Transplants were conducted in three
groups: 1) MG plugs alone with/without sFlt, 2) MG plugs with/without sFlt and DPSCs, 3) MG
plugs with/without sFlt and BMSCs (n=3 in each group). 10° cells were resuspended in 35 pl
75% MG with 25% PBS were injected for groups 2 and 3. 50 ng/ml of sFIt was used. Prior to
resuspension in MG, donor cells were labeled with PKH26. All mice were sacrificed at 14 days
post injection. The MG plugs were gently removed for tissue processing and analysis.

6.2.5 RT-PCR and Q-RT-PCR analyses

DPSCs and BMSCs were extracted for total RNA by using the RNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. Quantity and purity of RNA was determined by
260/280 nm absorbance. First-strand cDNA was synthesized from 1pg of RNA using the High
Capacity cDNA synthesis kit using a randomized primer (Applied Biosystems) following the
manufacturer’s protocol. The primer sequences were shown in Table 6.1.

cDNA (20 ng) was diluted in a final volume of 20ul per reaction using the Immomix
PCR Mastermix from Bioline. PCR was performed using the following thermal cycling
conditions; 95°C 7 min for initial activation followed by 95°C/30s; 57°C/30s; 72°C/45s, for 35
cycles, with a final 5-min extension at 72°C. Mouse-specific primers are listed in Table 5.1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as control reference gene.
RNA extracted from mouse skeletal muscle used as positive controls while negative controls
lacked cDNA.

cDNA (20 ng) for Q-RT-PCR were prepared using the Maxima SYBR Green/Rox qPCR

master mix from Fermentas Life Sciences. Reactions were processed by the ABI 7900HT PCR
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system with the following parameters: 50°C/2 min and 95°C/10 min, followed by 40 cycles of
95°C/15 s and 60°C/1 min. Results were analyzed using SDS 2.2 software (Applied Biosystems).
The threshold cycle (Ct) value for each gene was normalized to the Ct value of GAPDH. The
relative mRNA expression presented as Relative Quantification; RQ value) was calculated by
using the comparative C; method by the formula; 2'AACt, where ACt = Ct arget - Ct gappn and AACt
= ACt target — ACt catibrator- Each sample was run in triplicate reactions for each gene. Error bars
represent the standard error of mean calculated from three independent experiments. cDNA of
mouse endothelial cells were used to calibrate samples.

6.2.6 Histology and Immunofluorescence

Matrigel plugs were fixed with 4% formaldehyde in phosphate buffer saline (PBS)
(HyClone, Logan, UT) at RT for 2 hours before washing 3 times with PBS. Fixed matrigel plugs
then were sunk in a series of sucrose gradients in PBS beginning with 10% for 20 min, 20% for
20 min, and then left in 30% overnight at 4°C. Next day, processed tissues were embedded in
optimal cutting temperature compound (Tissue-Tek® O.C.T., Sakura Finetek, Torrance, CA),
frozen with liquid nitrogen cooled isopentane, and sectioned to 10 um thickness. Cultured cells
were fixed with 4% formaldehyde in PBS at RT for 10 min and then washed before staining.

Slides or fixed cells were washed and permeabilized with 0.1% Triton X-100/PBS. FITC-
conjugated BS1-lectin (1:500, Sigma) was stained for 1 h at RT and washed three times. For
immunostaining, slides or cells were blocked non-specific binding with 10% normal goat or
horse serum for 1 h at RT. Slides or fixed cells were then incubated with primary antibodies
(shown in Table 5.2) overnight at 4°C following three times of washing. Stained sections were
subsequently incubated with goat-derived anti-rabbit, goat, mouse, or rat Alexa 488, 594, or 647-

conjugated antibodies (1:800, Invitrogen) for 1 h at RT, following three times of washing.
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Tissues and cells were also stained with 4°,6-Diamidino-2-phenylindole dihydrochloride (DAPI)
to visualize the nuclei and examined by a Zeiss Axiovert 200 fluorescence microscope.
(Thornwood, NY) Images were taken with an onboard monochrome AxioCam camera.
Background was reduced using brightness and contrast adjustments, and color balance was
performed to enhance colors. Control images were treated the same as experimental images. All
modifications were applied to the whole image using Adobe Photoshop CS2 (San Jose, CA).
Quantitation of fluorescence intensity was performed using Imagel software (NIH, Bethesda,
MD)

6.2.7 Western blotting

Proteins were collected from DPSCs exposed to VEGF alone or combined with sFlt at
various concentration (1:2, 1;5 and 1:10; ng/ml VEGF: ng/ml sFlt). 10 minutes after VEGF and
sFIt exposure, the cells were fixed and proteins were collected from separate wells for
immunofluorescence and western blotting analysis, respectively. Proteins were collected in
RIPA buffer containing protease/phosphatase inhibitors and EDTA (Thermoscientific). Proteins
were quantified using the BCA Protein Assay Kit (Thermoscientific). Proteins (20 pg) were
loaded per sample in precast 4-20% mini Tris-Glycine gels (nUView). Gels were semi-wet
transferred to PVDF membranes. To confirm appropriate transfer membranes were stained with
Ponceau Red and gels with Coomassie blue. Membranes were blocked with 5% BSA for 1 h,
washed 3X with TBS-T and incubated with primary antibodies for 1 h or overnight. Then
stained membranes were washed 3X with TBS-T and then incubated with 2" antibody
conjugated with HRP (1:3000) for 1 h and washed 5X with TBS-T. Then exposed to SuperSignal
West Pico Chemiluminescent Substrate for 5 min and developed in the dark room. To quantify

the expression of phosphorylated VEGFR2 (pVEGFR2) and phosphorylated ERK1/2 (pERK1/2)
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the pVEGFR2 and pERK1/2 antibodies were used. The phospho-specific VEGFR2 antibody
detects the level of phosphorylation of VEGFR2 (Tyr-801) and the phospho-specific Erk1/2
detects the endogenous level of p44/42 MAP kinase (ERK1/2) (Thr202/Tyr204). The signal was
normalized to smooth muscle actin (SMA) expression. The quantitation of band density was
performed by ImagelJ software and represented as relative density to untreated cells.

6.2.8 Statistical Analysis

Statistical analysis of the results from three independent experiments was performed
using the Student’s t-test or one-way ANOVA. Data is presented as mean + SEM. P values <

0.05 or < 0.0001 were considered to be statistically significant.

6.3  Results

6.3.1 Tie2-GFP indicated that DPSC are not derived from endothelial origin

Ten days in culture, migrating mesenchymal-like cells were observed in Tie2-GFP pulp
explants (Figs. 6.1A-C). GFP+ cells were visible in the explant core (Figs 6.1D, G), but
migrating and passaged cells were GFP negative, suggesting an absence of endothelial cells in
our culture (Figs. 6.1E, F, H, I). The cultured cells also expressed angiogenic-related genes, Fltl
and FIk1, but not endothelial markers CD31 and Ve-cadherin (Ve-cad) in late passage (Fig. 6.1J).
Using the Tie2-GFP mice I confirmed the absence of endothelial cells in my DPSC cultures.

