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Abstract

Introduction: Alexander Friedenstein described for the first time, 40 years ago, a spindle-

shaped cell that did not follow the hematopoietic differentiation lineage, but had the abilities
to differentiate into bone and cartilage forming cells. This cell was later named mesenchymal
stem cell (MCSs) by Arnold I. Caplan 25 years ago. Ever since their discovery clinical trials

and experiments have shown promising results both in vitro and in vivo.

Objectives: Summarise the current knowledge of dental MSCs in teeth and tissue
regeneration in physiological conditions through an extensive review of articles, experiments,

and research conducted on the matter.

Methodology: Systematic approach was conducted to collect scientific articles to answer the
primary objective through credible sources. Exclusion criteria narrowed down the search to

49 unique sources that were used for this paper.

Discussion: Tooth-related structures and associated structures of the mouth, like the Bichat
fat pad, have been explored as sources of MSCs. Their phenotypes have proven similar to the
ones of the pancreas and bone marrow. MSCs from pulp tissue, periodontium, and Bichat fat
pad has been used to regenerate lost tissue. Demands for easier and efficient harvesting

methods shifted the interest of researchers to the mouth.

Conclusion: MSCs from different sources of the oral cavity were successfully used in pulp
regeneration in pulpectomy treated canines for dogs, bone regeneration in periodontal
patients, and severe atrophic mandibles. Limitations are still evident as physiological
variations for individual patients will alter results and are yet to be discovered in detail by
researchers. Proper protocols are still not available and need be developed for clinical use in

public. Further research is therefore needed to assure a safe and stable approach to tooth-



tissue regeneration with MSCs. Despite MSCs still being in their early stages, their place in

future clinical practice remains promising.



Resumen

Introduccion: Alexander Friedenstein describio por primera vez hace 40 afios un tipo celular
fusiforme que no seguia el linaje de diferenciacion hematopoyética, pero que tenia la
capacidad de diferenciarse en células de hueso y cartilago. Este tipo celular fue
posteriormente denominada célula madre mesenquimal (MSC, por sus siglas en inglés) por
Arnold 1. Caplan hace 25 afios. Desde su descubrimiento, los ensayos clinicos y los

experimentos han mostrado resultados prometedores tanto in vitro como in vivo.

Objetivos: Resumir el conocimiento actual de las MSC dentales en la regeneracion de
dientes y tejidos en condiciones fisioldgicas a través de una extensa revision de articulos,

experimentos e investigaciones realizadas al respecto.

Metodologia: Se realizé un enfoque sistematico para recopilar articulos cientificos para
responder al objetivo principal a través de fuentes creibles. Los criterios de exclusion

redujeron la busqueda a las 49 citas Unicas que se han utilizado para este articulo.

Discusion: Diferentes estructuras relacionadas con los dientes y asociadas a la boca, como la
bolsa de grasa de Bichat, se han explorado como fuentes de MSCs. Sus fenotipos son
similares a las MSCs extraidas del pancreas y la médula ésea. Se han utilizado MSC de tejido
pulpar, periodontal y de la bolsa de grasa de Bichat para regenerar tejido perdido. La
necesidad de métodos de recoleccién de MSCs mas faciles y eficientes han aumentado el

interés de los investigadores hacia la boca.

Conclusion: Las MSCs provenientes de diferentes fuentes de la cavidad oral se han utilizado
con éxito en la regeneracion pulpar de caninos tratados con pulpectomia en perros, la

regeneracion ésea en pacientes periodontales y en casos de mandibulas atréficas graves.



Las limitaciones aun son evidentes, ya que las variaciones fisiologicas en pacientes
individuales alteraran los resultados obtenidos en laboratorio. Aun no se han desarrollado
protocolos adecuados para el uso clinico de este tipo celular y, por lo tanto, es necesaria mas
investigacion para garantizar un enfoque seguro y estable para la regeneracion del tejido

dental a través de las MSCs.
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1. INTRODUCTION

About forty years ago in the mid-1960s, Alexander Friedenstein, a soviet scientist, first
described a stromal cell with clonogenic potential that could give rise in culture to fibroblasts,
as well as other mesodermal cells (1). They were described as spindle-shaped with proliferating
abilities that formed colonies attached to plastic found in the bone marrow (2). Friedenstein
discovered that the stromal cell did not adhere to the known hematopoietic cell lineage, but had

the abilities to give rise to bone and cartilage forming cells instead.

Further investigations confirmed and established that these cells could indeed be isolated
by plastic adherence and give rise to osteoblasts, chondrocytes, adipocytes and myoblasts. They
were officially named mesenchymal stem cells (MSCs) more than 25 years ago by Arnold I.

Caplan (1).

Currently, MSCs or MSC-like cells have been established from several tissues including
fetal tissues, circulating blood, placenta, amniotic fluid, heart, skeletal muscle, adipose tissue,
synovial tissue and pancreas (3). Therefore, MSCs represent a class of stem cells found in
humans and mammals which can be isolated and differentiated in culture to induce a variety of
mesodermal tissues including bone, cartilage, adipose tissue, muscle or even heart
cardiomyocytes. For all these facts, MSCs are studied for their potential use in regenerative
medicine. Whether MSCs from different tissues are a unique cell type or a family of related

stem cells is currently a debated topic.

The oral cavity is a source of MSCs and these cells can be found in teeth, the apical papilla,
alveolar bone, maxillary sinus, PDL granulation tissue, Bichat fat pad and salivary glands.
Different types of MSCs can be isolated from teeth. Dental Pulp Stem Cells (DPSCs) are teeth

MSCs that can be isolated from the pulp of permanent adult teeth (4). DPSCs can be



differentiated into osteoblast, chondrocytes, adipocytes and myoblasts like MSCs isolated from
other tissue, representing therefore an easily accessible source to isolate them. Importantly, a
small-scale phase-I clinical trial has been published regarding the possibility to use DPSCs to
replace infected pulp tissue by Nakashima and lohara in 2014, reinforcing the idea of using

MSCs in teeth repair in the future (5).

The periodontal ligament is the source of Periodontal Ligament Stem Cells (PDLSCs) (6).
These cells are still poorly defined regarding their origin, location as well as their in vivo
differentiation capacity. Since periodontal disease is the major cause of tooth loss in western
countries and the replacement of periodontal tissue is difficult, understanding the nature of

PDLSCs is the focal point of several recent studies.

Since their discovery, MSCs have remained a biological enigma with huge potential. In this
review, a brief description of their discovery and the current knowledge about their nature will
be given. Furthermore, a description of MSCs in the oral cavity, specifically focusing on teeth-
derived MSCs and MSCs from associated structures, like DPSCs and PDLSCs, will be
highlighted extensively. The position of MSCs currently, and the knowledge surrounding their

use in teeth and tissue repair in physiological conditions will also be discussed in depth.



1.1. What is a mesenchymal stem cell and what potentials does it present?

Mesenchymal stem cells (MSCs) received their name, MSCs, about 25 years ago. Since
then, the terms MSC and marrow stromal cell have been used to describe the same type of cell
interchangeably. However, it’s important to highlight the fact that neither of the two terms
describes this type of cell in a sufficient matter. The word mesenchymal derives from the word
mesenchyme, the embryonic connective tissue, that originated from the mesoderm and that
follows the hematopoietic differentiation lineage. This interchange of words is a common
mistake made by many as MSCs do not follow the hematopoietic differentiation lineage but
are multipotent cells that can differentiate into a variety of cells, such as chondrocytes,
myocytes, adipocytes and osteoblasts. The word marrow stromal cell however, originates from
stromal cells which are connective tissue cells creating the infrastructure and scaffold in which
the functional cell of the specific tissue will reside and be situated. As this describes only one
of the many functions of an MSCs it’s therefore apparent that the word is not sufficient enough

to describe and cover the many other functions

Pluripotency is defined as the capacity of a cell to give rise to all the different cell types
of an adult organism. Embryonic Stem cells (ESCs) are pluripotent cells and were isolated first
from mice in the 80s. It was not until the end of the 90s that it was possible to isolate human
Embryonic Stem cells (hESCs). In 2004 the knowledge surrounding hESCS was further
improved as the first words of the possibility to reprogram and adult cell into ESC-like cells
was published. These cells were termed induced-Pluripotent Stem cells or iPSCs. Shinya
Yamanaka was awarded the Nobel prize in 2012 for this discovery. Despite their potential,
there is currently no clinical protocol based on embryonic stem cells, mainly due to their

capacity to form tumors. Usage of these cells has strong ethical concerns.



MSCs however, are multipotent stromal cells. Multipotency is defined as “cells that
have the capacity to self-renew by dividing and to develop into multiple specialized cell types
present in a specific tissue or organ. Most adult stem cells are multipotent stem cells” (7).
Multipotency describes a progenitor cell, meaning cells implicated in tissue homeostasis and
tissue repair and therefore, have stem cell-like activity. MSCs have the gene activation potential
to differentiate themselves into discrete cell types. Less ethical complications are therefore
surrounded these cells, even though ethics will always present itself as a large influential factor

in biomedicine.
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1.2 Where can we find mesenchymal stem cells?

Multipotent stem cells such as mesenchymal stem cells have been found in various
locations of the body. It has been found in various parts such as the umbilical cord blood,
adipose tissue, cardiac cells, bone marrow, and in more specific places in the oral cavity like
third molars and the periodontium. The periodontium is a well-known term used within
dentistry and describes the structures around a tooth. These structures are the periodontal
ligament (PDL), alveolar bone, gingiva and cementum in which most of them have been shown

to be a source of MSC:s.

More specifically, MSCs have been harvested and located in the dental pulp, apical
papilla, maxillary sinus, Bichat fat pad and also the major salivary glands. Out of all the sources
of MSCs in the oral cavity, the PDL and dental pulp have shown to be the more common places
to harvest MSCs. They both present about 27%, individually, of the MSCs harvested from the

oral cavity (Figure 1) (8).

Most commonly source

PDL
Apical papilla
Alveolar Bone
Dental Pulp
Maxillary sinus
PDL granulation tissue
Gingival

BER0O0OEO

Fig.1 Table of the most common sources of harvesting mesenchymal stem

cells in the oral cavity
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1.3 Mesenchymal stem cell from the oral cavity

The oral cavity is defined as the area located posteriorly to the teeth. It is limited by the
hard and soft palate superiorly, the floor of the mouth inferiorly, the cheeks laterally and the
pharynx posteriorly. It is considered the first section of the digestive tract serving as the primary
entrance point for food to the body. It presents functions such as speech and breaking down
food. It also functions as an organ aiding respiration secondary to the lungs. The main structures
found here are the teeth, gingiva, retromolar trigon, hard palate, cheek mucosa, tongue and the
floor of the mouth. Other associated structures such as the major and minor salivary glands and
Bichat fat pad are also found here. The oral cavity has traditionally been looked at as an area
of expertise for dentists with teeth as their main focus. However, new demands for efficient
and easy harvesting of MSCs have shifted researchers’ interest to the mouth and its associated

structures.

1.3.1 Teeth

The teeth are the hardest substance in the human body and are composed primarily of
three layers: enamel, dentin, cementum (Figure 2). The outermost layer is called the enamel
(Figure 2) and presents itself as the hardest and most mineralized layer. The underlying layer
is called the dentin (Figure 2) and is composed of cylindrical tube-like structures called the
dentin tubules. Changes in an environment like temperature or acidity will follow the path of
the tubules and be registered by the nerves in the inner chamber of the tooth (9), this chamber
is called the pulp (Figure 2) and is located in the pulp chamber. The pulp presents itself as a
sack-like structure derived from neural crest cells from the ectomesenchyme. During
odontogenesis, the neural crest cells proliferate and undergo condensation to form the dental
papilla from which the mature pulp is later developed. The characteristics of the pulp resemble

the ones of the embryonic connective tissue which is surrounded by a layer of specialized cells

12



and odontoblasts. The pulp is highly innervated and vascularized and is therefore the main

source of pain related to dental pathologies (10). The potentials of the pulp are yet to be clearly

defined, but the findings of mesenchymal stem cells have allowed us to further explore the true

potential of the pulp.
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Fig.2 Dental anatomy presenting all the main anatomical landmarks
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1.3.2 Gingiva

The surrounding and protective tissue found around the teeth is known as the gingiva.
It is composed of stratified squamous epithelium with an underlying layer of connective tissue
called the lamina propria. The two layers connect to each other through projections from the
lamina propria piercing into the epithelial layer. These projections are called the connective
tissue papilla and are separated by epithelial and rete ridges. The epithelial layer derives from
the ectoderm whilst the underlaying lamina propria derives from the mesoderm and neural crest
cells. The gingiva offers protection and a seal surrounding teeth and bone assuring resistance
to mechanical trauma and microorganisms. It presents itself with great tissue regenerative
potential that’s been explained through several mechanisms. One of these mechanisms is the
modulation of adult stem cells. The gingiva’s rapid self-renewal potential has therefore been

of great interest and emphasized within oral mucosa stem cell studies.

Its easy accessibility for the dentist has therefore allowed it to be one of the main sources of
mesenchymal cells for tissue regeneration specifically. However, further research is needed to
determine the true potential of the gingiva within the world of mesenchymal stem cell research

(11)
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1.3.3 Cheek Mucosa and Floor Of The Mouth

Other areas of the oral cavity that have shown great potential are the cheek mucosa and
the floor of the mouth. Having mentioned both, their actual structure is not of much interest in
regards to MSC’s but rather the anatomical structures found within these two areas. Those of
the major salivary glands located inferiorly to the floor of the mouth (submandibular gland)
and the parotid gland in the cheek area, and also the buccal fat pad/Bichat fat pad located
laterally to the inner cheek mucosa. The retromolar trigon does indeed follow the same
principles as the anatomical position of the retromolar tragion is less relevant in itself but it
being the birthplace of 3™ molars has made it rather interesting for the harvesting and

accessibility of MSC’s related to 3" molars.

1.3.4 Tongue and Hard Palate

As for the tongue and hard palate; these areas in the oral cavity have not shown to be
areas of great interest within the field of MSC’s. However, their relevancy within the field of
regenerative dentistry, specifically within tissue repair, remains relevant and highly useful for
today’s practitioners. The hard palate especially has shown to be the most common area,
together with the maxillary tuberosity, to harvest tissue grafts within implantology and
periodontology (12,13). The hard palate is composed of two bones in particular: the palatal
process of the maxillary bone and the joining of the two palatine bones, more specifically the
horizontal plates of both palatine bones. The underlying bony structures are layered with a
protective layer of keratinized mucosa. The keratinized mucosa and underlying bone are

described as the hard palate.
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Experiments in mice have shown that mouse embryonic palatal mesenchymal cells do
indeed present strong osteogenic potential like MSC’s harvested from other structures. Their
use has mainly been towards bone regeneration or as coadjuvant cells to help initiate
regeneration of the palate in cases of cleft palate (14). Regeneration of palatal bone has also
shown possible; however, this has been done with help from the MSC’s of exfoliated deciduous
teeth cell sheet and not MSC’s from the hard palate itself. (15) The potential of the MSC’s
found in the hard palate is yet to be described in full detail in regards to their use in humans

and remains still unknown when compared to MSCs from other locations.

The oral cavity has a lot of other related structures, which are not included in the
definition of the oral cavity. Two of these associated structures are the Buccal fat bad or Bichat
fat pad, located in the cheek area, and the major salivary glands meaning the Parotid gland,

Submandibular gland and Sublingual gland.
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Hard palate
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Buccal mucosa Retromolar trigone
Tongue
Lower gingiva
Floor of mouth '
Lower lip

Fig.3 Anatomy of the oral cavity highlighting the anatomical landmarks
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1.4 Mesenchymal stem cell from associated structures of the oral cavity

1.4.1 Buccal Fat Pad or Bichat Fat Pad

The buccal fat pad has traditionally been looked at as an associated structure to the oral
cavity without much function. It is not until recent times, the last decade, that its function and
potentials have been highlighted in articles and research (16). The buccal fat pad is an
anatomical structure located in the cheek with adjacent structures such as the facial artery,
parotid gland and its duct and buccinator muscle located close by. It is composed of three main
lobes called the posterior, intermediate and anterior lobe, all encapsulated by independent
membranes. The three lobes together are considered the body of the buccal fat pad extending
in four directions: Pterygopalatine, Pterygoid, Temporal and Buccal extension (17). Its
physiological function is mainly predominant during the early stages of life. Fat tissue
differentiation has been reported to begin as early as the second trimester of gestation with its
size increasing up until the 29" week of gestation (18). The buccal fat pad allows for cheek
prominence of adults and new-borns being the first adipose tissue that develops. The three main
functions are separation of the masticatory muscle from adjacent bony structures, the protective
function of the neurovascular bundle and the prevention of negative pressure in newborns
during sucking (17). Its application today within the fields of maxillofacial surgery and regular
oral surgery have progressed increasingly (19). Buccal fat pad flaps have been commonly used
for either sinus complications or pathologies causing oroantral communication and fistulas.
However, in recent times scientists have developed knowledge allowing them to explore further

the regenerative properties relying on adipose-derived stem cells from the buccal fat pad (17).

Harvesting of MSCs have traditionally been derived from bone marrow aspiration.
However, new studies suggest now that MSCs harvested from adipose tissue is equally or even

superior in some situations. Adipose tissue does present a large cell yield of between 100 to
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500 times greater than the ones of bone marrow (20). This tissue can be obtained from
minimally invasive techniques and minimal discomfort for the patient. As only a small sample
is required the procedures can be minimally invasive and still obtain a high number of MSCs.
One of the more common locations of adipose tissue in the oral cavity is the Bichat fat pad.
The cells found here present themselves with a similar phenotype to other adipose tissues from
other locations of the body. Adipose tissue is composed of mainly two different fractions. One
fraction being the stromal vascular fraction including the MSCs, fibroblasts and erythrocytes
(20) The other fraction is mature adipocytes. Dedifferentiated fat cells from the buccal fat pad

have been produced from mature adipocytes from ceiling culture technique (20)

From the two different fractions it was showed that the MSCs from the stromal vascular
fraction were key to further differentiate adipose tissue, chondrocytes, osteocytes, myocytes
and neurons. Cells taken from Bichat fat was in 2010 isolated and under an appropriate
condition, differentiated into chondrocytes, osteoblasts or adipocytes in vivo (21). Other
research has also been conducted showing recent use of buccal fat pad stem cells together with
iliac bone block grafts to regenerate new bone formation in jaws presenting extensive atrophy.
The cells harvested from the buccal fat pad and their potential to differentiate into osteoblasts
have been proven. Their great potential to regenerate both bone and periodontal tissue allows
us to consider the buccal fat pad as a source of mesenchymal stem cells in regenerative dentistry

(20).
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1.4.2 Salivary Glands

The oral cavity is composed of many different types of salivary glands. The major
salivary gland composes most of the salivary production whilst the minor salivary glands are
found all over the mouth with less saliva production. The three main salivary glands are the
parotid gland, sublingual gland and the submaxillary gland (submandibular). These are
considered to be the major glands. The minor glands are found all over the oral cavity especially
concentrated on the palate, buccal wall, lips and tongue. All salivary glands contribute to the

many functions of the mouth like speech, taste, deglutition, mastication and also lubrication.

Their composition is mainly based around two different cell types that produce saliva.
These are the mucous and serous acinar cells and myoepithelial cells. These cells, controlled
by both cholinergic and adrenergic innervation, facilitate saliva extraction and modification of
salivary composition (22). Other cells found in salivary glands are stem or progenitor cells.
These cells are characterized by presenting the actions of self-renewal and differentiation
capacity. Their main function is therefore to replace damaged cells and give the salivary glands
the possibility of self-renewal. However, these cells’ potential to differentiate into cells related
to dentistry is still yet to be discovered. Harvesting of such cells have been done with the aim

to treat damaged or atrophic/necrotic glands and not the regeneration of other tissues.
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1.5 Mesenchymal stem cells from teeth related structures

New and modern stem cell research have allowed us for the first time to explore the
secrets of tissue development. Tissue regeneration is a natural process occurring due to the
presence of stem cells in our body. They present the ability to self-regenerate and differentiate
into new cells and therefore create new tissue. Even though tissue regeneration is a natural
process, factors like age have shown to heavily slow down the regenerative potential. This
means that with age, the body is less capable to repair damage from degenerative, ischemic,
inflammatory and tumor based-diseases (23). In the last decades, further investigation of stem
cells has shown that these cells cannot only be isolated from the more common sources like
bone marrow, pancreas and connective tissue, but also from teeth, tooth-related tissues and
associated structures of the mouth. The dental pulp, exfoliated deciduous teeth, PDL, dental
follicle and apical papilla have all shown to be potential sources of these cells (23). Cells
collected from either, but especially the pulp, have shown great potential and capacity to
differentiate into many different cell types (23). One of their greater features has been described
as their osteoblastic potential and dentinogenic potential through osteoblasts and odontoblasts
(24). Other differential potentials from the pulp are adipogenic, chondrogenic, myogenic and

neurogenic differentiation through adipocytes, chondrocytes and neural cells. (23,24)
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1.5.1 Dental Pulp

Tissue engineering with the help of mesenchymal stem cells have presented itself as a
potential groundbreaking discovery. The topic of dental pulp regeneration within dentistry and
especially regenerative endodontics has for the first time been introduced into the world of
dentistry. The dental pulp, together with the dentin, is what keeps a tooth vital. The pulp
presents itself as a sack-like structure containing cells, connective tissue, vessels and nerve
endings. This vascular structure is found within the tooth itself inside an area called the pulp
chamber. The layer surrounding the pulp chamber is the dentin. The dentin and pulp together
are considered the endodontium, or the dentin-pulp complex. They act as one complex and are
in many ways interrelated depending on each other for the tooths survival. The pulp itself is
highly vascularized and innervated including various cell types such as fibroblasts,
odontoblasts, histocytes, macrophages, mast cells and plasma cells (25). The function of the
pulp can be described easily in four ways: formation and nutrition of the dentin, and defense

and innervation of the tooth (25).

The stem cells found in the pulp are multipotent with great proliferative capabilities that
can be cryopreserved with immunosuppressive properties. Earlier studies have also shown that
the pulp express markers such as CD13, CD29, CD44, CD59 together with many other CD
markers, and STRO-1 (23). Both in vivo and in vitro studies have been conducted on the matter.
Experiments conducted in vitro showed results were MSCs from the dental pulp formed
mineralized nodules under osteoconductive conditions creating dentin-like material which was
microscopically proven similar to physiological dentin (23). Furthermore, when a similar trial
was conducted in vivo, structures similar to reparative dentin was developed on top of, the

already present, physiological dentin (23)
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Other studies have also been conducted describing great potentials from the MSCs
harvested from the pulp. It was proven that when pulp MSCs were applied together with
hydroxyapatite/ tricalcium phosphate it produced structures close to dentin. This structure,
when microscopically examined, showed a newly created line of odontoblast surrounding a

pulp-like tissue in vivo (26,27).

1.5.2 Exfoliated Deciduous Teeth

As already mentioned, human exfoliated deciduous teeth (HEDT) could also be a source
of stem cells. These stem cells present similar properties to the ones of the pulp but are
considered more accessible (28). HEDT are considered clinically and biologically discarded
tissue due to these teeth being exfoliated naturally at age 6-12 and are described as the most

promising source of mesenchymal stem cells for tissue regeneration (28).

Cells from HEDT have been shown to present a greater proliferation rate. Experiments
conducted in 2010 showed that when stem cells from HEDT were transplanted onto the dorsum
of immunocompromised mice, dentin-like tissue was formed. However, the stem cells were
unable to recreate or regenerate the dentin-pulp complex. These results suggested that the

generation of odontoblasts from HEDT is possible in vivo (29).
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1.5.3 Apical Papilla

The apical papilla has presented itself as a new source of stem cell. It’s been described
as a potentially new type of cell found specifically in immature permanent teeth. The dental
papilla comes from the ectomesenchyme overlaying the dental lamina during tooth
development. This portion specifically will later develop, becoming the pulp, after odontoblasts
encapsulates it and produce dental tissue. The apical papilla, or the apical portion, is located
further down in the root apex during root development. This portion have been named the
apical papilla and through several recent studies have shown great capabilities to aid and
regenerate new tissue (30). MSCs surface marker STRO-1 has been found in the apical papilla
and was the first proof of their existence. The apical papilla appears on the root apex of
immature permanent teeth as a little sack, loosely adhered, that can be extracted easily with a
pair of tweezers (30). These mesenchymal stem cells can be isolated and grown in cultures
where they have shown to undergo dentinogenic differentiation with stimulants like
dexamethasone with L-ascorbate-2-phosphate and inorganic phosphate (30). They have also
shown further differentiation potentials like osteogenic differentiation, adipogenic and

neurogenic capabilities (23,30)

The cells extracted from the apical papilla have shown special use in root formation.
Cells from the apical papilla showed to present potentials in apexogenesis. Trials showed that
when transplanted into an immature tooth presented with periradicular periodontitis or abscess,
the cells from the apical papilla had the ability to induce the formation of the root tip. (23).
Similar results were shown in an experiment where a young immature central incisor
underwent root canal treatment whilst keeping the apical papilla intact (30). The formation of
the root continued even though the pulp was removed. Further investigation is of course

needed; however, the results highlight the potentials of the apical papilla.
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2. OBJECTIVES

Mesenchymal stem cells remain a key topic in today’s scientific world. Their use can
be potentially without great limitations and their use in developmental and regenerative
dentistry is slowly emerging as a focal point in research. | would therefore like to approach this

paper answering the following objectives:

2.1 Primary objective:
e Summarize the current knowledge of dental MSCs in teeth repair and tissue in
physiological conditions.

e Discuss possible applications of teeth MSCs in regenerative dentistry.

2.2 Secondary objectives:
e Definition of MSCs
e Describe the different sources of MSCs inside the oral cavity
e Link the human anatomy of the oral cavity with the sources of oral cavity MSCs

e Describe dental MSCs
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3. METHODOLOGY

A systematic approach was conducted to collect and find scientific articles to answer the
primary objective: to summarise current knowledge of dental MSCs in teeth and tissue repair
in physiological conditions and discuss possible applications of MSC in regenerative dentistry.
Trusted and well-known article databases were used such as Medline, PubMed, Wiley,
ResearchGate, Elsevier and Hindawi. The online library of Universidad Europea de Madrid
was also used to gain access to journals and books. With the title “Mesenchymal stem cells.
State of the art”, keywords such as mesenchymal stem cells, regenerative dentistry, oral cavity,
tooth and tissue regeneration were used to find and collect articles as a backbone of information
for this paper. Initially, a total of 83 unique references were found and identified after the
removal of duplicates. After abstract screening with exclusion criteria such as articles cannot
be older than 10 years and in vivo studies only, the article base was narrowed down to 68
articles. A further thorough article assessment revealed a total of 49 unique articles fulfilling
the requirements previously set and deemed relevant to answer the primary objective and
therefore used as direct references for this paper. The remaining 19 articles of the 68 were used
indirectly to gain sufficient knowledge and help guide this thorough review. The primary
objective will be answered by firstly explaining the basic knowledge required for this content.
The definition of MSCs, where MSCs can be harvested from, the potential use of MSCs and
previous history. Experiments and trials on the matter will then be discussed to summarize and
enlighten the current state of MSCs in teeth and tissue repair in physiological conditions and

their application in regenerative dentistry.
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4. DISCUSSION

As mentioned briefly before, the oral cavity, together with some of its surrounding
structures have proven to be sources of MSC’s. Their use in today’s biomedicine remains
unclear when it comes to direct tissue regeneration. Several experiments have however been
conducted showing signs of potentially groundbreaking discoveries within tissue regeneration
and dentistry. This technology and the use of MSCs are still far from being common practice
in most clinics or hospitals, however their discovery and potential may help guide regenerative

dentistry towards a new an intuitive direction.

4.1 Mesenchymal stem cells from the Bichat fat pad

The Bichat fat pad has traditionally been looked at as a structure without much purpose
and potential. Surgeons have traditionally used the Bichat fad pad for its anatomical structure,
shape and convenient location as cover in sinus-related complications. However, recently
researchers have started to understand more of the tissue potential the Bichat fat pad presents.
A study published in 2017 explored the potential use of MSCs from the Bichat fat pad, more
specifically adipose tissue-derived MSCs for bone regeneration. MSCs from adipose tissue has
traditionally been harvested from underlying subcutaneous tissue. The difference between the
two adipose tissues harvested from different locations have shown small differences. When
compared their behavior and features have been described as quite similar with both being
sensitive to osteo-differentiative stimuli (31). This was confirmed by Farré-Guasch et. al in
2010 when they isolated fatty tissue from the Bichat fat pad and compared it to the abdominal
subcutaneous tissue. The two adipose derived stem cells from the fat pad and abdomen showed
to have similar phenotype, and when stimulated under in vivo conditions showed to both have

great capabilities to further differentiate into chondrocytes, osteoblasts and adipocytes. (21).
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Further investigation was conducted in 2012 when Shiraishi et.al demonstrated the
possibility to form and engineer bone from MSCs derived from buccal fat pad (32). Adipose-
derived stem cells from the Bichat fat pad were isolated after surgical removal of the pad in
patients with jaw deformity. The cells were then transplanted in pockets created on the spine
of a mouse for 8 weeks. The newly formed bone-like tissue was then later analysed and
compared. (32). The results showed that calcified nodules had been created in the space. The
tissue created presented osteocyte-like cells, similar to the cells found in natural bone. The
bone-like structure occupied between 13-40% of the space created showing variable results in
regards to the amount of bone-like tissue created. Nevertheless, the findings demonstrated by
Shiraishi proved that adipose-derived stem cells from the Bichat fat pad can indeed induce bone
formation. Its relevancy remains still unclear as better technology and research have to be

conducted to allow for reliable bone engineering in patients in day-to-day practice

More research has also been conducted in more recent times. In 2016, Khojasteh et. al.
assessed the potential to use MSCs derived from the Bichat fat pad as coadjuvant graft material
together with iliac bone graft for treatment of alveolar ridge defects. A smaller number of
patients, eight in total, were selected to undergo a procedure for extensive jaw atrophy. The
procedure constituted of reconstructive surgery using iliac crest bone blocks. The spaces
between the bone blocks were filled with cells derived from the Bichat fat pad. The level of
newly formed bone was assessed in six points along the alveolar ridge using cone beam
computed tomography (CBCT) as the main tool of assessment. The results showed that the test
group receiving cells derived from the Bichat fat pad presented greater new bone formation
than patients in the control group not receiving it. The bone formation in the test group was
65.32% compared to the 49.21% in the controlled group translating to 3.94 £ 1.62mm to the

3.01 + 0.89mm in the controlled group (33). This study did not investigate the use of the cells
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from the Bichat fat pad alone, however it demonstrated its potential usefulness as a coadjuvant
tool due to its differentiation potential. This further highlights the potentials cells derived from

the Bichat fat pad may present

4.2 Mesenchymal stem cells from the major salivary glands

The major salivary glands present themselves as an easily accessible source of MSCs.
Their potential has been described mainly in vitro in which cells have been extracted and
isolated from major salivary glands like the parotid gland and submandibular gland. The
potential displayed by these cells have been researched and shown great ability to differentiate
along all three mesenchymal lineages (34). The cells found in the major salivary glands have
been compared to the ones of the pancreas, which is already known as a source of mesenchymal
stem cells within regenerative medicine. When extracted cells from the pancreas and salivary
gland were compared the results showed that they both presented similar abilities to
differentiate spontaneously into cells with the three embryonic layers. Their phenotypes were
also described as comparable with proven differentiation potential into adipogenic,
chondrogenic and osteogenic cells. The similarity in MSCs from both was explained by their
common embryonic origin; the foregut (35). Discoveries like this have allowed researchers to

direct their interest towards the major salivary glands and their potential.

A recent study by Najafi et.al investigated the possibility to regenerate functional
salivary gland tissue in a rat presenting a necrotic submandibular gland. MSCs were extracted
and later cultured from healthy rats and locally injected into the atrophic gland. When later
examined by a histopathologist the results showed that the glands receiving MSC therapy
presented a considerably lower density of the serous acini than the group of rats not receiving
therapy. A further comparison of the rats receiving therapy and the healthy rats showed that

histopathologically the two presented similar density of their glandular structure compared to
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the high density and morphological changes found in the ones not receiving therapy.
Additionally, further testing showed that the overall serous and mucin secretion increased
together with the cell amount in the atrophic gland over a 2-week post-transplant period. This
study proved that transplanted MSCs indeed could regenerate the necrotic duct and increase

secretory granules (36).