6.3.2 Clonal DPSC culture showed homogenous cell population

I have previously shown that DPSC clones derived from the Wnt1-Cre/R26R-LacZ mouse
are 100% P-galactosidaset+ (Wntl-labeled) and can differentiate into mesenchymal and non-

mesenchymal neural crest lineages (Janebodin et al., 2011). These Wntl-labeled DPSC clones
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are homogenously positive for mesenchymal markers such as CD44 and pericyte markers such
as smooth muscle actin (SMA) (Fig. 6.2).

6.3.3 DPSCs enhanced in vitro vascular tube formation in both endothelial cell line
and primary endothelial cells

To examine if DPSCs can function as pericytes, Wntl-labeled DPSCs were co-cultured
with human umbilical vein endothelial cells (HUVEC) or primary endothelial cells isolated from
hearts of mice that ubiquitously express GFP under the chicken B-actin promoter. Cells were
mixed and seeded on collagen or MG to assay the DPSC capacity to enhance endothelial cells
forming vascular tubes in vitro. BMSCs were used as a comparison. DPSCs and BMSCs labeled
with B-galactosidase were positive for X-gal (Figs. 6.3.1A arrow, B). HUVEC formed better
tube-like structures that stained positive for human CD31 in the co-culture with DPSCs, as
compared to BMSCs (Figs. 6.3.1C, D). DPSCs stained positive for SMA and were located
adjacent to the HUVEC (Fig. 6.3.1C).

I then co-culture murine DPSCs with murine GFP-cardiac endothelial cells. Prior to co-
culture we labeled DPSCs with the red fluorescence dye, PKH26 (Horan and Slezak, 1989). The
co-culture of PKH26+ DPSCs (Fig. 6.3.2E) with GFP-cardiac endothelial cells (Fig. 6.3.2F) also
showed endothelial cells formed tube-like structures (Figs. 6.3.2G, H). Interestingly, DPSCs
were located adjacent to endothelial cells suggesting they supported vascular tube stabilization
and function as pericytes in vitro (Figs. 6.3.2G, H, insets and arrowheads).

6.3.4 Angiogenic gene expression in DPSCs and BMSCs before and after sFlt
treatment

DPSCs and BMSCs expressed Vegf ligands and their receptors (Figs. 6.4.1A-H). DPSCs

expressed significantly higher Vegfd, EphrinB2, and Vegfr3 levels as compared to BMSCs. To



164

gain insights into VEGF signaling cues, I exposed DPSCs and BMSCs to VEGF inhibitor, sFIt
(2.5, 5, and 10 ng/ml). sFlt-treated DPSCs showed a dose-dependent decrease in the expression
of Vegfa, and its receptors (Vegfrl and Vegfr2), EphrinB2, and Vegfr3, but not in Vegfc and
Vegfd, as compared to untreated cells (*p < 0.05) (Figs. 6.4.21-K, M-P). Only the highest dose of
sFIt (10 ng/ml) significantly decreased endogenous sFIt in treated DPSCs (Fig. 6.4.2L).
Surprisingly, sFlt did not significantly affect these angiogenic genes in BMSCs. Despite a
negative effect on these angiogenic genes in DPSCs, sFlt did not decrease their proliferation
(Fig. 6.5).

6.3.5 DPSCs enhanced in vivo blood vessel formation better than BMSCs.I then
studied the angiogenic potential of DPSCs and their function as pericytes in vivo.

I utilized the MG plug assay, by subcutaneous injections of DPSCs mixed with MG over
tibialis anterior muscles. As before, BMSCs were compared in parallel. Following two-week MG
plugs revealed the presence of both DPSCs and BMSCs labeled with PKH26 (Figs. 6.6A, G).
Staining for BS1-lectin was used to highlight the vasculature of each plug. BS1-lectin is a
tetrameric agglutinin isolated from Bandeiraea simplicifolia, which specifically binds to lectin
receptors distributed on vascular endothelial cells (Alroy et al., 1987). The number of BSI1+
vessels with DPSCs was significantly greater than with BMSCs (Fig. 6.7). In contrast, MG plugs
without cells, generated as a control contained few blood vessels. Further staining for more
specific endothelial markers, CD31 and vWF, confirmed the increase of vessels in DPSC plugs
as compared to BMSC plugs (Figs. 6.6C, E, I, K, O). Staining for LYVEI, a specific marker of
lymphatic vessels, was negative in both BMSC and DPSC plugs, whereas host dermal tissue

adjacent to the plugs contained positive LYVEI vessels (data not shown) (Jackson et al., 2001).
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6.3.6 VEGEF inhibition affected the angiogenic capacity of DPSCs in vivo

I then surveyed the effects of VEGF inhibition when incorporating sFlt in the DPSC and
BMSC plugs. Without transplanted cells, MG plugs injected with sFIt showed decreased number
of blood vessels positive for BS1 vs. MG plugs alone (Figs. 6.7E, F). Plugs containing sFIt and
DPSC also showed a decrease in the number of vessels stained by BS1, CD31 and vWF
compared to plugs of DPSC without sFlt (Figs. 6.6C-F, O, 5.7A, B, G). In contrast, no
significant difference was observed in BMSC with and without sFlt (Figs. 6.61-L, O, 6.7C, D,
G). The decrease in vessels following sFlt treatment indicates DPSC-induced angiogenesis is
VEGF-dependent.

6.3.7 sFItinhibits VEGF-A binding to VEGFR2 and downstream ERK signaling

To study the mechanisms of sFIt inhibition in DPSCs, I exposed DPSCs to VEGF alone
or combined with sFlt at various concentrations (1:2, 1;5 and 1:10; ng/ml VEGF: ng/ml sFlt).
VEGFRI has higher binding affinity to VEGF-A, but undergoes minimal autophosphorylation.
The primary role of VEGFRI1 is not signaling but functioning as a “decoy” receptor
(Waltenberger et al., 1994). Thus, I focused on VEGFR2 signaling. By immunofluorescence
staining of phosphorylated VEGFR2 we determined that DPSCs exposed to VEGF displayed
phosphorylated VEGFR2 and its phosphorylation was inhibited in a dose dependent manner by
sFlt (Fig. 6.8.1G). Using western blotting we confirmed that VEGFR2 phosphorylation induced
downstream ERK phosphorylation in DPSCs. Accordingly, ERK phosphorylation was also
inhibited by sFIt (Fig. 6.8.2J). Thus, sFlt inhibits VEGF-A binding to VEGFR2, resulting in
decreased VEGFR?2 signaling and decreased downstream ERK signaling in DPSCs.

6.3.8 sFIt decreased blood vessel formation by inhibiting EphrinB2 signaling.
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EphrinB2 is secreted by pericytes, migratory neural crest, and DPSCs, and reported to
control VEGF receptor (VEGFR2 and VEGFR3) internalization necessary for VEGF signaling
(Kullander and Klein, 2002, Stokowski et al., 2007, Sawamiphak et al., 2010, Wang et al., 2010).
In my studies sFlt treatment decreased EphrinB2 expression (Fig. 6.4.2M). In turn, decreased
EphrinB2 levels may also decrease VEGF signaling in DPSCs which seems necessary for DPSC-
induced angiogenesis. Thus, EphrinB2 staining was compared between DPSC and BMSC plugs
with and without sFlt. As expected, EphrinB2 staining was significantly higher in DPSC-MG as
compared to DPSC-MG+sFlt and BMSC-MG. However, I did not observe a significant
difference in numbers of EphrinB2+ cells between BMSC plugs with and without sFIt (Fig. 6.9).
Presence of PKH26+ cells between MG plugs suggests that my results are not influence by a
significant difference in the number of DPSCs or BMSCs present in each plug (Figs. 6.6A, B, G,
H, 6.10). Taken together, VEGF inhibition by sFlt reduces the potential of DPSCs to promote
angiogenesis. My in vitro data suggests this occurs via inhibition of VEGFR2 signaling and

resulting down-regulation of Vegfa, Vegf receptors and EphrinB2 expression (Fig. 6.11).