A similar study was also conducted in 2013 by Lim.et al using rodents. Mice were
induced salivary gland dysfunction through radiation with 15Gy. Measures of salivary flow
was noted pre- and post-radiation. A local injection of MSCs was then carried out into the
submandibular gland, similarly done to the study conducted by Najafi et al. The results showed
a considerable increase in salivary flow for the mice undergoing MSCs treatment compared to
the control group not receiving the injection. The increase in salivary flow was around 41%
and concluded that MSCs from the salivary gland could increase and improve salivary flow in

dysfunctional glands (37)

Other studies have also been conducted on the matter. Jensen et al. 2014 conducted a
study reviewing the MSC therapy for patients presenting salivary gland dysfunction,
xerostomia or salivary gland dysfunction induced by radiotherapy. The more severe forms of
xerostomia resulting in reduced quality are found in Sjogren syndrome and patients undergoing
radiotherapy for head and neck cancer. The study highlighted the current role of MSCs in
salivary gland research. Several articles were mentioned, including Lim et al. 2013 and many
others. Jensen.et al highlights that even though studies conducted with direct MSCs injections
into the dysfunctioning gland have presented positive and promising outcomes; transferring
this knowledge to humans is still far from common clinical practice. Real-life patients present

larger variations in destruction related to their radiotherapeutic dosage. The damage caused is
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therefore specific to the patient which would alter the results considerably compared to mice

(38)

As the studies mentioned about presents themselves as great discoveries to build on
further for the future; the question of whether or not MSCs from salivary glands can be used in
regenerative dentistry remains unknown. The studies presented previously only conclude that
MSCs from salivary glands can be effective and beneficial in salivary gland issues. Whereas
this is a great discovery in itself and for regenerative medicine, their use in regenerative
dentistry is still unknown and no studies have been conducted so far on the matter. MSCs from
these glands seem to limit themselves to salivary gland-related issues only and thus not

appropriate to use in regenerative dentistry based on today’s knowledge.

4.3 Mesenchymal stem cells from pulp and periodontium

The pulp and the periodontal ligament have been two known common sources of
multipotent MSCs. Many studies, both in vivo and in vitro, have been conducted on the matter.
Cells from the dental pulp and periodontal ligament presents great potential and their
multilineage differentiated in vitro and dental tissue regeneration in vivo have both been proven
(39). Their known ability to regenerate dental tissue was discovered in the early stages of their
discovery. However recent times have shown that their abilities stretch over a far greater

differentiation lineage which have increased the popularity and interest around these cells (40).

Ravindran et al. conducted two studies in 2014 with the aim to regenerate dental pulp
with the help of MSCs from the dental pulp, periodontal ligament and human marrow stromal
cells. They established early that in order to develop and engineer a new dental pulp some vital
factors had to be present. These factors are the MSCs themselves, a scaffold and a growth factor

(41). The scaffold used in this study was a biomimetic pulp extracellular matrix (ECM). By
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implanting MSCs from dental pulp, periodontal ligament and also human bone marrow stromal
cells separately within a biomimetic pulp ECM Ravindran obtained odontogenic differentiation
over a four-week period. Furthermore, vascularization through angiogenesis with help from an
external vascular growth factor (VEGF) was also generated. Vascularization was achieved
regardless of MSC type with help from this growth factor. With this Ravindran et al proved the
possibility to develop healthy pulp tissue when implanting MSC from either dental pulp,
periodontal ligament or marrow cells within a biomimetic ECM and growth factor, both in vivo
and in vitro (41,42). Previous research had also been conducted on the matter with lohara in
2011 and Ishizaka in 2012. Both proving the possibility to regenerate pulp-like tissue in canines

after a pulpectomy with the help of pulp derived MSCs (43,44)

lohara conducted in 2011 a study aiming to regenerate dental pulp in dogs after
pulpectomy of their canine. This in vivo study was conducted with a total of sixty teeth from
fifteen individual dogs. Dental pulp cells would then be isolated from their maxillary teeth
previously and then transplanted later into the canines together with a scaffold and growth
factor. The canine had undergone a previous pulpectomy following a standardized protocol for
pulp removal pre-endodontic treatment in dogs. A control group of seven teeth without any
intervention was kept as control. The results showed that when autologous pulp cells together
with SDF-1were transplanted together into the root canal the apical formation was induced.
After fourteen days pulp-like tissue was formed covering the root canal ranging from 5-30%
of the total root canal surface. It was found that this pulp-like tissue had not only been created
within the pulp chamber itself but also extending into the dentinal tubules. The tissue was fixed
within the chamber due to odontoblast-like cells adhering to the dentin walls. After ninety days
the pulp-like tissue had continued extending further into the cement-enamel junction, now

filling a majority of the root canal. The most coronal part of the tissue created showed a
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morphological build different from normal pulp. The tissue here was spindle shape whilst the
middle and apical part resembled more of a natural pulp being stellate-like (43). lohara proved
through this study the possibility to regenerated pulp-like tissue with neurogenesis and
vasculogeneis in vivo. This was the first time that complete pulp regeneration with pulp cells
(CD105+) and SDF-1 had been done presenting itself as a potentially valuable clinical
discovery for regenerative dentistry and endodontics especially. However, lohara did not fail
to mention that their discoveries did present some limitations. The use of autologous pulp cells
is fundamental for the success of pulp regeneration as demonstrated in the study. These cells
are not as widely available as normal pulp tissue as the cells are limited to patients with
discarded teeth which also presents adequate pulp. Furthermore, it was mentioned that another
requirement is a healthy and younger patient. Age and diabetes were mentioned as two factors

limiting the pulp potential and might require a different approach (43).

Upper :
Extracellular matrix
+SDF1

Lower :
Extracellular matrix

+pulp stem cells

Fig 4: A: Opening of the infected tooth, B: Pulpectomy of infected pulp, C: Treatment
methodology, D: Final results with newly generated pulp
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Iohara’s findings were later proven again by Ishizaka in 2012. A similar study was
conducted with the same aim, however now using CD31 — cells from pulp instead of CD105+.
SDF-1 was still used. The autologous cells were collected from extracted canines and later
transplanted using thirty teeth from ten individual dogs. Ishizaka found that pulpal stem cells
from previously extracted canines together with SDF-1 had induced and created pulp-like
structure after fourteen days. This pulp-like structure had also developed vascularization and
innervation. An odontoblastic layer was seen layering the pulp-like tissue allowing it to adhere
to the dentin walls. Some odontoblastic structures were also discovered within the pulpal tissue
itself. More odontoblastic development was found within the pulpal tissue when adipose cells
were used instead of pulpal cells. This indicated that adipose MSCs might present a higher
tendency to follow odontoblastic lineage than pulp MSCs (44). Ishizaka concluded that MSCs
from bone marrow, adipose or pulp can indeed induce pulp regeneration in vivo using canines
from dogs. Furthermore, it was concluded that MSCs presents comparable potential in vivo
independent of their source (44). This confirms that pulp regeneration is a real possibility in
the clinic even though further studies and trials have to be conducted before seeing pulp

regeneration with help from MSCs as common day-to-day practice.

Further research has expanded the idea of using MSCs from the dental pulp to
regenerate the periodontium; gingiva, PDL, alveolar bone and cementum. Treatment of
periodontal disease is highly standardized and common practice for all clinics. Periodontal
regeneration however is a new term introduced to the world of dentistry and has shown variable
results with the help of MSCs. Periodontal regeneration should however not be confused with
a periodontal repair. Periodontal repair is already a common phenomenon practiced by most
implantologists and oral surgeons. The idea of using autologous grafts like bone grafts,

allografts or alloplastic materials have already been introduced and is found as a common

34



practice amongst many practices around the world. Periodontal repairs aim to replace missing
bone or ridge defects with materials from either the patient’s own body, synthetic materials or
bone from same or different species. Bone presents a unique ability to generate itself
completely if space and the correct environment is created. The graft material provides this
space and the bone will in most cases replace the grafted material and replace it with natural

bone (45). This is however considered a repair of the tissue and not regeneration.

Periodontal regeneration has presented itself as a true challenge as regeneration of the
periodontium in a patient with periodontal disease means regeneration of bone, ligament and
cementum (46). MSCs have therefore allowed us for the first time to truly accept the challenge
of periodontal regeneration due to their differential potential. Alloplastic transplantation of

pulp-derived MSCs have shown to be an appropriate solution with promising results (40).

Trails on mice were conducted in 2019 by Qiao on the effects of MSCs from exfoliated
human primary teeth injected in mice with periodontal disease to see the effects on the
regeneration of the periodontium. SHED was obtained from an already established oral cell
bank. Qiao et.al used a total of fifteen mice, divided in three groups with five mice in each. A
control group was obtained together with a group periodontal group and SHED group. SHED
was then injected locally in three different administration sites: mesial, distal and in the middle
of the molars. After a two-week period, the mice were reevaluated and the results showed a
rapid proliferation rate of SHED. The capacity of SHED to undergo osteogenic and adipogenic
differentiation was also proven. The SHED group had developed a greater periodontal
regeneration than the periodontal group. CT scans were prescribed to evaluate the bone level
and the SHED group presented greater new bone formation compared to the periodontal group,

however bone levels were not generated back to a physiological state.
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Furthermore, it was detected that the number of osteoclasts and inflammatory factors
were reduced in the SHED group allowing them to believe the possible inhibitory activity of
SHED on both. Further research is however required to draw any conclusions on SHED’s effect
on osteoclasts and inflammatory factors. However, the overall results showed alveolar bone

regeneration when SHED was injected locally in mice to treat periodontal disease (47).

The effects on bone regeneration in humans with help from MSCs have also been
conducted. Ferrarotti et al conducted research in 2017 aimed at regenerating infrabony defects
with dental MSCs. A randomized clinical trial was carried out following two groups of patients
over a twelve-month period. The MSCs were isolated and collected from an extracted tooth of
the patient. A surgical approach was then followed raising a flap and surgically clean the root
surface before the MSCs were placed. Fifteen boney defects received MSCs within a scaffold
of collagen bio complex whilst the remaining fourteen boney defects received MSCs and
collagen sponge. The control group received a protocolized approach for surgical debridement
of a periodontal patient without any MSCs. The results showed that the overall gain in clinical
attachment loss (CAL) was 4.9 £ 1.4mm and the reduction of probing depth (PD) was 4.5£1.9
mm at twelve-month control. The results for the control group were lower at CAL gain

2.9+2.2mm and PD reduction at 3.4 £ 1.7mm at twelve-month control (48).

The limitations of the study should however not be overlooked despite positive results.
Factors such as smoking habits, systemic disease with affectation on periodontal healing,
pregnancy and furcation defects were excluded. This allows for the study to be conducted in a
controlled environment contrary to the reality in day-to-day practice as a periodontal patient

commonly present at least one of the excluded factors (49)
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5. CONCLUSION

The art of dentistry has been known for thousands of years. It is a profession that is rapidly
evolving year by year. As of today, dentistry is a highly protocolized profession with new and
modernized treatment methods and ways of diagnosing. The current state of dentistry is modern
and efficient with safe methods of approach. Modernised technology stands central and is key
to achieving successful results for patients, however it is not without its limitations. Even
though today’s current technology has allowed dentistry to advance into new dimensions of
safety, esthetics and efficiency, limitations especially within regeneration of soft and hard

tissue, as well as dental tissue, remains apparent.

After four decades since the discovery of mesenchymal stem cells their presence have
gained rapid traction within biomedicine. The idea of implanting a cell with almost unlimited
potential to regenerate seemingly any tissue have sparked light on potentially groundbreaking
discoveries in regenerative dentistry and medicine. Mesenchymal stem cells are multipotent
stem cells with abilities to differentiate into chondrocytes, myocytes, adipocytes and
osteoblasts. They do not follow the traditional hematopoietic differentiation lineage known for
pluripotent stem cells from the bone marrow. Their potential to create new bone, cartilage, and
even dental tissue have allowed mesenchymal stem cells to introduce themselves as a focal
point within regenerative dentistry. Today’s practice in regards to bone creation and healing,
especially within periodontics and surgery, is more centered around grafts and membranes to

repair the tissue rather than regenerate.
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Increased knowledge about MSCs have allowed more efficient ways of harvesting them.
By exploring the mouth and associated structures, researchers have found that some of the
anatomy here, like the Bichat fat pad, dental pulp and periodontal ligament, presents equal
potential to MSCs harvested from other sources like the marrow or pancreas. Discoveries such
as this might deem to stand central in further MSCs research. Easy access to sources of MSCs
through minimally invasive techniques will allow the cells to be more widely available, and
permit harvesting prior to future studies to be more comfortable for the patient and

economically beneficial for the researchers.

After reviewing several articles undergoing trials and experiments the current role of MSCs
in regenerative dentistry stands unassertive. Their potentials have been explored greatly inside
the laboratory and the findings throughout the years have allowed scientists to further the
knowledge of MSCs ability to regenerate tissue from in vitro to in vivo. Studies conducted have
proven positive results in vivo within topics like bone regeneration in periodontal patients and
complete pulp regeneration in dogs. Positive results such as these permit the idea that MSCs

could be a viable method of tissue regeneration within dentistry in the future.

However, despite several studies showing great results in vivo. It is not to be forgotten the
many challenges and limitations the future might bring. The majority of studies conducted
today are conducted in relativity-controlled patients or samples allowing maximum potential
from the cells. In some instances, the environment is even modified to improve results. It is not
to be dismissed that patients in day-to-day practice do not present these benefits in normal
physiological conditions. Patients will in most cases present interfering factors such as systemic
diseases, medications, habits like drinking or smoking or in most cases; a combination of all

three. The human factor will always be there and alter results. The unassertiveness surrounding
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MSCs today is largely based on their fault to be used in a wide range of patients and

physiological conditions.

Today, the current status of MSCs research stands at a crossroad. Their potentials have
been proven both in the lab, and in real living animals or humans, but are yet to be introduced
into the general market and practices. Further research has to be conducted to generate
necessary protocols, assure safety and efficacy, and at the same time assure affordability for
the practitioner. MSCs find themselves at an early stage of life and usability, however there’s

no doubt that MSCs do indeed have a role in the future of regenerative dentistry.
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6. RESPONSIBILITY

This extensive overview of the current knowledge of MSCs and the position it holds in
today’s scientific world calls for analysis of several articles, experiments and research
conducted on the matter. Research allows a professional field such as dentistry to expand and
developed. New technology has allowed dentistry as a profession to evolve and expand into
greater dimensions of treatment, efficiency and patient comfort. Limitations are however still
present and especially in the field of periodontics, endodontics and surgery. MSCs present
themselves with a unique ability to regenerate lost tissue. Repairs of lost tissue is commonly
practiced in many clinics and hospitals around the world, however complete regeneration has
never been possible before. The researchers and dental professionals of today have a
responsibility to further expand and drive the profession further. As of today, the world of
MSCs research stands at an early but exciting stage of its life. Introducing MSCs fully into
regenerative dentistry can potentially revolutionize the field. Exploring their potentials further
and developing methods to integrate them into the dental profession is therefore necessary as

it will bring huge benefits to patients and quality of life.
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Five Decades Later, Are
Mesenchymal Stem Cells Still
Relevant?
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Mesenchymal stem cells are culture-denved mesodermal progenitors isolatable from all
vasculanzed tissues. In spite of multiple fundamental, pre-clinical and dinical studies, the
native idertity and rode in tissue repair of MSCs have long remained elusive, with MSC
selection in witro from total cell suspensions essentially unchanged as a mere primary
culture for half a century. Recent investigations have helped understand the tissue origin
of these progenitor cells, and uncover alternative effects of MSCs on tissue healing
via growth factor secretion and interaction with the immune system. In this review, we
describe current trends in M3C biclogy and discuss how these may improve the use of
these therapeutic cells in tizsue enginesnng and regenerative medicine.