6.4  Discussion

Previous studies have shown that DPSCs are anatomically localized at the pericyte
position (Shi and Gronthos, 2003, Lovschall et al., 2005). In vivo transplantation of DPSCs
demonstrated the induction of blood vessel formation (Janebodin et al., 2011, Janebodin and
Reyes, 2012). However, the function of DPSCs as pericytes has not been previously resolved.
Since pericytes have been reported to enhance angiogenesis, I examined the angiogenic potential

of DPSCs.
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Dental pulp tissue is highly vascularized; therefore I isolated DPSCs from the Tie2-GFP
to exclude any direct contribution of endothelial cells (Motoike et al., 2000) in DPSC cultures.
Endothelial cells were not found in DPSC cultures. I showed that the human endothelial cell line,
HUVEC, and primary murine endothelial cells generated vascular tubes when co-cultured with
DPSCs. This result is consistent with former studies reporting that human DPSC and SMA-
GFP+ murine DPSC enhanced vascularization and stability of tube-like structures generated by
HUVEC (Dissanayaka et al., 2012, Zhao et al., 2012). Interestingly, I found that DPSC were
located adjacent to tube-like structures, adopting the natural pericyte location. My findings show
that mouse DPSC promoted endothelial cells to form a more mature vascular structures than
mouse BMSCs.

The pericyte function of DPSCs was confirmed by in vivo MG plugs showing DPSC
ability to induce vessel formation more efficiently than BMSCs. DPSCs express angiogenic
factors such as EphrinB2, Vegf ligands, and Vegf receptors necessary for VEGF-induced
angiogenesis. Although both DPSCs and BMSCs express Vegf ligands and receptors, DPSCs
express higher levels of Vegfd, EphrinB2, and Vegfr3 whereas BMSCs express higher level of
endogenous SFIt, an inhibitor of angiogenesis. This gene profile may explain differences in the
angiogenic potential between the two cell populations (Fig. 6.4.2M). VEGF-D, VEGFR3, and
EphrinB2 are reported to be important for lymphangiogenesis (Ferrara et al., 2003, Wang et al.,
2010). However, absence of vessels positive for LYVEI, a specific marker expressed in
lymphatic vessels (Jackson et al., 2001) in MG plugs indicates that DPSCs and BMSCs induce
angiogenesis but not lymphangiogenesis in our model.

To gain insight into the mechanism of DPSC-induced angiogenesis I treated DPSCs with

exogenous sFIt, an angiogenic inhibitor, which regulates VEGF function by competitive binding
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with VEGF-A (Ahmad et al., 2011). In vitro I observed significant declines in the expression of
angiogenic factors in DPSCs but not BMSCs, treated with sFIt. Accordingly, I found a dramatic
decrease in the number of blood vessels in DPSC plugs containing sFIt compared to DPSC plugs
without sFIt. This correlation was not found in BMSC plugs. A previous study showed that sFlt
controlled endothelial cell functions and angiogenesis (Ahmad et al., 2011). However, my MG
plugs did not only show sFlt affect endothelial cells but also pericyte-like DPSC function,
resulting in less angiogenesis in both MG plugs with and without DPSCs combined with sFlt. In
addition, EphrinB2+ cells were also reduced in DPSC plugs containing sFIt as compared to
DPSC plugs without sFIt. I demonstrate that sFlt inhibits VEGF-A signaling via VEGFR2 and
downstream ERK pathway (Wong and Jin, 2005). Therefore, my in vitro and in vivo studies
indicate that the angiogenic capacity and pericyte-like functions of DPSCs are VEGF-A
dependent. This may be due to low expression of sFlt by DPSCs which differs from BMSCs,
resulting in increased sensitivity of DPSCs to sFIt (Fig. 6.11N). Interestingly, sFIt does not
diminish DPSC number or survival in vitro and in vivo. Thus, the decrease in angiogenic factors’

expression by DPSCs is a consequence of direct VEGF inhibition by sFlt.

6.5  Conclusion

I report that DPSC function as pericyte-like cells to induce angiogenesis is VEGF-
dependent. This sheds light into the mechanisms of DPSC function as pericytes and angiogenic
inducing cells which is an important aspect for the use of DPSCs in clinical applications. DPSCs
are an accessible stem cell source with promising angiogenic potential for tissue regeneration.
This cell can also be used as a model for studying neovascularization and angiogenesis in tissue

regeneration.
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RT-PCR primers

Gene

CD31

Vegfr2 (FIk1)

Forward primer
(5’23

GGACTCACGCTGGTGCTCTAT

AAAGACAACGAGACCCTGGTAGAA

Reverse primer
(523"

TTGGATACGCCATGCACCTT

CAATGACAAGAAGGAGCCAGAA

GenBank
Accession
number

NM_008816

NM_010612

EphrinB2

Vegfa

Vegfd

Vegfr2 (FIk1)

GGAGGACACGGTAGGCTATGG

GAGCAGAAGTCCCATGAAGTGAT

TGCGGCAACTTTCTATGACACT

ACTGCAGTGATTGCCATGTTCT

Ve-cad CCAGCCCTACGAACCTAAAGTG CACCCCGTTGTCTGAGATGA NM_009868
Q-RT-PCR primers
Gene Forward primer Reverse primer GenBank
(523" (523 Accession
number

CCTGGTGCGCAACCTTCT

CAATCGGACGGCAGTAGCTT

ACTGGCGACTTCTACGCATGT

CCTTCATTGGCCCGCTTAA

NM 010111

NM_001025250

NM_010216

NM_010612
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Table 6.2. Lists of antibodies

Marker Antibod Species Application / Dilution Compan

CD31 Monoclonal Rat ICC, 1:100, overnight, 4°C eBioscience
IHC, 1:100, overnight, 4°C

EphrinB2 Polyclonal THC, 1:200, overnight, 4°C

SMA Monoclonal Mouse ICC, 1:400, overnight, 4°C Sigma
WB, 1:1000, overnight, 4°C

pERK1/2 Polyclonal Rabbit WB, 1:2500, 1h, RT Cell Signaling

IHC = Immunohistochemistry, ICC = Immunocytochemistry, WB = Western blotting
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Figure 6.1 Tie2-GFP indicated that DPSC are not derived from endothelial origin. A-C,
Three representative dental pulp explants were cultured in stem cell media. The explant-derived
cells gradually migrated and many were spindle-like, indicating a mesenchymal phenotype. D-I,
The GFP expression was monitored in cells close and distant to explants, as well as passaged
cells to determine the presence of endothelial cells in our culture. (D, G) GFP-expressing cells
were found in the dental explant core. (E, F, H, I) Migrating and passaged cells were negative for
GFP, indicating the absence of endothelial cells in our culture condition. (J) RT-PCR showed
expression of angiogenic-related genes, FIt1 and FIk1, but not endothelial-specific genes, CD31
and Ve-cad, in late passage cultured cells. Tissue=dental pulp explant tissue, P1, P3, P5 =
cultured dental pulp stem cells in passage 1, 3, and 5, respectively, SKM = skeletal muscle used
as positive control, NCT = negative control (no template). Scale bars = 100 pm.
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CD44 Rat IgG