Keywords: tissue enginesring, mesenchymal stem cell, pericyte, cell therapy, adventitia

INTRODUCTION

Three main classes of stem cells can be used, in theory, for tissue regeneration and engineering.
Organ resident, lineage specific stem cells should be ideal candidates but are rare, difficult to identify
and purify and wsually impossible to "expand” in culture. Conversely, culture adapted pluripotent
stem cells may exhibit ultimate therapeutic potential, should their engraftment, differentiation and
cycling be accurately controlled (reviewed in Robinton and Daley, 2012). In a third category fall
multipotent cells endowed with mesodermal differentiation potential that proliferate in extended
cultures of dissociated pre- and post-natal vascularized tissues, the prototype of which is the
mesenchymal stem cell. M5Cs have been used in around 1000 clinical trials (see Clinical Trials.gov)
in multiple indications as diverse as musculo-skeletal defects, disorders of the immune system
including auto-immune diseases, and myocardial infarcts. In spite of this popularity, the MSC
remains & biologic enigma, since retrospective derivation in culture has long concealed the true
native identity of this cell, the role of which in tissue regeneration is also incompletely understood.
Initially defined as a true stem cell driving cell-for-cell replacement, the M3C is now recognized
primarily as a growth factor secretor and immunomodulatory agent {Sacchett et al., 2007; Caplan,
2017). These combined functions drive tissue healing and rejuvenation, although their respective
contributions to tissue repair remain unknown.

We have herein collated classic and recent results on mesenchymal stem cell phenotype,
potentials and innate identity, and speculated about the future of M5Cs in cell therapies and

tissue engineering.
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REVIEW

Dental mesenchymal stem cells
Paul T. Sharpe*®

ABSTRACT

Mammalian teeth harbour mesenchymal siem cells (MSCs), which
confribute o tooth growth and repair. These dental MSCs possess
many in viro features of bone mamwderved MSCs, including
clonogenidty, expression of cerein markers, and following
sfimulation, differentiaion ino cells that have the characterstics of
osteoblasts, chondrocyies and adipocytes. Teeth and their support
tissues provide not only an e asily accessible source of MSCs but also
a tractable model sysiemto study their fundion and properfies in wwo.
In addition, the accessbility of teth together with their dinical
relevance provides a valuable opportunity to st stem cel-based
treatments for dental disorders. This Review outlines some recent
discoveries in dental MS C fundtion and behaviour and discusses how
these and other advances are paving the way for the develo pment of
new biologically based dental thera pies.

KEY WORDS: Dental, Incisor, MSC s, Pulp, Teeth

Imtroduction

Teeth are composed of two layers of mineral — an outer layer of
enamel and an inner layer of dentine that encloses the soft inmer
fibmblast pulp tizsse (Fig. 1) Multiple different sem cell
populations have been described in tecth and their supporting
structures, many of which share in virro propertics with bone
marmw-derived mesenchymal stem cells (MSCs; see Box 1). For
this reason, these stem cell populations are collectively refierned to as
dental M5Cs, although not all dental MSCs are equal in terms of
their phenoty pic and functional properties (reviewed in Volponi and
Sharpe, 2013).

Dental MSCs play an important role in tooth homeostasis and
repair. In the dental pulp, these cells emain active throughout
life and genemte odontoblasts, which function to repair damaged
dentine. In addition, dental M3Cs located in the periodontal
ligament also play a mole in repair, and may also be involved in
homeostatic tumover of this tissue. But not all tooth tissue can
be repaired or replaced; the cells that form enamel, the
cpithelial-derived ameloblasts, are lost when tecth erupt and
thus damage to enamel cannot be naturally mepaired. Cumrent
clinical trestments to repair tooth damage involve the use of
inorganic materials and clinical regenemtion of perodontal
ligament tissue is cumently very difficult. An undemstanding of
the pmperties of the different resident dental MSC populations
can thus inform the development of novel, biologically based
dental therapics.

Our understanding of dental MSCs — what chamcterizes them
and how they might be used in the clinic — has grown in recent
years, as several discoverics have shed light on various aspects

Department of Canpiacal Development and Stem Cel Bobgy, Dental estute,
Kings Callege Londan, Londan SE1 98T, UK.

*Aughar for conespaon dence (paul shame i acuk)

B eTs, 0000-0003-21 16-9561

of dental MSC finction and behaviour. This Review brings
together these advances and provides an overview of some of
the key findings in identificaion and heterogeneity of dental
MSCs. The role of dental MSCs in endogenous tooth repair is
also discussed, as well as how these cells can be used to treat
several different dental disorders: from restomtion of tooth pulp
to mineml formation. Finally, some futune directions regarding
dental MSC research and its application in the clinic provides an
interesting perspective on how to move this field forward in
order to realise the potential that these cells hold for regenerative
medicine.

Demntal M5Cs: what are they and where do they come from?
Maost of what is known, and indeed the *dogma’ reganding adult
M Sz has come from the bone marrow. In many respects the tooth
pulp can be considered to be similar #© bone mamrow, Both anc
highly vascularized, inmervated “soft” tissues that are surounded by
mineral. In both bone mamow and dental pulp, the MSCs ame
capable of differentiating into celk that genemte the mneral. In
hone marmrow, this function is performed by the osteoblasts, whereas
in teeth it is performed by the odonioblags, which are derived fiom
the dental pulp stem cells (DPSCs). Importantly, however, DPSCs
have mone restricted differentiation than bone mamow cells in vive,
Diental pulp can therefore provide a simple mode] system to study
mesenchymal stem cells that is casily accessible and has a defined
structunz,

The dental MSCs that are the topic ofthis review are neural crest-
derived {ecto)mesenchymal cells that are located in the pulp of
deciduous and permanent adult tecth and the periodontal ligament
(Gronthos et al, 2000, 2002; Mium ot al., 2003; Seo o al., 2004,
Balic et al, 2010, Koyama et al., 2009, Waddington et al., 200%;
Wang et al, 2012). Each dental MSC population is named
according o its tissue of origin, e.g. stem cells from human
exfoliated deciduous teeth (SHED), periodontal ligament stem cells
(PDLSCs) and so on (Fig. 2). In mice, the relative contributions of
mesenchymal stem cells to growth andior repair can be
distinguished by studying incisors, which grow continuously
throughout life (Fig. 3A) and by smdying molars, which do not
grow at all in adult mice.

Ideniifying dental M5Cs

When tooth pulp is removed and cultured, a population of cells can
be mapidly established that shows all the characteristics atiributed to
MSCs such a8 clonogenicity, expression of defining markems such
as CD90 (Thyl — Mouse Genome Informatics), CD73 (MtSe),
D105 {Eng) markers and multi-lineage differentiation following
appropriate stimulation (Gronthos et al., 2000, 2002; Miura ot al,
2003 ). Labelling of pericyies using Ng2-Cre ( Ng2 is also known as
Cspgd) and reporter lines shows that cells with all the characteristics
of odontoblasts ane derived from pericytes following experimental
damage to the pulp (Feng et al, 2011). Thus, with the limited
genctic lineage tracing that has been carnied out o date, it appears
that DPSCs can be derived fiom pericytes. However, pericytes ane
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Sources and Clinical Applications of
Mesenchymal Stem Cells
State-of-the-art review
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aBsTEACT: First discovered by Friedenstein in 15976, mesenchymal stem cells (MSCs) are adult stem cells found
thraughout the body that share a foced st of characteristics, Discovered initially in the bone marrow, this call
source is considerad the gold standard for clinical research, although various other sources—incduding adiposs
tizsue, dental pulp, mobilised peripheral blood and birth-derived tisswes—have since been identified. Although
similar, M5Cs derived from different scurces possess distinet characteristics, advantages and disadvantages,
including their differentiation potential and proliferation capacity, which influence their applicability. Hence,
they may be used for specific clinical applications in the fields of regenerative medicdne and tissue engineering.
This review article sommarises current knowledgs regarding the various sources, characteristics and therapeutic
applications of M5Cs.

Keywords: Mesenchymal Stem Cells; Adule Stem Cels; Regenerative Medicine; Cell Differentiation; Tisme
Engineering.
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their differentiation potential and source within

the human body. Embryonic stem cells are toti-
potent, becanss theycan form both embryonic and edra-
embryonic stroctures.! Furthermore, embryonic stem
cells can proliferate indefinitely under specific culture
conditions and retsin the ability to differentiate into cell
types of the three embryonic germ layers."* In contrast,
adult stern cells are undifferentiated multipotent stem
cells obtained from adult individuals and differentiate
into the cell types that constitute their respedtive source
tissues; accordingly, cells originsting from newronal
tissue can differentiate into newrons, oligodendrocytes
or astrocytes. This charadtedstic plasticity is an attribute
of mesenchymal stem cells (MSCs), which are unspec-
ialised cells with the ability to self-renew.=s

: ;TEMGE’.LSGAHBEDIETDTE‘UM—EDMHEDN

Hurrian M5Cs are plastic-adherent cells that differ-
entiate into cells that originate from the ectoderm and
endoderm.** Moreover, they can abandon their unspec-
ialized or undifferentisted states and transform into
other mesenchymal lineages. Thos, they can regenerate
bone, cartilage and fat and even become endothelial
cells, muscle cells or neurons under physiological and
experimental conditions.* While evidence suggests that
MSECs are present in almost all horman tissues, they
ware first isolated from mononuclear cells derived from
bone marrow (BM).*

As M5Cs areresponsible for tissne repair, growth,
wound healing and cell substitution resulting from
physiological or pathological canses, they have various
therapeutic applications such az in the trestment of
central nervous system afflictions like spinal cord lesions s
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Chapter 15

Tooth and Dental Pulp
Regeneration

Bei Li', Xi Chen"”, Yan Jin'

\Srate Key Laboratory of Military Stomatology and National Clinical Research Center for Oral
Diseases and Shaanyd Key Laboratory of Oral Diseases, Center for Tissue Engineering, Fourth
Military Medical University, Xi'an China; zh’ﬂrzj:'ng Sromarologioal Hospital, Medical Schoal
af Manjing University, Nanjing. China

1. INTRODUCTION

Recently, advances in stem cell biology and tissue engineering have com-
bined to accelerate the development of new cell-based regenemtive therapics.
Teeth are ectodermal organs that are derived, during embryonic development,
from sequential reciprocal imteractions between oral epithelial cells and
cranial neural crest—derived mesenchymal cells. Teeth are unigue complex
organs that contain both hard (dentn and enamel) and soft (pulp and perio-
dontium) tissues: thus, full restoration requires the regeneration of both types
of tissues. Stem cell—based thempies are emerging as viable alternatives for
accomplishing this regenerative process. Healthy teeth harbor stem cells
throughout life and are likely to play a key role in maintaining tooth tissue.
However, if robust stem cells are either not present or present in insufficient
numbers (e.g., due to inflammation or tssue trauma), repair will not take
place [1,2]. If the nommal reparative/regencrative process fails, ex vivo
expanded stem cells may be a good source of viable cells for replemishing the
lost cells andfor repainng/recreating the stem cell niche and facilitate tissue
regeneration [3].

Preclimical in vitro and in vivo studies have shown that cell-based dental
pulp and penodontal regeneration therapies produce meliable and effective
results in the management of tooth regencration. In addition, several clinical
trials have already begun or are in the planming stages that use ex vivo
expanded dental stem cells to regenerate pulp or penodontal tissue in human
paticnts [4]. In the case of cell-based therapies, stem cells or progenmitor cells
must be expanded in vitro to obtain sufficient number of cells to achieve a
therapeutic effect. However, since sterm cells are biologic entities that are
extremely sensitive to therr environment, their functionfactivity may change

A Rosdmap to Nonhematopoietic Stem Cell-Based Therapent o httpssdolorg 0L 00 16 BTS00 1281195040001 5-X
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Pulp Regeneration—Translational Opportunities

Mobilized Dental Pulp Stem Cells for Pulp Regeneration:

Initiation of Clinical Trial

Misako Nakashima, PhiD and Koidvivo Tobara, PhiD

Abstract

Stem cell therapy is a potential strategy to regen-
erate the dentin-pulp complex, enabling the conser-
vation and restoration of functional teeth. We
assessed the efficacy and safety of pulp stem call
transplantation as a prelude before the initiation
of dinical triak. Granulocyte-colony stimulating fac-
tor (G-CSF) induces subsets of dental pulp stem calls
to form mobilized dental pulp stem cells (MDPSCs).
Good manufacturing practice is a prerequisite for
the isolation and expansion of MDFSCs that are en-
riched in stem cells, expressing a high level of tro-
phic factors with properties of high preliferation,
migration, and antiapoptotic effects and endowed
with regenerative potential. The quality of clinical-
grade MDPSCs was assured by the absence of ab-
normalitiesberations in karyotype and the lack
of tumor formation after transplantation in immuno-
deficient mice. Autologous transplantation  of
MDPSCs with G-C5F in pulpectomized teeth in
dogs avgmented the regeneration of pulp tissue.
The combinaterial trophic effects of MDPSCs and
G-CSF on cell migration, antiapoptosis, immunosug-
pression,  and neurite  outgrowth were ako
confirmed in witro. Furthermore, MDPSCs from
the aged donors were as potent as the young do-
nors. It & notewaorthy that there were no significant
age-related changes in biclogical properties such as
stability, regenerative potential, and expression of
the senescance markers in MDPSCs. On the other
hand, autclogous transplantation of MDPSCs with
G-(5F inducad less regensrated pulp tissue in the
aged dogs compared with the young dogs. In
conclusion, the predlinical safety, feasibility, and ef-
ficacy of pulp regeneration by MDFSCs and G-CSF
were established. Therefore, the standardization
and establishment of regulatory guidelines for
stem call therapy in dinical endodontics & now a re-
ality. {7 Endod 2014:40:526-532)

Foum the:
Reseanch nstiw e, Obu Akl Japan.

Hey Words

Angiogenesis, (005, dentinogenssis, mobilized dental pulp stem cellks, neumngenssis,
preclinical trial, pulpedomy, pulp regeneration, preclinical trial, stem cell isolation
method

In an aging soecdy, he ddirk Bee dulemges in the manenmoe of helh
including dental health, and the dental profession has emphesived the importanoe
of the preservation of teeth for optimal quality of life. Dental pulp has multiple
fumctions i the homeostasis of weth, ad mainenanee of he fmeton of pulp Gzue
is eritical for the longevity of ieeth. The ideal approaches for endodontic reatment
ame oonservation of healthy woth strocdure, prevention of microleakage from pulp
cavity, and mainenance of the propertiies and mechanical grengh of the ot
struchure. Sem ol therapy with pulp stemdprogemior cells & 2 vaefl sraeg o
regenerate the dentin-pulp complex (1), Inneraton and vasoubgure of dental
pulp are intimael sssodaed in pulp homeodasis, ad both angiogenesis
vastubpenisis and neumgenesis are ssmtia e pulp repmention. We hewe
previoudy shown complee pulp megenerafion hamessing COW05 ™ dental  pulp
stom cells (DPSCs) and pulp CO317 side population (3F) ool with stromal
coll—derived Bewr 1 (SDFE1) i a canine pulpeciomy model (2—4). The high
regenerative  polential of 5P cells nchaling  angiopenesisvasolopenesis  and
niumgesis ninnervation afier tmnsplantation in models of hind limb (2, 5, 6)
and brain schemia (6—5) and ectopic ot root rasplnttion was shown (6).
Thus, certain DPSC subsets might be usehl for coll-based therapy (9-13). For
clinical we, gosd maufaduring pragice (GMP) is a preregquisie for e
isoktion of DPSC subsets However, the safety of thise CD1057 cells and CD31
5P ek isolaed by flow otomery hes oot been established becawse dene are
still no GMPgrade flow cuomewrs. Anoter solaton metod wing GMP-grade
immumomagmetic beads is not suiehble for human DPSC sibsets becase 2 large
number of the primary pulp cells is needod. The costs will alse be prohibitve if
CO105 magmetic beads are spodally made 10 order for pulp siem od] Bolation.
Thus, there are no methods i place for fow cuometer or immunomagnetic beads
tor ok GMP-grade DPSC subsets for olindcal use

In this mwestipation, we devised 2 method 10 isolae GMP-grade DPSC subses
using optiniad G-C3F—induoed mobilimton (14) hat & cost-offective and leading
o satfe i efficacions isolation from 2 small number of pulp cels. Here we
present the regenerative potental of mobilizd dental pulp sem odls (MDPSCs)
in comparison with DPSCs in 2 hind limb ischemic model and an ectopic oot
oo transplantation model. Potntia] cinical applicaions of MDPSCs were assessod
by the safety and efficacy of pulp siem cell transplantation @ a prelude for he
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The eploration of stem and progenitor cdls holds prom ise for advandng owr understanding of
the biology of tsswe repalr and regeneration mechantsms after injury. This will also help in the
futwre use of stem cdl therapy for the development of regenerative medidne approaches for
thee tr e brnent of diff eren ttissue-species defect s or disonder s such as bone, cartilages, and tooth
defects or disorders. Bone ks a specialized connective tlswe, with mineralized extraceliular
components that provide bones with both strength and rigidity, and thus enable bones to
function in body medhanical supports and necessary locomotion process. New indghts have
been added to the wse of dif ferentt ypes of stem cells in bone and too thdefect s over the lastfew
years. In this concise review, we briefly describe bone strecture as well a5 summarize recent
research progress and accumulated information reganding the osteopenic differentlation of
stem cells, as well as stem cell contributions to bone repain/regeneration, bone defects or
disorders, and both restoration and regeneration of bones and cartilages. ‘We also discus
advances in the osteogenic dif ferentiation and bone regener ation of dental and periodon tal
stem cd s as well as im stem ol contributions to dentine regeneration and tooth engineering

KEYWORDS
e, regeneration and engineering, stem cells, tsswe repair, tooth

Key scienffic and technalogical innavation
group of Zhejang Provinos, Grant number:
2013TD11

1| INTRODUCTION

Stem cells cam continuously produce wunaltered dawghters and could
gen erate cells with dif ferent and more resticted projperties. Stem cells
can divide either symmetrically jallowing the increase of stem cell
i ber ] or asymmetrd cally. Asymmetric divisions keep the number of
stem cells unaltered and are responsible for the generation of cells
with dif ferent properties. These cdls can & ther multiply {progeni tors
or transit amplifying cells) or be commitbed to terminal dif ferentiation
{Berika, Elgayyar, & El-Hashash, 2014; Elshahawy, |brahim, &
El-Hashash, 2016; El-Hashash, 2015: Morrison & Kimble, 2006).
Progenitors and transit amplifying cells have a limited lifespan
and, therefore, can only reconstitute a tissee for a short period of
time when transp lanted. In contrast, stem cells are self- renewing and
thius cam generate any tissee for a lifetime. This ks a key property for
a successful therapy. The capacity to expand stem cells in cultwre i
an indispensable step for regenerative medicing, and a considerable
effort has been made to evaluate the conseguences of the
cultivation on stem cell behavior. Sdentists rely on indirect

properties to identify stem cells such as the expression of a
repertoire of surface protedns, slow cell oyde, donogenidty, or an
uwndifferentiated state. The evaluation of self-renewal i the uitimate
way to show “semness” which relies on the kolaton and
transplantation of a putative stem cell fclonal analysis] followed
by its serial transplantation and long-temn reconstitution of a tissee
He at al, 200%)

Recenitly, stem cells have been used extensively In many medical
disciplines for the repair andfor regeneration of defective tisues
and organs (g, bone, ligament, heart). Mew therapeutic approaches
are largely inspired and based on our knowledge of embryonic
development. The poal of regenerative medicine k= to stepwise re-
create in vitro all the mechanisms and processes that nature wses
durin g initi ation and monph openesis of a given ongan. In this con text,
sem cell research offers an amazing and seductive potential for
body homeostasis, repair, regeneration, and pathology. The possi-
bility of manipulating stem cells in situ wdng spedfic signaling
molecules or by expanding them ex vivo i an exciting outcome of
basic research. Hemce, regenerative medidne has become a

J Cell Physiol. 2018;233:182 51835

wile yon in eifrary com foumal o

& 2017 Wik y Periodicals, Inc I 1825

54



pI5SN H005-3606 - eISSN 20055447
httpsz//doi.org/10.15283/ij5c17010

International Journal of Stem Ceds Vol 10, Moo 1, 2007

Methods of Isolation and Characterization of Stem Cells from

Different Regions of Oral Cavity Using Markers:
A Systematic Review

Kavarthapu Awvinash, Sankari Malaippan, Jayalomar Nadathur Dooraiswamy

Deparrment of Periodomtology, Seoeetha Dental College, Chenni, Iudie

Background: Periodontitiz iz a destmictive inflammatory dizorder of the periodontivm caused by the destmoction of
pericdental tissues namely the PDL, cemenmim, alveclar bone, and gingiva Once these tissues are lost, the foremost
goal of periodontal therapy is to regenerate the dizeased tissues if possble to thedr original form, architecture, and
function. Various fegepecative procedurss were emploved and still a gap was found in achieving the goal As stem
cells are characterized by their ability to self-renew and differentiate to produce specizlized cells, there could be a
possibility of using them for regsnerative therapy. Becently, dental tizsues such as the PDL, the dental pulp and the
tooth follicle have bteen recognized as readily swvailable sources of adult stem cells.

Aimy The zim was to identify the various sources and methodologies in isolation of stem cells from human oral cavity
and its differentiation into various lineages using markers.

Materials and Methodsr The electronic databases PUBMED, GOOGLE SCHOLAR., SCIENCE DIRECT, COCHRANE
LIBRARTY along with a complimentary manual search of all periodoatics journal till the year 2016, Thimeen articles
were selected on the basis of the inclusion criteriz. Iselation of stem cells from oral cavity through vaniouz methods
haz been evalnzted znd simdlarly chamacterization to different lineages were tabulated as vaniables of interest. They
included homan in-vitro and ex-vivo studies.

Besults: The results showed that PDLSCs and pulpal stem cells are the most commeon sousce from where stem cefls
were isolated Each source has used different methodology in szclating the stem cells and it was found that STRO-1
was the commanly used marker in all the smdies menticned

Conciusions: The studies showed that there i5 oo standard protocol emxisted in fsolating the stem cells from differsnt
sources of oral caviry. Moreover, there was oo standasd marker of methodology weed in characterizaticn

Background
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Stem cell research iz the mest fascinating area of inter-
ezt today. The discovery of stem cells dates back in 1550°s
when various experiments with bone marrow establizhed
thedr identity and their powerful role in regenerstion of
lost tissues. Earlier studies oo human development had
demonstrated that cells of emboye were able to produce
every cell type in the body. Ernst Heinrich Philipp Augnst
Hoeclel was the first persen who described 3 fertilimed on-
uke which would evobre into zn organism (1). The team
of scientizts from the university of Madison were the first
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An overview of the dental pulp: its functions and responses

to injury

C Yu.* PV Abbott*

Abstract

The dental pulp is @ unique tissuc and its importance
m the lng-torm prognoss of the twoth s oftcn
gnorcd by clmicians. [t = wnique in that it resadcs in
a ngid chamber which provides strong mcchamical
support and protoction from the microbaal rich wral
covironment. If this ngid shell loscs its structural
mitcgrity, the pulp & under the throat of the advesc
stimuli from the mouoth, such as canes, cracks,
fracturcs and open restoraton mangns, all LTt
prowidc pathways for micro-organisms and thor
moxms o cnter the pulp. The pulp mamally respomds
to irrtaton by boooming mflamed and, o Icfe
untrcated, this will progress to pulp nocross and
mfcction. The inflammation will alss spread to the
surrounding alvcolar bonc and cavsc perapical
pathosz. The magnitude of pulp-rclated problems
should not ke undecrestimated since thor most
scnious conscquenee is oral scpsis, which can be hic
threasoning, and henoe corroct diagnosis  and
management arc osscntial. Chiniclans muost have a
thorough undorstanding of the physological and
pathological fratures of the dental pulp as well as the
hwlogical conscquences of troatment intcrventions.

nerrsis.

Abbrevintions amd acrompms: CGRP = calcitomin gene-
related peptides: IL = interleukins; PEF = pulp blood flow;
5P = substance F; TTXr = tetrodotoxin-resistant; TTXs =

INTRODUCTIOMN

Thie dental paulp resides in a rigid chamber comprising
dentine, enamel and cementum, which provide strong
mechanical support and protection from the microbial
rich oral environment. Howeves, if this rigid shell loses
its structural integrity, the pulp is under the threar of
the adverse stimuli from the mouth. Caries, cracks,
fractures and open restoration marging provide
pathways for micro-organisms and their toxins to enter
the pulp. The response of the pulp to irritation is
inflammation and, if unattended, this will evenmeally
progress to pulp necrosis. Inflammation may spread to
the surrounding alveslar bone and cause periapical
pathosis. The magnitude of pulp-related problems

“school of Dengstry, The Unaversity of Western Australia
=4

should not be underestimated. The most seriows
consequence of pulp discase is oral sepsis, which can be
life threatening.® If the infection spreads from the
maxillary teeth, it may cawse purulent sinusitis,
meningitis, brain  abscess, orbital cellulitis and
cavernous sinus thrombosis, whereas infection from the
mandibular teeth may cause Ludwig’s angina,
parapharyngeal abscess, mediastinitis, pericarditis,
emphysema and jugular thrombophlebitis. Moreover,
the number of teeth that are extracted result in
mutilated dentitions, malnutrition and possible
emotional problems.

Toothache is 2 common complaint in the dental
clinic, and yet diagnosis of pulp discase is often difficult
dur to the seemingly unclear symptoms and the
inaccessibility of the pulp for clinical tests. This is further
complicated by referred toothache originating from the
tissuies other than the pulp. Improper diagnosis can lead
to improper treatment, cawsing distress to the patient
and embarrassment to the practitioner. An understanding
of the histophysiology of the healthy pulp and the
possible underlying pathological processes in the
discased pulp, careful asscssment of the pain history,
and appropriate clinical examination and diagnostic
tests, should aid the dental practitioner in reaching an
accurate diagnosis and a positive treatment outcome.

The dental pulp and its nature

The dental pulp derives from neural crest cells (the
ectomesenchyme). Proliferation and condensation of
these cells lead to formation of the dental papilla from
which the mature pulp is derived. The mature pulp
bears a strong resemblance to the embryonic connective
tissue, with a layer of highly specialized cells, the
odontoblasts, along its periphery’ The physical
confinement of the dental pulp, its high incidence of
sensory nerve innervation and the rich microcirculatory
components make the dental pulp a unique tissuc,
Enowledpe of the normal pulp function, its components
and their interaction is necessary to provide a frame-
wirk for understanding the changes that ocour in
diseased pulps.

Functions of the denfal pulp

A fundamental question that needs to be addressed is
whether the dental pulp is necessary in a fully formed

Ausiralian Demal Joumal Endodontic Supplaman: 2007521,
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Implant dentistry has been established as a predictable treatment with excellent clinical success to replace missing or nonrestorable
teeth. A successful esthetic implant reconstroction is predicated on two fundamental components: the reproduction of the natural
tonth characteristics on the implant crown and the establishment of soft tissue housing that will simulate a healthy periodontiom. In
arder for an implant to optimally rehabilitate esthetics, the peri-implant soft tissues must be preserved and/or augmented by means
of periodontal surgical procedures. Clinicians who practice implant dentistry should strive to achieve an esthetically successful
outcome beyond just osseointegration. Knowledge of a variety of available techniques and proper treatment planning enables the
clinician to meet the ever-increasing esthetic demands as requested by patients. The purpose of this paper is to enhance the implant
surgeon’s rationale and techniques beyond that of simply placing a functional restoration in an edentulous site to a level whereby
an implant-supported restoration is placed in reconstructed soft tisswe, so the site is indiscernible from a natural tooth.

1. Introduction

Implant dentistry has been definitively established as a
predictable treatment modality for replacing missing or
nonrestorable teeth which yields excellent clinical success
rates. During the last decade, the focus of implant research
has shifted from the functional stability of the implant to
its esthetic integration in the smile. The esthetics of implant
restorations is dictated by twoe fundamental components:
the reproduction of the natural tooth characteristics on the
implant crown and the establishment of a soft tissue housing
that will intimately embrace the crown. Therefore, the success
of implant rehabilitation in the esthetic zone relies heavily
on the preservation or the augmentation of peri-implant soft
tissue by means of periodontal surgical procedures.

The aim of this paper is to enhance the implant surgeon’s
armamentarium with rationale and technigues that extend
beyond the placement of a functional restoration in an
edentulous site to the restoration of soft tissue harmony so

that the implant-supported restoration is indiscernible from a
natural tooth. This is especially important in areas of esthetic
concern but not negligible in posterior sites where the added
benefits of enhanced tissue contours cannot be overlooked.

2. Indications

It may not be an overstatement that every surgical implant
procedure in the esthetic region constitutes an indication for
soft tissue grafting. The inevitable alteration of the alveolar
ridge dimensions that follows a tooth extraction often results
in the placement of the implant in a site that has undergone
a reduction in soft and hard tissue volume in comparison to
its neighboring dentate sites [1-3]. This discrepancy is even
more pronounced in single-implant sites where a concavity
forms between the edentulous site and the root prominences
of the neighboring dentition. Subepithelial connective tissue
grafis (SCTG) or free gingival grafis (FGG) can be employed
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Abstract

Objectives: The aim of the present study was to measure the thickness of the palatzl
mucosa in 2 Jordanian (Middle Eastern) populzbion as well as identify possible factors
that may influence the thickness of palatzl mucosa.

Material and Methods: Sicty perod on tally heslthy subjects (29 males and 31
females) were selected. Fifteen messurement points were defined on the palate. The
mucosa thidmess in the hard palate was determined by “bone sounding” with a Hu-
Friedy™ round periodontal probe.

Results: The overadl mean thidoness of the palszl masticatory mucosa was 3.23 £ 047 mm.
The mean thickness increased from the gingival margin to a more apiczl position
imespective of the tooth measured or side of the mouth in the following sequence:
canine, second molar, first premolar, second premolar and lastly, the fist molar. Mo sig-
nificant difference between gender, smoking status, gingival phenotype andsides of the
mouth with the thidiness of palatal masticatory mucosa was determined. A significant
difference between palatzl shape and palstal gingival thickness was found.
Condusions: The most appropriate site for graft harvesting is the @nine-premolar
area 8-13 mm from the mid-palatal aspect of each respective tooth in a2 Jordanian
populstion. Except for the palatzl shape, the side of the mouth, smoking, gender or
gingival phenotype does not affect the graft harvest

Clinical Relevance:

Scientific Rationale for Study: Knowledge on the thickness of the mastistory
mucosa is crucislin making decisions for surgicl treatment modality and may affect
surgical outcome. We measured the thidmess of the palstal muomosa in a2 Jordanian
populstion and identified possible influencing factors.

Prindpal Findings: The thickness varied according to the teeth and the canine to pre-
malar region was found to be the appropriate donor site.

Practical Implications: This information on safe zone for gaft harvest can guide the
periodontist to make appropriste incisions and choose the appropriate lo@tion to
obtzin 2 graft of adequate thickness and dimensions.

KEYWORDS
mastic atory muoosa, palatal thickness, ransging val probing
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Abstract

Background: Both genetic and environmental factors are implicated in the pathogenesis of cleft palate. However,
the midecular and cellular medhanisms that regulate the development of palatal shebes, which are composad of
mesenchymal cells, have not vet baen fully elucidated. This study aimed to detemmine the stermness and
miultilineage diferentiation potential of mouse embrvonic palatal mesenchyme (MEPM) aells in palatal shelves and

transmission elaction midoscopy.

miTOR signaling.

cleft palate developimant.

1o explore the undedying regulatory mechanism associated with deft palate formation.