Mouse IgG

Figure 6.2 Clonal DPSC cultures. DPSC clones in our culture condition are homogenously
positive for the mesenchymal marker CD44 (n = 3, n; number of clones) (A) and the pericyte
marker smooth muscle actin (SMA) (n = 3, n; number of clones) (B). (C and D) IgG Isotypes
were used as negative controls to demonstrate the specificity of primary antibodies. Scale bars =

50 pm.
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DPSC+HUVEC BMSC+HUVEC

X-gal

CD31/SMA

Figure 6.3.1 DPSCs enhanced HUVEC-derived vascular tube formation and were adjacent
to endothelial cells, adopting a pericyte position. A-D, LacZ-labeled DPSCs and BMSCs were
co-cultured with HUVEC on collagen to observe the capacity of endothelial cells forming tube-
like structures. (A,B) DPSCs (arrow) and BMSCs were labeled with B-galactosidase shown by
positive X-gal staining. (C, D) HUVEC formed tube-like structures stained positive for CD31 in
red. (C) DPSCs stained SMA+ in green and were located adjacent to the endothelial cell line,
indicating the pericyte location. (D) Fewer mature HUVEC vessels were seen adjacent to SMA+
BMSC:s. Scale bars = 100 pm.
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PKH26-labeled DPSC GFP-endothelial cells