Methods: Palatal shelves exdsed from mice madels wene cultured in vitio to ascertain whether MEPM ane sterm
cells through immunoflucrescence and flow oytometry. The ostecgenic, adipogenic, and chondiogenic
differentiation potential of MEPM cells were also determined to charactenze MEPM steminess. In addition, the role
of the PTEN-AK-mTOR autophagic pathway was investigated using quantitative RT-PCR, Westarn blotting, and

Results: MEPM cells in culture exhibited cell surface marker expression profiles similar to that of mouse bone
marow sterm cells and exhibited positive staining for vimentin (mesodemal marker), nestin [eaodemmal marker),
PDGFRa, Efnbl, Osi2, and Mecx2 (MEPM cells markers). In addition, exposure 1o PDGFA stimulated chemotasis of
MEPM cells. MEPM cells exhibited stronger potential for osteogenic differentiation as companed to that for
adipogenic and chondregenic differentiation. Undifferentiated MEPM cells displayed a high concentration of
autophagosomes, which disappeared after differentiation (at passage four), indicating the invohement of PTEN-AkT

Conclusions: Our findings suggest that MEPM cells are ectomesenchymal stem cells with a strong ostesgenic
differentiation potential and that maintenance of their s temness via PTENAKT/mTOR autophagic signaling prevents

Keywords: Autophagy, Stamness, Mouse embryonic palatal mesenchyme cells, FTEN-AK-mTOR signaling pathway

Background

The palate plays a vital role in shaping the embryonic fa-
cial primordia. Palate development in humans includes
the primary palate formation (a small part of the adult
hard palate) and secondary palate formation (hard and
soft parts of the palate) [1]. Cleft palate is caused by ab-
normal formation of the secondary palate during embry-
onic development [2, 3). It is one of the most common

* Comegpond encer 5 hang 3@suadum
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congenital hirth defects (global incidence rate: 1 in 700
peaplel. During normal palate development, the palatal
shelves grow down vertically on both sides of the tongue
till embryonic day 13.5 (E135) subsequently, these
begin to elevate above the tongue at E14 and start grow-
ing horizontally towards each other. The initial contact
of the palatal shelves initiates the formation of the med-
ial edge epithelial (MEE) seam on E14.5; disintegration
of the seam enables palatal fusion by E15.5 [4]. Since
normal palate primarily comprises of mesenchymal cells
surrounded by a thin layer of epithelial cells [2, 5-7],
loss of vishility of mouse embryonic palatal mesenchyme
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1 | INTRODUCTION

Ahstract

Oeft palate is one of the most common craniofacial defects in newborn babies. The
characteristics of this genetic disease produce soft and hard tissue defects on the
lip and maxillz, which cause not only aesthetic but also functional problems with
speech, eating, and breathing. Bone grafts using autologows cancellous bone have
been a standard treatment to repair the hard tissue defect in cleft palates. However,
such grafts do not fully integrate into host bone and undergo resorption. To overcome
engraftment problems, it is common to engineer new tissues with a combination of
mulipotent cells and biomaterial frameworks. Here, we manufactured cell sheets
for bone repair of cleft palates derived from two osteogenic cell sources, human mes-
enchymal stem cells hMSCs) and stem cells from human exfoliated deciduous teeth
{SHEDs). Cell sheets made from hM5Cs and SHEDs gave rise to in vitro calcification,
which indicated the osteogenic potential of these celis. The cell sheets of hM5Cs and
SHEDs expressed the bone-specific osteogenic markers, osterix, osteocalcin, and
osteopontin, following insertion into ex vivo-cultured embryonic palatsl shelves and
in ovo culture. In conclusion, we showed that osteogenic stem cell sheets have
mineralization potential and might represent a new altemative to autologous bone
tramsplantation in the reconstruction of deft palates.
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(Beaty = al, 2010 Christersen & Mitchal, 1994: Maosey, Litte,
Munger, Dion, & Shaw, 200%).

Cleft lip and palate (CLF) i one of the most common human birth
defects caused by variows reasons (Lee et al, 2008). It begins early
in utero during embryondc development and affects the base of the
necese amd the wpper jaw bone< Asian and Native Amerdcan po pulstions
shiow the highest affliction rates for CLP, as high as one in 500. The
prevalence of CLP k one in 500 and one in L000 in European- and
African-derived populations, respectively. These results indicate that
different populations have different genstic susceptibilities to CLP

1Jurg—h'i1 Le== znd Hyun-Yi Kam contributed squally to s werk

I mice. palatal shebes are localized on both sides of the tongue
at EL3.5. At E14.5, two palatal shelves are elevated on the tongue
and make contact at the medial edge epitheliom After contact has
beem made between the palatal shebves, the medial edge epithelivm
forms a midline epithelial seam. At this stage, the midline epithelial
seam disappears through an epithelial mesenchymal transition and
apoptosts. Consequently, the palatal shelves become entirely fused.
Dwring  this comples  developmental ewent fallures in gens
expresion can occwr, leading to insuffident tissee production and
o Closure between the plates, ghing rse to a deft palate (Bush &
Rang, 2013
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Absiract The use of the buceal fat pad (BFP) has n-
creasad mnopopularity m orecent vears because of 1ts reh-
abihty, ease of harvest, and low complication rate during
oral and maxillofacial procedures. The mm of this study
was v evaluate the volumetne variations of the BFP
with a CT and MRI, as well as the thickness, weight and
volume with conventional methods. We have examined
the BFP from 80 formahn fived adult cadavers (mean
age 59 derived from both males (45) and females (35).
In addition, we also examined 20 cadaveric BFPs using
MR and CT imagng. Digital image analvsis sofltware
was used to measure the volumetrc distibution and to
charactenze the morphology of BFP. The BFP can be
divided nto thres lobes (anteror, intermediate, and
postenor) amd has four extensions (buccal, pleryvgod,
plervegopalatine, and temporal). The BFP is fived by six
ligaments, to the maxilla, posterior zvgoma, inner and
outer rim of infraorbital fissure, temporalis tendon, amd
buccinator membrane. The mean volume in males was
102 ml and ranped 7.8-11.2 ml, while 1n females the
mean volume was B9 ml and ranged 7.2-10.8 ml.
Additonally, the mean thickness was 6 mm, with a
mean weight of 9.7 g These facts may be imporiant
when considering the use of the BFP in reconstruction,

M. Loukas (=5

Department of Amatomical Scienos, St Goome Unive mity, School
of Modicine, Troe Blue Campus, St Goorge's, Gronsada

E-mail: edspd (W @nyaloo com

Tel: +1-473-4444175

M. Loukas
Department of Bducation and Development, Harvand Medical
School, Boston, MA, TSA

T. Kapos
Department of Advanced Prosthodontics, Harvard School of
Dental Modicine, Boston, MA TTSA

. G. Lowia Jr - C. Wartman - A Jones - B, Hallper
Drepartment of Amatomy, Amencan University of the Caribbeain,
Sint Maaren, Methedands Antilles

pariicularlv whether the correct volume has been re-
moved from each side in aesthetic, oral, or maxllofacial
procadures.

Kevwords Buccal fat pad - Maxillary reconstruction -
Oral reconstruchion « Facial pseudohermation -
Traumanc facal pseudolipoma

Introduction

Although descnptions of the buccal fat pad (BFP) are
tvpeally very brief and lacking in detail in anatomical
textbooks [1], they have recently received increased
attention in the climcal literature. This stems largely
from documentation of the wse of BFP in oral and
maxllofacial reconstructon [2-8]. Bichat [9] first con-
sidered the BFP, in 1802, as a well-circumscrbed mass
of fal (according to Khan, BFP s surrounded by a well-
defined capsule gving the appearance of a well<circums-
scnbed mass) wathout functional wmportance [10]. In
modern medicine, however, climcians realize that the
BFP has several functional and therapeutic sigm ficances.
In addition to its importance i filing deep tssue spaces
and serving as a ghding pad dunng masticatory and
facial muscle contraction, the BFP also acts to cushion
important structures from the extrusion of muscle con-
tracton or outer force mmpulsion [11). Further explora-
oon alse mdicates the BFP's role a8 an important
structure in plastic and reconstructive procedures [12].

Several surgical procedures involve the use of the
BFP as a graft or pedicled flap, including correction of a
clefi palate, closure of chrome buccal fistulas and soft-
ening bone grafl contours in infraorbital and maxillary
deformities [5, 13, 14].

In addition, BFP hemiations are very common,
especially in infants and children. These hemiations
usually arise due to a tear in a mucosal surface or in the
buccmator muscle and may procesd o push the BFP
intoe the oral cavaty [14]. The BFP can also hermate into
the maxillary sinus in which case it can potentially be
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Applications of the Buccal Fat Pad in Oral and
Maxillofacial Surgery
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Additional information is available at the end of the chapter
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Abstract

The buccal fat pad (EFF) has become more and more popular in oral and maxillofa-
dal surgery. Originally, it was descibed as an anatornic struchure without any
obviows funchion; it was even considered o be a surgical nuisance. Mowadays, the
most reported application of the BEP is the deosure of croantral communications. In
this chapter, different aspects of the BFF such as itz applications, anatomy, physicl-
ogy, and complications are explained.

Keywords: buccal fat pad, oral reconstruction, orcanizal communication, orcaniral
fistula, cleft palate, surgical defects

1. Introduction

Although descriptions of the buccal fat pad (BEP) are tvpically very brief and lacking in
detail in anatomical textbocks, thev have recently received increased attention in the clinical
literature [1]. After the first clinical use of the BFP by Egvedi in 1977, its use has increased
rapidly during these years. The BFF has become more and mere popular for closing oronasal
and oroantral commumnications (OACs) and as a versatile pedicle graft for clesing postsur-
gical maxdllary defects [2].

Atin barteon License (ritped f creatrsecommaons.org i censes’ by { 3000, which pemnits unresiricted wse, denbution,

I NTEC H © 2016 Thee Autheanis). Licerses InTech. This chapter & detnibuted under the terms of the Creative Commans
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and reproducton in any medium, proseded the angenal work i properdy oted
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Growth and development of adipose

tissue
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The study of growih and develapment of adiposs Lssoe can
phwe imporiant chues 1o underslanding the pathogenesis of
abesity, ong of the msajor publie kealth and natritian
problems of our so-Galled developed socielks. In 1981 the
Amarican Committes on Mutrition drew sltembion b “the
nesd for sedies of the pathogenesis of obesaty in early life
with an graplasis on the onlogeny of the [0l organ.™ Simoe
then, liike progress has been made in this area. There are
AL many difculties in the study ol adipose tissue in the
huwman letus. Thiss the ksowledge of (st tsses bickagy in
hwmans is mostly indirect and leads 1o the problem of the
relevance al animal dals Lo man,

W focus om (b oollulor processes and the metabalic
infMuemces thal oocwr during the prenatal and postnaial
periods wnder normal and abaormsal comditions. Especially
imiportant are the eflects on adipose lssue growih of
metabolic and dysmorphogenso  disturbances such s
matersal Lype | diaboies, intrawlerine growth retardation,
comnective tssue dyspladia, and lumsors. Owar purposs s Lo

Bwppariad in pam by the U S, Depariment of Health and |laman
Bervicss grunl Mo, DE 05608, rom the Matkaal Instiveie of
Dienial Rasarch,

{'ﬂ'fhmh'h Claude M, Possonesi, MD, FRD, 107 e
Malea. Lasare, 75000 Peris, Prance,

Reprint requesis; Adphonss |, Burd], PR, Deparimant of Ankl-
amy &nd Call Blology, 38135 Madicil Scence Bsiling 15, The
University of Michigas, Ans Arbor, M1 K108,

BammEriee the mojor advances, with emphaiis an recent
experimental limdings.

PREMNATAL ADIPDSE TISSUE GROWTH

Adipogensis, Relatively low studies™' on human prena-
tal adipogesesis are available. Recantly, five morphogenic
phases have boen dentified*; (1) endslferentiated tissue
{i.0., loose conmective tssue), (2) anguogenesis [Le., pralil-
graticn of primitive vedsels sssociated with mesenchymal
condersation), (1) méesenchymal bobules {ie., mesenchy-
mal cells dilferantiating into slallate preadipocyties wilhin

ACTH  Adrensortiosrepic emang
FF& Froe fatiy nouds
LFL Lipoproiein Kpase

& vasgublar matrin, (4) primitive el lobules {i.e., Gne FEt
vauoles in <ull eytoplaam of meszpchymal lobeles), and
(A} definkiive Mt lobules (Le, M lobules well separmied
from sach other by dense sepla of perilobalar mesenchy-
mal Lissisgh,

Altantion has also been given 1o developmental (iming.
In the huaman Fetus, Tat Claswd sl srises in the Cscial
buceal pad area. Before the lourieenil week of gesiaibon,
Mature Fat consls of lee doaneciive tisue composd of
an wmsorpleous grousd substance and fibers (sage 1), The
firsd indbcaior of adipogesesis is e aggregaison of o denss
mass ol mesenahymal cells. Condensation of mesenchyme,
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Buccal pad of fat and its applications in oral and maxillofacial
surgery: a review of published literature (February)

2004 to (July) 2009

Jasmeet Singh.* Kavitha Prasad. MDS.” R. M. Lalitha. MDS© and

K. Ranganath, MDS “Bangalore, India

DEPARTMENT OF ORAL AND MAXILLOFACIAL SURGERY. M. S. RAMAIAH DENTAL COLLEGE

This review of the literature was performed to study the frequency and preference of usage of the buccal fat pad
(BFP) in oral and maxillofacial reconstruction and to determine its potential versatility in various clinical applications. A
computerized literature search using Medline, the JGate®Helinet database, and the Google internet search engine was
performed for all relevant articles with specific keywords from February 2004 to July 2009. Focus was on the use of BFP
regarding size, location, and types of defects and success and failure rates for various applications. It was found that BFP
has been used most commonly for closure of oroantral communications/fistula, followed by reconstruction of maxillary

defects; with closure of primary clefts, coverage of mucosal defects, etc. being other uses. Studies

that owing to

favorable anatomic location, high vascularity, ease of handling and low failure rate, the BFP has become the flap of choice
for reconstruction of various oral defects. The size limitation of the BFP must be known to permit successiul outcome. The
results have been encouraging for clinicians 1 make use of potential benefits of the BFP in dlosure of defects in the oral and
maxillofacial region. (Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2010;110:698-705)

The buccal fat pad (BFP) has become more and more
popular for closing oronasal and oroantral communica-
tions and as a versatile pedicled graft for closing post-
surgical maxillary defects.' Originally described as an
anatomic structure without any obvious function, it was
for a long period even considered to be a surgical
nuisance.”* However, during the past 3 decades, the
BFP has become a well established tool in oral and
maxillofacial surgery for the closure of oroantral com-
munications (OAC)” and reconstruction of small to
medium-sized acquired or congenital soft tissue and
bone defects in the oral cavity.®

The aim of the present article was to review the
database available in the past 5 years regarding buccal
fat pad (BFP), including its anatomy, clinical usage,
success, and complications and to ascertain the reason
for its preference over other modalities in various ap-
plications in oral surgery.

MATERIALS AND METHODS
A computerized literature search was performed us-
ing Medline, J-Gate@Helinet, and the Google search

“Postgraduase student.

“Professor,

“Professor and head.

“Professor.
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engine for articles published from February 2004 to
July 2009 on BFP and its application. Key words used
were buccal pad of fat and its application, buccal fat
pad, Bichat's, oroantral communication/fistula. “And”™
was used as a Boolean operator to combine and narrow
the search. The search produced 33 articles, which
included case reports, case series, retrospective case
series, randomized controlled trials, comparative stud-
included in the review. Case series were found to be
most informative regarding correlation between various
uses and complications. Case reports were included for
completion of discussion.

The following clinical uses of the BFP in the litera-
ture were observed: closure of OAC/orantral fistula
(OAF) (270 cases), closure of postexcision defects (140
cases), as a covering for mucosal defects, closure of
primary clefts, midline secondary clefts, in TMJ recon-
struction, postincisional fibrotomy coverage in oral
submucous fibrosis, elongation of soft palate, vocal
cord augmentation, and root coverage.