Before
experiment

DPSC+Endo

Vascular tube
formation

Figure 6.3.2 DPSCs enhanced vascular tube formation and were adjacent to GFP cardiac
endothelial cells, mimicking a pericyte position. E-H, PKH26-labeled DPSCs were co-cultured
with GFP-cardiac endothelial cells on matrigel. (E) DPSCs were labeled with PKH26 in red
before co-culturing. (F) Primary cardiac endothelial cells expressed GFP in green. (G, H)
Vascular tube-like structures were observed in the co-culture of DPSCs and endothelial cells
after 15 hours. (G, H) DPSCs were located adjacent to endothelial cells and stabilized tube-like
structures (insets and arrowheads). Scale bars = 100 pm.
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Figure 6.4.1 Angiogenic gene expression in DPSCs and BMSCs before sFlt treatment. A-H,
Angiogenic genes were expressed by untreated DPSCs and BMSCs. Relative expression was
relative to the expression of mouse endothelial cells (ECs) from skeletal muscles. GAPDH was
used as the reference gene. Values were represented as mean + Standard Error of the Mean
(SEM) from three independent experiments (n = 3). (A-H) Student’s t-test was analyzed to
compare between untreated DPSCs and BMSCs, *p < 0.05 by Student’s t-test.
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Figure 6.4.2 Angiogenic gene expression in DPSCs and BMSCs after sFIt treatment. I-P,
Vegfa, EphrinB2, and Vegf receptors were down-regulated in DPSCs treated with sFlt at various
concentrations (2.5, 5, and 10 ng/ml), but not in treated BMSCs. Relative expression was relative
to the expression of mouse endothelial cells (ECs) from skeletal muscles. GAPDH was used as
the reference gene. Values were represented as mean + Standard Error of the Mean (SEM) from
three independent experiments (n = 3). (I-P) One-way ANOVA was analyzed to compare
differences between DPSCs and BMSCs treated with various concentrations of sFIt, *p < 0.05.
sFIt was down-regulated only in DPSCs treated with 10ng/ml of sFlt, *p < 0.05 by Student’s t-
test.
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Figure 6.5 sFIt did not affect cell proliferation of DPSCs and BMSCs. The cell number of
both DPSCs (black bars; n = 3) and BMSCs (gray bars; n = 3) was compared before and after
sFlt treatment for 4 days at different concentrations (2.5, 5, and 10ng/ml). The cell number was
calculated by the following formula; percentage of cell number increase = (Cell increased g4 /
Cell initial 40) x 100. After 4 days, sFlt-treated DPSCs significantly increased cell number in
dose-dependent manner (*p < 0.001) whereas sFlt-treated BMSC showed no significant increase
in cell number. Values were represented as mean+=SEM from three independent experiments.
One-way ANOVA was analyzed to compare differences among treated-DPSC and treated-
BMSC with various concentrations of sFIt.
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Figure 6.6 DPSCs enhanced blood vessel formation better than BMSCs in vivo. A-F, DPSC
matrigel plugs without and with sFIt (50 ng/ml) were observed. (A, B) Strong PKH26 in red
indicated that transplanted DPSCs survived and were located in the matrigel plugs even in the
plugs treated with sFIt. (C-F) CD31 and vWF (in pseudo colored green) stained blood vessels
which were more numerous in DPSC plugs without sFlt, compared to plugs with sFIt. G-L,
BMSC matrigel plugs without and with sFIt (50ng/ml) were compared to DPSC matrigel plugs.
(G, H) PKH26 labeled transplanted cells in BMSC plugs alone or with sFlt. (I-L) No difference
in the induction of blood vessels stained positive for CD31 and vWF (in pseudo colored green)
was found in between BMSC plugs without and with sFIt. The insets exhibited higher
magnification of blood vessels in the plugs. M and N, IgG isotype staining was used as a
negative control. O, The positive area of CD31 and vWF staining blood vessels in all matrigel
plugs were quantified by Image] software and represented as percentage of staining within 0.607
mm” areas surveyed. DPSC matrigels (n = 14, n; numbers of measured area) showed the highest
positive area of CD31 and vWF, representing the highest amount of blood vessels among all
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plugs. DPSC matrigel plugs containing sFlt, DPSC+sFlt (n = 7), displayed a dramatic decrease in
the number of vessels. The number of vessels as assessed by percent of positive staining in
BMSC plugs was less than that in DPSC plugs, indicating BMSCs were less angiogenic. No
significant difference was found in the number of vessels (positive area staining) between
BMSCs alone (n = 11) and BMSCs with sFIt (n=9). Values were represented as mean+SEM
from three independent experiments. Student’s t-test calculated *p < 0.05 and **p < 0.0001.
Scale bars = 100 pm.
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Figure 6.7 In vivo 2-week DPSC and BMSC matrigel (MG) plugs with and without sFIt
demonstrated differences in the number of blood vessel formation. A-F, FITC-conjugated
BS1-lectin (in green) located blood vessel formation in MG plugs. (A, B) DPSC plugs alone
induced formation of abundant blood vessels whereas DPSC plugs combined with sFIt (50ng/ml)
significantly decreased blood vessel induction. (C) BMSCs were also able to induce vessel
formation but less than that in DPSC plugs. (D) No difference in vessel induction in BMSC
plugs after sFIt treatment. (E) The MG plugs alone without cells generated as a control showed
the induction of small blood vessels. (F) Lesser blood vessel formation was found in MG plugs
alone with sFlt. (G) The area of positive BS1-lectin staining in all MG plugs without and with
sFIt was quantitated by ImageJ software and represented as percentage within 0.607 mm? areas
surveyed (n=10; n; numbers of measured area). A significant decrease in blood vessel formation
was found in DPSC-MG+sFIt and BMSC-MG compared to DPSC-MG, but no significant
difference in blood vessel formation was found between BMSC plugs with and without sFlt. MG
plugs alone induced more blood vessels compared to MG+sFlt, but significant less amount of
blood vessels compared to that in DPSC-MG and BMSC-MG. Compared to MG+sFlt,
significantly more blood vessels were found in both DPSC-MG+sFIt and BMSC-MG+sFlt.
Values were represented as mean + SEM from three independent experiments. Student’s t-test
calculated *p < 0.05. Scale bars = 100um. DPSC-MG = DPSC alone; DPSC-MG+sFIt = DPSC
treated with sFlt; BMSC-MG = BMSC alone; BMSC-MG+sFlt = BMSC treated with sFlt; MG =
matrigel alone without cells; MG+sFIt = matrigel alone without cells but treated with sFlIt.
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Figure 6.8.1 sFIt inhibits VEGF-A binding to VEGFR2 and decreases phosphorylated
VEGFR2. DPSCs were exposed to VEGF alone or various combinations of VEGF and sFlt (1:2,
1:5 or 1:10; VEGF ng/ml to sFlt ng/ml) for 10 min and analyzed by immunofluorescence (A-I)
or western blotting (J-L). Immunofluorescence staining using an antibody specific for
phosphorylated VEGFR2 showed decreased phosphorylated VEGFR2 staining in DPSCs
exposed to VEGF+sFlt as compared to VEGF only. J. Quantification of the percent of positive
staining (within 0.035 mm’ of area surveyed) showed significantly reduced staining of
phosphorylated VEGFR2 in cells exposed to VEGF:sFlt at 1:5 or 1:10 concentrations. H, In
contrast, SMA staining was consistent in all the treatments.
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Figure 6.8.2 sFIt inhibits VEGF-A binding to VEGFR2 and downstream ERK signaling.
DPSCs were exposed to VEGF alone or various combinations of VEGF and sFlt (1:2, 1:5 or
1:10; VEGF ng/ml to sFIt ng/ml) for 10 min and analyzed by western blotting (J-L). J, The
immunofluorescence results were confirmed by western blotting. UT = untreated DPSCs;
samples 1-3 were DPSCs exposed to VEGF only; samples 4-6 were DPSCs exposed to 50ng/ml
VEGF and 100ng/ml sFlt; samples 7 to 9 were DPSCs exposed to 50ng/ml VEGF and 250ng/ml
sFlt. The same membrane was stained with phosphorylated VEGFR2 (pVEGFR2) (~230 kDa)
and phosphorylated ERK1/2 (pERK1/2) (42/44 kDa), sequentially. Then, the membrane was
stripped and stained for SMA (42 kDa). SMA is the most abundant actin in DPSCs and thus
serves as the protein loading control. Coomassie blue staining of the gel also confirmed equal
protein loading in all lanes (not shown). K, Quantification of western blot band density (n = 3,
three independent experiments), using ImagelJ software, for pVEGFR2 relative to SMA revealed
significant decrease pVEGFR2 in DPSCs exposed to 1:5 VEGF:sFlt. L, Accordingly, pERK1/2
was also significantly decreased in DPSCs exposed to 1:5 VEGF:sFlt.. Values were represented
as mean £ SEM from three independent experiments. Student’s t-test calculated *p < 0.05.
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Figure 6.9 sFIt decreased blood vessel formation by inhibiting EphrinB2 signaling.
EphrinB2 staining was performed and compared between matrigel (MG) plugs with and without
sFIt (50ng/ml) by quantification of the positive area staining using ImageJ software and
represented as percentage within 0.607 mm?® areas surveyed (n = 9; n; numbers of measured
area). The highest positive area staining of EphrinB2 was observed in DPSC-MG. The EphrinB2
staining was less in DPSC-MG+sFlt, and was very dim and scarce in both BMSC-MG with and
without sFlt. The positive area staining of EphrinB2 was significantly different compared
between DPSC-MG with and without sFlt, as well as DPSC and BMSC plugs, but not in BMSC
with and without sFIt. Values were represented as mean + SEM from three independent
experiments. Student’s t-test calculated *p < 0.05. DPSC-MG = DPSC alone; DPSC-MG+sFlt =
DPSC treated with sFlt; BMSC-MG = BMSC alone; BMSC-MG+sFIt = BMSC treated with sFlt;
MG = matrigel alone without cells; MG+sFlt = matrigel alone without cells but treated with sFlt.
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Figure 6.10 sFIt did not significantly affect the number of DPSCs and BMSCs in matrigel
plugs. PKH26 staining was used to label DPSCs and BMSCs in matrigel (MG) plugs. The
quantification of the positive area staining using ImageJ software and represented as percentage
within 0.607 mm® areas surveyed (n = 5; n; numbers of measured area) demonstrated no
difference in the presence of PKH26-positive cells between DPSC-MG vs. BMSC-MG plugs (p
=0.19), as well as MG plugs with and without sFlt (p = 0.08 in DPSCs, and p = 0.51 in BMSCs).
Values were represented as mean = SEM from three independent experiments. Student’s t test (p
< 0.05) was analyzed to compare differences between MG plugs. DPSC-MG = DPSC alone;
DPSC-MG+sFIt = DPSC treated with sFlt; BMSC-MG = BMSC alone; BMSC-MG+sFIt =
BMSC treated with sFIt; MG = matrigel alone without cells; MG+sFIt = matrigel alone without
cells but treated with sFIt.
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Figure 6.11 Summary of working models for potential mechanisms in angiogenesis induced
by DPSCs and BMSCs. M, Both DPSCs and BMSCs exhibit angiogenic capacity with different
expression levels of angiogenic growth factors and regulators, VEGF ligands (shown in green),
their receptors, and EphrinB2 (shown in blue). DPSCs exhibited greater angiogenic capacity in
our in vivo studies likely due to higher expression levels of VEGF-D, VEGFR-3, and EphrinB2,
as well as lower endogenous sFlt (represented by different sizes of symbols and arrows),
resulting in enhanced recruitment of endothelial cells (shown in cells with blue nuclei) and vessel
formation. N, DPSCs and BMSCs demonstrate differential responses to exogenous sFIt (shown
in pink). DPSCs treated with sFIt showed decreased pVEGFR2 and pERK1/2 and decreased
expression of VEGF-A, all VEGF receptors, EphrinB2 (represented by decrease in sizes of
symbols and arrows) whereas no difference in angiogenic gene expression was observed in
BMSCs exposed to sFlt, indicating DPSCs are sensitive to sFlt. Furthermore, DPSC-induced
angiogenesis is VEGF-dependent, as VEGF-A inhibition with sFIt results in decreased vessel
formation. In contrast, VEGF-A inhibition by sFlt did not affect BMSC angiogenic capacity,
thus, BMSC-induced angiogenesis is VEGF-independent. DPSCs do not express high level of
endogenous sFlt and seem more sensitive to exogenous sFIt.
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CHAPTER 7

Summation

Review of objectives, results, conclusions, possible future studies and applications

7.1  Review of objectives

The goals, results, and conclusions of this dissertation are reviewed in this chapter. The
three major aims proposed in this dissertation consist of: 1) the isolation and characterization of
dental pulp stem cells (DPSCs) from neonatal mice and their developmental origin, 2) the
investigation of the potential role of DPSCs as ecto-mesenchyme to enhance salivary gland
tissue formation, and 3) the determination of the DPSC capacity to function as pericyte-like cells
in angiogenic induction.

The findings in this dissertion demonstrate the existence of highly proliferative and
multipotent neural crest-derived DPSCs in murine neonatal dental pulp, and highlight two
promising biological roles of DPSCs as ecto-mesenchyme and pericyte-like cells to support
salivary gland differentiation and enhance angiogenesis via VEGF signaling, respectively.

DPSCs, postnatal stem cells from dental pulp tissue, were first isolated and characterized
from human wisdom teeth (Gronthos et al., 2000). Although human DPSC studies showed that
DPSCs are promising stem cell sources in regenerative medicine due to their multi-
differentiation capacity, easy accessibility, and potential immunomodulative property, and
follow-up studies attempted to characterize purer DPSC populations, the diversity of DPSC

differentiation capacity and plasticity in various in vitro and in vivo studies still needs to be
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addressed (Gronthos et al., 2002, Huang et al., 2006, d'Aquino et al., 2007, Stevens et al., 2008,
Ryu et al., 2009, Spath et al., 2009, Egusa et al., 2012). This variability in the differentiation
capacity among DPSCs suggests that dental pulp may contain several stem cell subpopulations
with different proliferative capacity, differentiation capacity and developmental origins, which
questions whether there are different stem cell populations in dental pulp. Alternatively, all
DPSCs may derive from the same origin but their different niche and location dictate their stem
cell behavioral diversity. Although neural crest embryologically contributes to a majority of cells
in dental pulp and several previous studies have suggested that DPSCs are neural crest-derived,
the origin of dental pulp stem cells is still unclear (Chai et al., 2000, Stokowski et al., 2007,
Waddington et al., 2009).

DPSCs play an important role in dentin/pulp regeneration to maintain normal pulp
function and homeostasis (Sloan and Smith, 2007). In addition to their natural stem cell function,
DPSCs may be able to support the formation of both dental and non-dental tissues especially oral
tissues. Salivary gland, a very important oral tissue-, can be malfunctioned by salivary gland
diseases such as aging, autoimmune diseases, or radiation-induced xerostomia (Dirix et al.,
2008). Even though salivary gland-derived adult stem cells have been characterized and enable
to give rise into all the epithelial components of the salivary gland such as ductal and acinar cells
(Lombaert et al., 2008), their application for salivary gland regeneration is hampered by the need
of other supportive cells, vascularization, innervations and matrix important for functional
salivary gland regeneration (Bucheler and Haisch, 2003). Like tooth formation, the epithelial-
mesenchymal interaction is crucial for the salivary gland branching morphogenesis. Tooth and
salivary gland development shares important characteristics involving epithelial-mesenchymal

interactions and molecular cues such as secretion of fibroblast growth factors (FGF-10, FGF-7)
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by the ecto-mesenchyme and expression of FGF receptors (FGFR-1, FGFR-2) by the epithelium
(Hoffman et al., 2002, Jaskoll et al., 2002, Jaskoll et al., 2004, Jaskoll et al., 2005, Madan and
Kramer, 2005, Patel et al., 2006, Yamamoto et al., 2008). Due to similarities in tooth and
salivary gland formation, DPSCs may support and induce salivary epithelium differentiation and
maintain salivary gland tissue function during injury and homeostasis.

Dental pulp is a highly vascularized tissue. After pulp injury, angiogenesis (aka
neovascularization) occurs to facilitate pulp repair or regeneration. This natural process may be
induced by DPSCs which are cell subpopulations in dental pulp (Sloan and Waddington, 2009).
Pericytes, specialized mural cells found at the interface between capillaries and surrounding
tissues, play an active role in vascular maintenance and angiogenesis (Allt and Lawrenson,
2001). Angiogenesis, the formation of new vessels from existing vessels, is orchestrated by the
interaction of pericytes and endothelial cells (Gerhardt and Betsholtz, 2003). Although DPSCs
have been shown to anatomically locate adjacent to blood vessels, no study has yet directly
shown the potential role of DPSCs as pericytes in angigogenesis (Shi and Gronthos, 2003, Feng
et al., 2011). The expression of angiogenic factors combined with the anatomical location in
close relation to vessels may allow DPSCs to interact with endothelial cells and induce new
blood vessel formation.

Although the field of human DPSCs has grown rapidly, many questions about this cell
population still remain unanswered such as the developmental origin of DPSCs. Lineage tracing
studies cannot be performed in human. These difficulties can be overcome by using murine
DPSCs as a model to understand developmental and regenerative biology of DPSCs. Studying
the nature and biology of DPSCs is very important to provide a better understanding for the use

of this stem cell source more appropriately and effectively, as well as ultimately develop
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translational models for future human clinical applications. I demonstrate that DPSCs are neural
crest-derived cells with multi-differentiation capacity, angiogenic and ectomesenchyme
properties as described in the previous chapters. These findings emphasize DPSCs as a
promising stem cell source, and broaden the applications of DPSCs in regenerative medicine;
however, further studies into the molecular mechanisms regulating their regenerative capacity
remained to be explored.

The purpose of aim 1 was to evaluate the presence of DPSCs in neonatal murine dental
pulp and their developmental origin. I hypothesized that dental pulp from neonatal mouse teeth
contained DPSCs with mesenchymal stem cell properties which were neural crest-derived. I
utilized two transgenic mouse models, Tie2-GFP and Wnt1-Cre/R26R-LacZ, to isolate and
characterize DPSCs, also determine their developmental origin. The former determines the
contribution of hematopoietic cells and endothelial cells in my dental pulp cultures. Tie2-GFP is
a transgenic mouse model in which the vascular endothelial cells express green fluorescent
protein (GFP) driven by the endothelial-specific receptor tyrosine kinase (Tie2) promoter
(Motoike et al., 2000). The latter determines the genetic lineage tracing in the derivatives of
neural crest cells expressing LacZ subsequently labeled with f-galactosidase driven by the Wntl
neural crest promoter (Chai et al., 2000). I initially identified stem cell locations in dental pulp
by immunofluorescence of stem cell and neural crest markers. Next, I characterized neural crest-
derived stem cell populations in murine neonatal dental pulp tissue by their colony-forming
ability, expression of stem cell and neural crest genes, and X-gal staining. Then, in vitro multi-
differentiation in neural crest lineage was examined by gene and protein expression of specific
differentiation markers in each lineage. Finally, in vivo transplantation was performed in 1-

month-old Ragl-/- null mice in two different models, dorsal subcutaneous (SC) transplantation
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with HAP/TCP and intramuscular (IM) transplantation at two different time periods, 5 and 12
weeks, in comparison with bone marrow stromal cells (BMSCs).