BUCCAL PAD OF FAT
Terminology

The BFP was first described by Heister (1732), who
believed this structure to be glandular in nature and
termed it the “glandula molaris.”’* Bichat is credited
with recognizing the true nature of the BFP. Therefore,
it is commonly referred to as the boule de Bichat or
bolle graisseusse in French: it is called wangenfettp-
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Adiprese tissues hold great promise in bone tisme enginesring since they are availabls in large quantities 25 2 wasie material The
bucca fat pad {BFF) is a spedalized adipose tizme that is zasy oo harvest and aontaing a rich blood supply, and s harvesting
ame kw compliations for patients. This review focuses an the charaderistios and astangenic capahility of stem cdls dermvad
from BFF as a valmahle ool soune for bone tissue enginesring. An electronic search was performesd on @l in vitro and in ¥ivo
siudias that need stem cells from BFP for the purpase of bone tisme enginesring from 20010 until 2014 This review was
organized aconrding to the PREMA statement Adipose-derivad stem cells derived from BFP (BFFECS) were compared with
adipase tssues from ather pars of the body (AdSCs). Mareover, the oseagenic capahility of dedifferentiated it lls (DFAT)
derived from BFP (BFP-DEAT) has heen repored in avmparisan with BFFSCs BFP i an =il y acoessible souree of stem cdls
that can he obtained via the omal cavity withowt injury to the exiernal body surfice Comparing BFFSCs with Ad5C0s indicated
similar cdl yield, morphaology, and mubtilinege diffsrentiation. However, BFPSCs proliferate faster and are mare prane to
producing oolonies than AJ35Cs

1. Introdudion

Mesenchymal stem cells [MSCs) derived fom bone mar-
row aspirates have been Fequently wied a5 a cell source
in bone tissuwe engineering [1]. However, several prob-
lems are asmocisted with the dimical application of bone
marmw shem cells [BMSCs) [1]. The ]'unuﬁrlﬁ_ proce:
dure is asociated with pain and discombrt for patents,
and their differentistion capabdity is dependent on the
domor age [2]

Adipose Hsues have been intmduced 25 a promising
sowree of MSCs that can be olbiained with minimal disarmfon
kr patients, since subcutaneous adipose tssues are usually
disca rded after sesthetic surgical procedures. In addition, sev-
eral studies haveshown that thecell vield from adipose tisies
is 100ty 500 times grexter than that from bomne marmow aspi-
rates [3-5]. Therefore, minimally invasive proedures can be
used toobtain 2 high member of MSCs with similar multiline-
ape capabdlities [6-8]. However, nat all patients undergo lipo-
swetion, and Bt distribution is dependent on body weight.
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Buccal Fat Pad, an Oral Access Source of Human Adipose
Stem Cells with Potential for Osteochondral
Tissue Engineering: An In Vitro Study
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Stem cells offer an interesting tool for tissue engineering, but the clinical applications are limited by donor-site
muorbidity and low cell number upon harvest. Recent studies have identified an abundant source of stem cells in
subcutaneous adipose tissne. Adipose stem cells (ASCs) present i adipose tissue are able to differentiate to
several neages and express multiple growth fadors, which makes them suitable for chinical application. Buccal
fat pad (BFF), an adiposeencapsul ated mass foumd in the oral cavity, could represent an easy aocess source for
dentists and oral surgeons. The stromal vasaalar fraction obtained from fresh BFP-derived adipose tissue and
passaged ASCs were analysed to detedt and quantify the percentage of ASCs i this fissue. Here we show that
BFF contams a population of stem cells that share a similar phenotype with ASCs from abdomimal suboataneous
fat tissue, and are also able to differentiate mto the chondrogenic, adipogenic, and osteogenic lineage, These

results define BFF as a new, rich, and accessible source of ASCs for tissue engineerning purposes.

Intreduction

T I55UE ENGINEERING 15 an emerging figd that allows re-
generation with restitution of lost Hssues, combining the
principles of bioenginesring, cell trarsplantation, and bic-
material enginsering. There is mcreasing biological knowk
edge regarding human development that will key allow
new future therapies to satisfy the cinical patient’s needs.
In the late 19605 Friederstain of al. demonstrated that the
mesenchymal stroma from human bone marrow contains a
population of cells that proliferate when cultured on plastic
and differentiate to cell lineages derived from the mesoderm,
such as chondrocytes and osteoblasts.” Later, these precursor
spindle-shaped cells are referred 10 as mesenchymal stem
cells (MSCs),” and shown to differentiate to several lineages
in vitro® and in viva,** making these cells promising candi-
dates for mesodermal defect repair. However, the clinical use
of MS5(Cs provides several problems, such as pain associated
with the harvest procedure, compledty of the technique, and
low cell number upon purification, especially in old donors.”

This makes an ex Tito expansion slep necessary to obtain
therapeutic cell doses, which is time consuming and expen-
sive, and containg the fsk of cell contamination and cell loss.

Adipose bHssue represents a promiing source of MSCs
available in large quantities, which does not require the use
of general anesthesia and results in minimal patient discom-
fort. Further, adipose tissue yields higher numbers of MSCs
than bane marrow, which could aveld cell expansion® The
normenclature of MS5Cs from adipose Hssue varies widdy,
but the consensus reached at the Second Annual Interna-
tiomal Fat Applied Technology Society Meeting (2004, Fitis-
burgh, FA) was to use the term “adipose stem cells” (AS(s).
ASCs are able to differentiate to multiple mesenchymal tis-
sue cell types, such as ostenblasts, chondmcytes, adipocytes,
myocytes, cardiomyocytes, and endothelial cells, and ther
is growing evidence suggesting that they can also give rise
to cells from other lineages, such as ectoderm and endo-
derm.*™* In addition, adipose tissue secretes a varety of an-
giogenic and antiapoptotic growth factors that makes fat a
promising soume for reconstructive surgery.'® ASCs have
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ARSTRACT

The ability to speak, swallow, masticate, taste food, and
meadntain a heakhy oral cavity is heavily rellant on the pres-
ence of saliva, the hugely lmportant effect of which on our
ever yday lives is often unapprecated. Hyposalivation, fre-
quently experienced by people recelving radiation therapy
for head and neck cancers, results in a plethora of symp-
tovims whose combined effect can deastically reduce quality
of life. Alhough artificial lubricanis and drogs = imulating
resddual functien are avallable to amellorate the comsegoen-
ces of hyposalivation, their effects are at best transient.
Such management technigues do wot address the sowrce of
the problem: a lack of functional saliva-producng acinar
cells, resulting from radiaton-indeced stem cell steriliza-
ton. Post-radiotherapy stimulaton of cell peoliferation

only results in improved saliva scretion when part of the
tzaie has been spared or when the dos to the salivary
ghand (SG) remalns below a certain level. Therefore, sem
cell replacement therapy may be a good optlon to treat
radiation-indueced hyposalivation. Substantia]l progres has
been made tely i the understanding of cell turmsver in
the SG, and the recent [dentification of stemn and progenitor
cell populations in the SG provides a bask for stsdies to-
ward development of a stem cell-based therapy for xerosto-
mia. Here, we review the current state of know ledge of S0
stem cells and their potential for wse in a celk-hased therapy
that may provide a more durable cure for hyposalivat on.
STes CELLE 2003 31 613619

Dz logure of potential conflicts of nterest is found at the end of tis anicle.

INTRODUCTION

More than 40000 new patients in the S A ae axpecied o
e diagnosed with head and neck cancer in 2012 [1), The ma-
Jority of these patients will be treated with radiotherapy (RT)
alone, of in combinaton with chemotherapy andbor surgery,
with a consequent S-year-survival rate of approdmately 50%
for noarmetastatic locally advanced disease [2]. Whike signifi-
cantly improving the patients chances of survival, RT treat-
ment ofien resulis in maveidable co-imadiation of nomal
tisswes mrrounding the wmor, such as the salivary glands
(565, Although protocols have been developed to minimize
carly and late loss of glind fmetion follvwing BT, 40% of
hoesad and meck cancer patients receiving the mod modem in-
tensity mosdulated BT will sl experence moderste o severe
emstomia [3-7].

Induced by radiation, 5G dysfunction and consequential
hypealivation causes mamy post-featment complications,
ineluding hampered spoech, demal probems, dfficalties with
swallowing and food magication, mpaired tase, and noctor-
nal  oral  discomfon. Hyposalivation and  the  resultant
symploms are iogether emed xerostomia (“dry mouth syn-
disme™), can lesd 1o a dramatic loss in quality of life for the

patient, and remains exwemely difficull o manage [3, 4, 8, 9.
This meview descrilses recent progress in our oomprehension
of radistion-induced hyposalivation, the characierzaton of
roadent and human 3G gem cells, and advances in design of
an adult gem cell-based therapy for long-tem theatment of
hypsalivation in post-RT patients.

A CeLuiLar Basis For Rapiation-INpucED
LonG-TErM HYPOSALIVATION

The 5Gs of mice, fats and hamans are compmed basically of
i saliva-producing cells types, namely mocows and senms ae-
nar cells, myoepithelial ozlls, which facilitate saliva expulsion
and a ductal cell system which modifies saliva compsos tion and
through which saliva is secreied into the oral cavity (Fig. 1)
Inenwined cholinergic and adrenergic nerve fibers dimulate sa-
liva production and sl indirecdy affect 8G e cretion thiouwh
imeraton of he Boosd vesels teat supply the glands, The
whale comomtiom of celk is kept in close physcal proximity i
each ofher by supprting Aromal dsse [10, 11] (Fig. 1), The
impact of BT a functon of 8Gs & bifaceed Saliva-producing
acinar oells ae lagely postmitotic in nature, and acconding
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Mesenchymal stem cells derived from dental tissues
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Abstract

Rodrguez-Lozano FJ, Bueno C. Insaust CL. Meseguer
L, Ramirez MC, Blanguer M, Mann M, Martinez 5,
Moraleda JM. Mesenchymal stem cells derived from dental
tizsues. Imermatonal Endodontic Joumai, 84, 800-806, 2011.

Regeneration of tizsmes occums naturally due to the
existence of stemn cells with the capacity to =elf-
regenerate and differentiate; howewver, megenerative
capacity decreases with age, and In many cases,
regeneration iz not suffident to repair the damage
produced by degenerative, kchaemic, intlamma tory, or
tumour-hazed dizeases. In the last decade, advances
have been made in the understanding of stem cells,
the genes that control the alternative fates of guies-
cence and diferentiation, and the niches that provide
speciic signals that modulate cell fate decisions.
Embryonic stem-cell reseanch is shedding light on the
sacrets of development. Adult sem cells (AS cells) are
avallable from several sources, Bone marrow and

connective tissue hawve been used in preliminary
clinical trialk for regenerative therapy. Recently,
several types of AS celk have been isolated from
teeth, including dental pulp stem cells, stem cells foom
human exfoliated deciduous teeth, perindontal hga-
ment sem cells, dental follicde progenitor stem cells
and sem celk from apical papilla. Preliminary data
suggest that these cells have the capacdty to differen-
tate into osteoblasts, adipocytes, chondrocytes and
neural celkk. f contirmed , these data would support the
use of these cells, which are easily obtained from
extracted teeth, in dental thempies, incliding in
regenerative endodontics, providing & new therapeutic
mndality.

Keywords: dental pulp stem cells, dental stemn cells,
mesenchymal stem cells, periodontal ligament stem
celle, stem cells.

Reveved 18 July 20 1) aceptal 28 Febrangy 2011

Introduction

Cell thempy and tissue engineering have become a
promizing & pproach for dental pulp repair, especially in
regenerative endodontics, where the regenemtion of
the dental-pulp complex with stern cells haz been
investigated (Ishimatsu et al 2009, Kadar et al. 20009 ).
However, the potential for pulp-tissue regeneration
from implanted stemn cellz is yet to be testad in extensive
cinical trials to evaluate their efficacy and safety

Cormespondence: Prof Jose M. Momleda iméner, Servicio de
Hemalolyga vy Hemokempia, Unidad de Tresplante Fema-
LopenrEtics ¥ Terapia Celular, Hospital Unhversitaris Virgen de
la Amixaca, Cra Madeid-Cartagena, El Palmar, 30120
Musrcia, Spain {Tel: 968 36953 2; fax: 96 E IABORE;

e-mail jmoraled@umes ).

Irtarrat ional Endodontie Jowrnal, 44, B00-308, 2011

(Murray ef al. 2007). The uze of stem cells in
endodontic treatments such as apexficaton reguires
autogenous stem cells that revascularize dental pulp
tizsue, provide appropriate signalling molecule(s) as
well as an ideal scaffold that will promote controlled
cell growth and differentiation (Hargreaves et al.
2008 ). Although the challenges of introducing end-
odontic tismue engineering theraples are substantial,
the potential henelits to patients and the profession are
ground-hreaking (Hans & Shetty 20619),

EStem cellz ame defined as clonogenic, sel-renewing
progenitor cells that can generate one or more
specialied cell types (Moraleda et al. 20006). Based
on their origin, there are two main types of stem
celle: embryonic stem cells (ES cells) and posmatal or
adult stem cells [AS cells). ES cells are stem cells
derived from the inner cell mass of an early,
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ABSTRACT

To date, 5 dsfferent human dental SSEMVPIOZENEOT
cells have been isolated and characierized: demal
pulp s=m cells (DPSCS), ssem cells from exdol-
mad deciduous weth (SHED), periodonal liga-
ment siem cells (PDLSCS), Siem cells from apical
papilla {SCA P}, and dental follicle progenisor cells
{(DFPCs). These poss-naul populakons have mes-
enchymal-ssem-celk-like (MSC) qualities, incClhuding
the capaciy for self-renewal and mulsilineage di&
forentiation poeentizl. MSCs derived from booe
marmow (BMMS(Cs) are capable of giving Tise 0
warious linezpes of cells, such 25 DSPORENIC, CHOD-
drogenic, adipOgenic, MyQ@enic, And NeulgEnic
cells. The densal tissue-derived ssem cells are iso-
lated from specialized Gs5ue with POt CAPACities
e differentae o EdIIII:IJEE'I:IiC cedls. Howewer,
they also hawe the ahiliey o give rise o oder cell
lingages similar 0, but different in powency from,
tha: of BMMSCs. This anicle will Teview the iso-
lation and characeerizasion of the properties of
different demal MEC-like populasons in compari-
500 with ghose of pther MSCS, such as BMMSCs.
Imporeans S5ues in sem cell binlogy, such a8 ssem
cell miche, homing, and iMMunCTegulason, will
also be discussal

KEY WORDS: mscs, DPSCs, SHED, SCAP,
PDLSCs, DFPCS, stem cell miche, apical papili,
Stem Cell BNming, tissud Fegenerasim.
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Mesenchymal Stem Cells
Derived from Dental Tissues vs.

Those from Other Sources:
Their Biology and Role in

Regenerative Medicine

INTRODUCTION

tem cell biology has become an importan: field for the enderssnding of

tisSug MegEneTation and implementaton of Tegenerasye medicine. Sinca
the UJSLDI.'ET_I,' 2nd charackeToeasion of I:I1L|]|:i|J'D1.E'I:I‘I. mmm:nymaj sbem cells
[(MSCS) T0m bone MAmw (B, MSC-like populaions fTom oheT tssues
have now been characterized based on the ‘gold sandard” criteria esab-
lished for BMMS(CS (Friedensesin ef af., 1976; Caplan, 1991; Prockap, 1987;
PRENGEr ef of., 1999; Oronshos e af., 2003). OF thase, MSC-like populs-
tioms from adipose tisswes and wmbilical cord blood have been shown @ be
Promasing alternstve Multipotent MEC sources (Mareschi ef of., 2001; Fuk
ef af_ M01). Thesa MSCs are capahle of giving rise o a least 3 cell nsageas:
DESE0SENIC, CHOMMTOZENIC, and adipopenic. Oder kneagess, such As MyDgenic,
Neurngenic, and enogenic, May 2lse be derived from BMMSCs. The search
for MSC-like cells in specific tissues has lad o the discovery of 2 variey of
siem cells in every organ and 15w in ihe body in the past decades (eyiswed
by Baksh er af, J004; Porads o of., 2006; K0 o ol, 2007), Demaktesos-
deTived MSC-like populations ane amaong mamy oiher ssem cells residing in
specialized (55ues thas Nave been isplased and characserized. The first type
of dental stem cedl was isplatad from the human pull tissue and ermed *pos:-
nzial demal pulp ssem cells’ (DPSCS) {Grondios «f al., 2000). Subsaquenty,
3 mome types of demal-MSC-like populations were solaed and characser-
imadl: ssem cells from exfolinmed deciduous teth {SHED) (Miura ef af., 2003},
petingonial ligament sem cells (PILSCE) (500 of af., 2004}, mnd stem cells
from apical papilla (SCAF) (SONOvAMA e of | 3006, 2008). Recen: sud-
ies Nave idensified 4 fifih demal-fssub-gerved PIOZETtr call populasion,
redirred 10 as “gens] Eollicle precursor cells' (DFPCs) (Morsczeck ef al,
2005). Howeser, the precise relasiomship among these differemt stem cell
POpulations TEMmains unclear.