The goal of aim 2 was to determine function of neural crest derived-DPSCs in salivary
gland tissue formation. I anticipated that neural crest derived-DPSCs could function as ecto-
mesenchyme and support salivary gland tissue formation. Co-culture of cells from different
species between human salivary gland cell line (HSG) and murine DPSCs was conducted to
determine the effect of murine DPSCs on the enhancement of HSG in vitro differentiation on
matrigel, compared with that of HSG culture alone. The HSG differentiation capacity was
determined by the ability to form acinar-like structures, size and number of acini and positive
staining of specific markers expressed by salivary gland epithelium. Then, mRNA expression of
murine neural crest-derived salivary gland mesenchyme and angiogenic genes was also
examined in murine DPSCs to find out potential growth factors affecting salivary gland
differentiation. Finally, xeno-transplantations between HSG and DPSCs were performed in
subcutaneous injection with hyaluronic acid (HA) hydrogel plugs ventrally to the submandibular
salivary gland without penetrating the gland in 2-month-old Rag1-/- null mice to demonstrate the
effect of DPSCs supporting salivary gland tissue formation in vivo, compared to HSG
transplants. The in vivo transplants were analyzed by quantitative RT-PCR of specific genes
expressed by human salivary gland epithelium and mouse salivary gland mesenchyme, as well as

histological assessment of acinar-like structures.

The objective of Aim 3 was to determine the role of DPSCs as pericyte-like cells in
angiogenesis. | hypothesized that DPSCs functioned as pericyte-like cells to enhance

angiogenesis via a VEGF-dependent pathway. The GFP expression of Tie2-GFP derived dental
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pulp explants and endothelial gene expression were determined to rule out the presence of
hematopoietic or endothelial cells in my culture. In vitro vascular tube formation was performed
by co-culture of human umbilical vein endothelial cell (HUVEC) or GFP-murine primary cardiac
endothelial cells with murine DPSCs on matrigel to determine the angiogenic capacity of DPSCs
on endothelial cells to form vascular tube-like structures, compared to bone marrow stromal cells
(BMSCs). Then, the angiogenic gene expression in DPSCs in vitro was investigated and
compared to BMSCs to demonstrate gene profiles of the two cell populations which may affect
their angiogenic capacity. The effect of DPSCs in angiogenesis, compared to that of BMSCs,
was performed in vivo using matrigel plug transplantation. Finally, to better understand the
potential molecular mechanism of DPSCs in angiogenesis, compared to that of BMSCs, I treated
both DPSCs and BMSCs with sFlt-1, an angiogenic inhibitor by competitive binding with
VEGF-A (Ahmad et al., 2011), and then determined their in vitro angiogenic gene alteration,

downstream signaling, and in vivo angiogenesis by matrigel plugs.

7.2 Results and conclusions

DPSCs isolated from neonatal Tie2-GFP mice were completely negative for GFP, and
were negative for endothelial genes, indicating my cultures did not contain hematopoietic and/or
endothelial cells. DPSCs were cultured until at least passage 14 (approximately day 90),
constantly and steadily proliferated without alterations in morphology, suggesting highly
proliferative characteristic of DPSCs. The expression of Nanog, KlIf4, Sox2, and c-Kit which are
pluripotent stem cell genes was observed, suggesting the presence of a primitive stem cell
population in our cultures and indicating that these conditions support self-renewing cells.

Additionally, DPSCs expressed neural crest-related genes, but not mesodermal genes, and neural
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crest associated proteins. Like human DPSCs, these murine DPSCs were able to form colonies
that showed variable proliferative-differentiation capacity. In vitro differentiation demonstrated
that DPSCs were multipotent and gave rise into neural crest lineage, osteo-odontogenic,
adipogenic, chondrogenic, neurogenic, and smooth muscle/pericyte-like cells by the expression
of specific differentiation genes and proteins in each lineage. Moreover, DPSCs down-regulate
Nanog and Klf4 after differentiation, suggesting like embryonic stem cells, these pluripotent
genes play a role in maintaining a stemness of DPSCs and thus are decreased during
differentiation (Zhang et al., 2010).

Murine DPSCs generated dentin/pulp-like structures surrounded by elongated and
polarized odontoblast-like cells in the dorsal subcutaneous DPSC transplants with HAP/TCP,
and as the longer transplantation represents more mature matrices and dentin/pulp-like structure
formation. In contrast, the formation of mineralized dentin-like structure is not seen in the
intramuscular DPSC transplants, suggesting the skeletal muscle is not an inductive environment
for formation of mature mineralized matrix despite a longer period of transplantation performed,
and DPSC plasticity depends on the in vivo niche. In addition, abundant micro-vessel formation
was observed in DPSC transplants. These in vivo transplants in DPSCs differ from that in bone
marrow stromal cells (BMSCs) which generated bone-like structures with less micro-vessels
observed.

Using the Wnt1-Cre/R26R-LacZ transgenic mouse model to isolate DPSCs in our culture
condition, Wnt1-Cre/R26R-LacZ derived DPSCs were completely positive for X-gal staining,
highly proliferative, enabled to form colonies, expressed stem cell and neural crest-related genes,
as well as capable of differentiating into neural crest-lineage in vitro and in vivo, emphasizing the

neural crest origin of DPSCs.



200

In addition, I provided two new insights into DPSC biological properties for future
clinical application. First, I showed that neural crest-derived murine DPSCs functioned as ecto-
mesenchyme supporting the differentiation of human salivary gland (HSG) cell lines. HSG co-
cultured with DPSCs formed more mature and increased number of acinar-like structures in
vitro. DPSCs shown by positive X-gal staining were clustered near HSG-derived acinar-like
structure. The HSG-derived acini in both HSG alone and HSG+DPSC were positive for CD44
and LAMP-1, confirming the differentiation of HSG to acinar cells. However, strongly positive
staining for LAMP-1 was observed by the acini in the HSG+DPSC group, compared to those in
HSG alone, suggesting higher maturity of salivary gland acini. Undifferentiated DPSCs
expressed significantly high levels of Fgf-7 and Fgf-10, proteins secreted by neural crest-derived
mesenchymal cells to induce branching morphogenesis during salivary gland development and
formation (Morita and Nogawa, 1999, Jaskoll et al., 2005, Tucker, 2007), and greater than
endogenous Fgf-7 and Fgf-10 expression in mouse submandibular salivary gland. The high level
of Fgf-7 and Fgf-10 expressed by DPSCs suggested that DPSCs may be a good source of ecto-
mesenchyme supportive of salivary gland formation and regeneration. DPSCs moreover
expressed high level of vascular endothelial growth factor receptor 3, Vegfr-3, and similar level
of its ligand, Vegf-C but not Vegf-A, when compared with that of mouse salivary gland,
suggesting that the angiogenic potential of DPSCs may facilitate salivary gland formation.

Xeno-transplantation of HSG and DPSCs demonstrated high expression of murine neural
crest-derived mesenchymal genes, human salivary gland differentiation genes, and murine
endothelial-specific, neuronal, and angiogenic genes. The gene expression exhibited in xeno-
transplants indicated that DPSCs enhanced the differentiation of salivary gland cells and form

salivary gland tissue by induction of blood vessel and nerve innervating formation. Histological
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observation revealed glandular structures present in the HSG and DPSC co-transplantation with
abundant blood vessels in HA hydrogel plugs, but not in HSG alone which exhibited only
immature tumor-like structures.

Second, I demonstrated that neural crest-derived murine DPSCs played a crucial role as
pericyte-like cells inducing angiogenesis by VEGF signaling. Absence of Tie2-GFP+ cells
indicated that DPSCs are not derived from hematopoietic and/or endothelial origin and clonal
DPSC culture showed homogenous cell population positive for mesenchymal markers such as
CD44 and pericyte markers such as smooth muscle actin. Co-culture of DPSCs with endothelial
cells revealed that DPSCs were able to enhance both endothelial cell line and primary endothelial
cells forming in vitro vascular tube formation better than BMSCs. DPSCs were also located
adjacent to endothelial cells, suggesting their supportive function as pericytes to stabilize
vascular tubes in vitro. Even though DPSCs and BMSCs expressed Vegf ligands and their
receptors, DPSCs expressed significantly higher Vegfd, EphrinB2, and Vegfr3 levels, which may
explain angiogenic differences between two mesenchymal stem cell populations. In vivo matrigel
plugs demonstrated that DPSCs enhanced blood vessel formation better than BMSCs.

In order to investigate if DPSCs induced angiogenesis via VEGF signaling, we treated
DPSCs and BMSCs to VEGF inhibitor, sFlt-1 in different concentrations. sFIt-1 treated DPSCs
showed a dose-dependent down-regulation in the expression of Vegfa, and its receptors (Vegfrl
and Vegfr2), EphrinB2, and Vegfr3, but not in Vegfc and Vegfd, as compared to untreated cells.
sFlIt-1 did not significantly affect these angiogenic genes in BMSCs. Plugs containing sFlt-1
treated DPSCs showed a decrease in the number of vessels. No significant difference was
observed in BMSC with and without sFIt. The decrease in vessels following sFlt-1 treatment

indicates DPSC-induced angiogenesis is VEGF-dependent. The downstream signaling mediated
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by VEGFR-2 was examined by exposing DPSCs to VEGF alone or combined with sFlt-1 at
various concentrations. Immunofluorescence revealed that DPSCs exposed to VEGF displayed
phosphorylated VEGFR2 and its phosphorylation was inhibited in a dose dependent manner by
sFlt-1. Western blotting confirmed that VEGFR-2 phosphorylation induced downstream ERK
phosphorylation in DPSCs, and ERK phosphorylation was also inhibited by sFlt-1. sFlt-1
inhibits VEGF-A binding to VEGFR-2, resulting in decreased VEGFR-2 signaling and decreased
downstream ERK signaling in DPSCs. In addition to inhibiting VEGF signaling, sFlt-1
decreased blood vessel formation via inhibiting EphrinB2 signaling, which was shown by
EphrinB2 staining. VEGF inhibition by sFIt-1 reduces the potential of DPSCs to promote
angiogenesis, which occurs via inhibition of VEGFR-2 signaling and resulting down-regulation

of Vegfa, Vegf receptors and EphrinB2 expression.

7.3  Possible future studies and applications

To gain insights into the developmental biology of DPSCs and their potential clinical
applications in regenerative medicine and tissue regeneration, I characterized murine DPSCs and
developed in vitro and in vivo models to study their capacity to support regeneration of several
tissues.

1. Murine DPSCs isolated from Wnt1-Cre/R26R-LacZ are neural crest-derived, thereby -
galactosidase-labeled. Although human DPSCs have extensively been studied in the last decade,
murine DPSC models offer several advantages described as follows. For instance, using the
Wntl-Cre/R26R-LacZ mouse model I was able to better characterize the origin of murine
DPSCs. In combination with more specific stem cell markers I was able to isolate a purer DPSC

population derived from neural crest. In addition, I was able to use these isolated DPSCs to study
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their derivatives during the differentiation processes. These purified cells may be subjected to
direct characterization at either the cellular or the molecular level, including transplantation of
these cells into animal models to study tissue regeneration. The emergence of Cre-loxP systems
allows studying genes of interest in DPSCs to gain insights into the role of these genes in DPSC
function.

2. The neural crest origin of DPSCs suggests that these cells can be potentially used for
regenerative medicine of not only dental tissue, but also other neural crest-derived tissues such as
bone tissue, cartilage tissue, or neuronal tissue. Nonetheless, further studies are also needed to
confirm the differentiation capacity or plasticity of neural crest-derived DPSCs. In order to
investigate the plasticity of DPSCs, injection of DPSCs into mouse blastocysts or chick embryo
to generate mouse-mouse or mouse-chick embryos, respectively, is an strategy I am exploring to
study the contribution of DPSCs.

3. The Wnt1-Cre/R26R-LacZ mouse model demonstrates that dental pulp tissue contains
a majority of neural crest-derived cells including DPSCs, and a minority of non neural crest-
derived cells. Future studies comparing the differentiation capacity, contribution and cross-talk
of neural crest-DPSCs and non-neural crest-derived cells from dental pulp will be very beneficial
to understand tooth formation and its regeneration. The results from these studies not only can be
used for tooth regeneration, but can also be applied for regeneration of other tissues which
consist of both neural crest-and non-neural crest-derived cells such as salivary gland or other
exocrine glands.

4. Several recent studies have shown the existence of neural crest-derived stem cells in
various postnatal tissues such as dental pulp, skin, cornea, hair follicle and intestine (Kruger et

al., 2002, Sieber-Blum and Hu, 2008, Stevens et al., 2008). Therefore, future studies should also
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aim at understanding the interactions of neural crest-derived stem cells with their respective
niches from multiple adult tissues, and a comparison of stem cell properties among neural crest-
derived stem cells from different tissues should provide better understanding in the biology of
neural crest-derived stem cells.

5. Understanding the molecular mechanisms that control organogenesis and adult tissue
homeostasis will be instrumental for tissue engineering and tissue regeneration. Thus, studying
how neural crest-derived stem cells from multiple organs such as DPSCs interact within each
niche to remain either stem cells or differentiate may help elucidate the mechanisms for
maintenance of tissue-specific stem cells and tissue-specific differentiation, in tissue
regeneration or homeostasis.

6. Neural crest-derived DPSCs support salivary gland tissue formation. Further studies
should be performed in order to better understand the molecular biology mechanisms or
signaling pathways in DPSCs or neural crest-derived mesenchyme important for salivary gland
differentiation. Furthermore, the study of DPSCs capacity to serve as ecto-mesenchyme using
mouse models with salivary gland injury will provide very useful information that may lay the
foundations for future human clinical trials to treat salivary gland diseases.

7. DPSCs function as pericyte-like cells and induce angiogenesis. Inadequate blood
supply during tissue regeneration, repair, and healing results in the formation of necrotic or scar
tissues. Consequently, studying the angiogenic capacity of DPSCs can also be used as an
important model for neovascularization and angiogenesis in tissue regeneration, not only for

dentin/pulp tissue regeneration, but also other tissue regeneration.

Current evidence has demonstrated that DPSCs are not only easily accessible from the

oral cavity but can also often be obtained as a discarded biological sample. Given their easy
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accessibility, extensive proliferation and differentiation capacity, DPSCs are recognized as a
promising adult stem cell source of regenerative medicine. In addition, the possibility of
collecting stem cells during dental treatments that can be banked for autologous therapeutic use
in the future is another attractive property of DPSCs. Recently, DPSCs have been used to
generate iPS cells that can be used not only for autologous cell-based regeneration of complex
oral tissues but also for patient-specific modeling of oral diseases (Egusa et al., 2012). The
immunomodulatory capacity of DPSCs is also an attractive property of DPSCs (Huang et al.,
2009). The findings in this study reveal that neural crest-derived DPSCs can function to enhance
salivary gland formation and induce angiogenesis. These results will broaden the usage of
DPSCs in clinical application which includes not only their direct use for differentiation into

dental or non-dental tissues, but also as trophic and angiogenic factories for tissue regeneration.
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