EH.I.'I"iIZIE ihe characseTeatan of these I:IE‘w]:,' identahied dendal stem calls,
cemain aspacis of deir properdes have been compared with those of
BMMSECs. Demeal stiem cells displey Multidiferentiasion poemial, with the
CApECiy 10 Zive MSE 10 3t |ease 3 distnce cell lineages. Osen/DM0genic,
adipogenic, and newrogenic. Differences have been nawad between the demal
stem cell populagons and BMMSCS, where densal ssem cells appear o be
mone commited @ domsogenic Tiher dhan os:eopemic dewelopmen:t. To
fzte, dentalGEse-OaTived SEMUprDaenior calls hive boen used for Hesoe-
EngineeTing swdies in |afge Amimals & assess thedr povensal in pre-clinical
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Postnatal human dental pulp stem cells (DPSCs)

in vitro and in vivo

5. Gronthos, M. Mankanl, ). Brahim, P. Gehron Robey, and 5. shi*
Craniofadal and Skekial DEsaees Branch, Matlonal Inst®uts on Dental Resazrch, Matlonal Inst®utes of Heslth, Bsthasda, MD 20800
[Edifed by Darwin L. Prodiog, Tulams Unkrarsity, Wow Oriaans, LA, and approved Saptembar 26, 2000 (reoshead Sor rovias July 5, 30000

Dantinal repair in tha postnatal organism ccours throwgh the
activity of spedialized cells. odontoblasts, that are thought to be
maintained by an as yet undefined pracursor population associated
with pulp tissuse In this study, wa isolated & donoganic, rapidly
proliferative population of cells from adult human dental pulp.
Thesa DP3(s ware then compared with human bone mammow
stromal cells (EMSCs), know n precursors of osteoblasts. Although
they share a similar immuncphanotyps in witro, functional studics
showed that DPSCs produced only sporadic, but dansely calcfied
nicdulss, and did not form adi whareas BM3(s routinaly
caldified throughout tha adharent call layer with clustars of lipid-
ladan adipocytes. Whan DPSCs wers transplanted into immunc-
compromised mice, thay genarated a dantin-like structura lined
with human cdontoblast-like oells that surrcundad a pulplike
nterstitial tissua. In contrast, EMSCs formed lamasllar bomna con-
taining osteocytas and surfacedining cstecblasts, surrounding a
fibrows wascular Biszus with actra hematopoiesis and adipooytes.
This study isolates postnatal human DPSCs that have the ability to
form a dentin/pulp-like complax.

odomiobiast | dantin | In weo trarsplamiaSon

uring woth formation, ineraciions berween epithelial and

dental papilla cells promowe woth morphogendsis by sum-
ulating & 5 tion of mesenchymal cells w differemize
i onoblasis, which in murn form primary dentin. Morpho-
logically, odomoblasis are colemnar polarized cells with ecoen-
tric nuclei and long cellular processes aligned et the owwer adges
of denuin (1), After wmb erupron, reparaive denin is frmed
by udmm gs1s in response w general mechanical erosion or
dsruprion, and throagh deminal degradation caused by baceria
{2 These odomoblasis are thowgh o arise from e prolifer-
gion and differenuztion of 8 precursor populsticn, residing
somowhere within the pulp issee (3). Despive anensive knowl-
edge of woth developmen, and of the various specialized
woth-associared cell wpes, linke is knoen abour the characier-
istics and properties of their respeciive precursor cell popula-
uons in the postnaial organism.

To dase, the idemification znd isolation of an odoawgenic
progenitor popalation from adelt demal palp iswe has never
been done. It is known that in ceriain conditions, caliares of palp
cells derived from early developing demal root tissee and palp
ussae can develop an odomoblss-like appearance with the
capacity 10 form mineralined nodubes & wire (4), 2 vrail normally
anribued 1o calvares of bone or bone marrow cells (5, 6. More
is known abown the characieristics of muhipowent bone marrow
srromal cells (BMSCs) and their povemuial w de ino
oswzoblass, chondrocyies, adipocyues, myelosupportive
stroma, and perhaps even muscle and neural dsswes (7-12) They
gre charscwerized by iheir high proliferaive capacity ex wive,
whercas mainaining their biliyy w differentiawe imoe mohiple
stromal cell lincages. The ussae-spedfic differentation of BM-
55 seems 10 be dependent on their sawe of differenuiation and
commitment, and the microcovironment in which they are
located. By analogy, we spocalaved tha adul deneal pulp vissue
might alse comain a population of melipomemial siem cells.

In the present study, clonogenic and highly peoliferaiive cells
were derived from encymanically disaggregaied adult human
denual pulp, which we have wermed DPSCs, and compared with
BM5CE, cells with known siem cell characier (131 We have
previously shown thar haman bone is generated afier xenogenecic
wransplantation of BMSCs with hydroxyapative Suricalciem phos-
phave (HASTCPF) as 2 carrier vehiche (9. We therefore explored
the ibility that isolaied ex vive-cxpanded human DFSCs

also be capable of regencrating a dentin/pulp-like suruc-

re in vive under similar conditons.
Materials and Methods
Suhjects and Call Cwhtwre. Mormal human impacted third molars
were collecied from adules (19-29 years of age) ar the Deneal
Clinic of the Matonal Insthute of Denial and Craniofacial
Rescarch under approved guidelines sei by the Mationz| Insi-
wawes of Healhth OfTice of Human Subjecs Research. Tooth
surfaces were cleancd and cur aroand the cemenum-enamel
junction by asing sterilined demal fissare bars o reveal the pulp
chamber. The pulp tiswe wes genily separated from the crown
and root z2nd then digested in 2 solwion of 3 mg/ml collzpenase
ype 1 (worthinguon Biochem, Frechold, MJ) and 4 mg/ml
dispesse (Bochringer Mannheim) for | b ar 37°C. Single-cell
suspensions wene obained by passing the cells throwgh a 7-pm
sirziner (Falcon). Bone marmow cells, processed from marrow
aspiraies of normal heman adab volienwsers (20-35 vears of age),
wene purchased from Poictic Technologies (Gaithershurg, MIX)
and then washed in growth mediom. Single-cell suspensions
(0.00 vo 1 = 107 fwelly of dencal and bone marrow wene
seeded imo 6-well plawes (Cosiar) wih alpha modification of
Eagle's medium (GIROO/BRL) supplemented with 20%: FCS
{Equitech-Bio, Kerrville, TX), 100 pM L-ascorbic acid 2-phos-
phate {Wako Pare Chemicals, Osaka)/"2 mM L-gluiamineg /100
anitsml penicilling 100 I strepromycin (Bioflwids, Rock-
ville, M3y, and then incubawed 20 37°C in 5% O, To assess
colomy-foeming efficiency, day 14 caliares were fxed with 4%
formazlin, and then siained with 0.1% wlvidine blee. galcs
af =50 cells were scored as colonies. Condivions for the induc-
tion of calcified bone mawrix deposition & viro were 85 repored
{6]. The proliferaton rawe of subconlluen calwres (irst pas-

sage) of DPSCs and BMSCs was assessed by bromodeoxyuridine
(Bmierd _incorporatien for 24 b by osing 8 Zymed BrdUrd
sizining kit {Vecor Laborawories).

Immumnchistockemistry. Primary [DPSCs and BMSCs were subcul-
wared inwe B-chamber slides (2 < 100 cellsfwelly (Munc). The

Thin papar v subrmitted direcsly (Trask 1 8o sha s oficn
.lhh-.nunnﬁqd-mnlpdpn-nul; ulﬂ;h:r-n-m srorral cull; HaSTOR,
ried, |

dine; DSPT, dartin salke-
Fl—.'hq:lmd\ o, :dnrr-Flu-rl'lg unk-Hzroblart
T whem rapeink reguerh thould be sddressd. E-rrail: mhilicinnide nib gas.
Tha publ corty of shin fraymed in part by pegae charge peysmant. Ths
articy st tharefor b barsby marked “scvertiement” In sccordence wesh 18 LS.
5174 acduly be Inclicata thin dact

Artichs publnhed crline beform pring Mo M. Acedl Sol LS4, 10107 pra 240 0EI 7.
Artidls snd publication debs sre #% weew praa.org=lESolM0 1073 prm 2420 AT

FHAE | DecemberS 2000 | wol. 97 | oo 35 | 1383513630
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ABSTRACT

The difference between stem-call-mediated bone
and dentin regenerarion is not yet well-undersiood.
Here we use an in vive stem cell transplantation
sysiem to investigate differsnnial regulation
mechanisms of bone mamow smomal stem cells
(BMS55Cs) and dental pulp stem cells (DPSCs).
Elevated expression of basic fibroblast growth
facter (bFGF) and mamix mefalloproteinaze 2
(MNP0, zalatinazs B) was found o be associasd
with the formation of hematopoietic mamew in
BEMS5C transplants, bat not in the connective
tssue of DPSC mansplanes. The expression of
dentin sialoprotemn (D5F) specifically marked
dendn symthesis n DP5C mamsplamts. Mossover,
DPSCs were found to be able to generate
reparative deofin-like tissue on the surface of
homan dentin i vive. This sudy provided direct
evidence to suggest that ostepgenesis amd
dentinogenesis mediated by BMS55Cs and DPFSCE,
respectively, may be regulated by distinct
mechanizms, l=admz to the different organizadon
of the mineralized and noo-mineralized tissues.
EEY WORDS: bons marrow stromal stem cell,

dental pulp stem cell, asteoblast, edontoblast,
transplanfation.
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Comparison of
Stem-cell-mediated Osteogenesis
and Dentinogenesis

INTRODUCTION
dult bone marrew smomal stem cells (BM55Cs) and adult denl pulp
em cells (DPSCs) are multipetent stem cells capable of differentiatms
into  variews cell fypes. including, bui mot limited to.
osteablasts ‘edontoblasts, adipocytes. and neural cells (Prockep, 1997, Axiz
ot @i, 1998, Gromthes of ai, 2000, 2001; Bianco e @i, 2001). Previouns
smadies alse demsonstrated that BMS5Cs are able to differsntiate into
chondrocytes and muscle cells (Prockop, 1997; Feran er al., 1998
Johnstons er al., 1998). Althoush bons and dantin are similar in their mamix
Pprotein composition. their argan structures are tofally differant One of the
most soiking characteristics is that BMS55Cs and DPSCs can generate a
bone/mamew oIgan smuchire and a dentin'pulp complex, respectively
(Erebszhach er al, 1987; Groothos er al., 20000, However, the detailed
mechanisms imvelved in the nifiaton and mainfenance of the bone ' mamow
organ and dentinpuly complex have vet to be determined In this stody, we
demansirate that bFGF and MWP9, two mpartant angiogenic factors, ars
temporally expressed in the conpective tizsue comparmaent of BMSSC
wansplanis prior to marrow formation. In contrast, dentin sialoprotein
(D%P), a highly specific dentin protein, is highly expressed during
dentinogenssis m the DPSC mansplants. Farthermare, we found that TESCs
were capable of forming reparative dentin-like tissue on the surface of
homan dentin i wive. This sndy suggests that BM5%Cs and DIPSCs nse
diztinet regulatery mechanizms 6o contrel their in vive tissue repeneratian.

MATERIALS & METHODS

Subjects and Call Culture

Beone mamow monomuclear calls wers purchasad from Peistic Techmolomies
(Gaithersbaz, MDD, USA). Human i third molars were colleded fom
adults (19-29 75 of age) af the Demal Clinic of the MNatonal Instinme of Dental
& Cramiofarial Fesearch under a protocel approsved by the WIH Office of
Human Subjects Fesearch. Human DPSCs were isolated and culhured as
previously desoribed (Gronthos er af, 2000, 2002, Boefly, the pulp tssee was
separated from the crown and roof and then dpested in a sohiion of 3 meml
callagenaze type [ (Worthinston Biechem Freehold I TUSA) and 4 me/ml.
dispaze (Hoehrinzer Marmheim GmbH, Mannheim Gemmary) for 1 br at 37°C.
Single-cell muspensions (fom 001 to 1 % 10°/well) of bone marmow and dental
pulp were aaltmred in sin-well plates (Costar, Cambridze MA T75A) with alpha
modification of Eagle's Medium (GIBCO BEL, Grand Island, WY, TSA)
supplemented with 15% fetal calf serum (Equitech-Bio Inc.. Kemville, T3
TUS4), 100 pM L-ascorbic acid 2-phesphate (WAED, Tokyo, Japan), 2 mM L-
ghotanmne, 100 U'ml. pemicilling and 1040 pe/ml steptonryon (Biofhids Inc
Endiovlle. MD, TSA), then incubated at 37°C m 5% C0,.
Transplantation

40 = 1P of & vvo exgpanded BMS5Cs and DPSCs were mixed

with 40 me of bydrosyapacie mcalrion phosphate (HATCF) ceramic powder

Creiattiel e i Yo e it £ty D s Foebviatap 8. 20008
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OPEN Success rates in isolating
mesenchymal stem cells from
permanent and deciduous teeth

KengoMakajima, Ryo Kunimatsu®, Kazuyo Ando, Tomoka Hirld, Kodai Rikitake, Yuji Tsuka,
Takaharu Abe & Kotaro Tanimoto

Stem cells from human exfoliated deciduous teeth (SHE D) and human dental pulp stem cells (hDFSCs)
have emerged as attractive cell sources for bone regeneration. However, the specific teeth and the
conditions mostsuitable for stem cell isolation remain unclear. Therefore, the s vocess rate of SHED

and hDFSCs isolation, the patient age and remaining root length in decidu ous teeth were evaluated.
Successtul isclation was defined as when the cell culture was maintained up to the third passage
without any c ontamination or other issves. Remaining tooth length was caloulated vsing the root-
to-crown ratio from patient X-rays and compared to the nomn valu e from the literature. Theowerall
successful isolation rate of SHED and hDPSCs was B2% and 70%. The average patient ages at extraction
of the deciduous teeth and permanent teeth were 11 years and 3 months, and 22 years and 10 months
respet tively. Inthesuocessful SHED group, the average remaining root length of the anterior d ecid vous
teath was 71.4%, and that of the decduouws molars was 61 4%. Successful isclation appears to be

assoc ated with patient age, length of the remain ing root, and alse mechanical stress and other factors.
Towth selection criteria need to be identified to improve the swocess rate.

Mesenchymal stem cells (M5Cs) have emerged as a promising tood for Hssue regeneratbon. Since the 1solation of
bome marrow M5Cs (BMMSCs), MSC-like cells have been continuously discovered from variows tissees. Human
dental pulp stem cells (hDPSCs) were first iselated in 2000°, followed by isolation of stem cells from human
exfoliated dectdisos teeth (SHED) in 20032, Subsequently, stem cells from the periodontal ligament and apical
papilla were lsolated and characterised®. SHED are derived from the pulp of decidiois teeth, which are clinically
and blologically discarded tisswes. Thus, among these M5C sources of the dental tssue, SHEDY represent the most
accessible and promising cell source for tisswe regeneration.

We previously reported successful bone regeneration using autogenous BMMSCs in a dog model of artificial
alveolar clefi**. However, since bone marrow collection is an Inwvasive procedure for the patlent, we have focused
on the bone regeneration potential of SHED and hDPSCs both in vifre and in vive. Indeed, the in wivo trans-
plantation of human SHED and hDPSCs for bone regeneration has been reported, similar o human BMMSCs
(hEMMSCE)Y. In wifro, SHED and hDPSCs show high profiferation activity, and have similar diferentiation abil-
Ity o osteoblasts as that of hBMMSCs®. Moreover, SHED have been applied for regeneration of mineralised
tizsue™ 7, Thus, SHED and hIXPSCs could be tdeal toods for bone regeneration. However, the tooth source that 1=
mst siltahle for the isolatbon of M5Cs and ultimate bone regeneration remains to be determined. Accordimghy,
In this preliminary stsdy, we evaluated the success rate of SHED and hIDPSCs isolation from deciduwoss and per-
manent teeth and related this rate to the condition of the teeth and general patient characteristics.

Methods

Cellisglation and culture. Human dental pulp tissue from both permanent and decidieous teeth was
obtained from clinically healthy patients who required extraction for orthedontic treatment at Hiroshima
University Hospital. The collection of Hssues and solation of SHED and hDPSCs from patients were approved
by the preliminary review board of the Epideminbegical Research Committee of Hiroshima University (approval
mumbeer: E-20- 1) hDPSCs were solated and cultured as previowsly described'. In brief, the extracted permanent
teeth were split using bone forceps at the cementum-enamel junction after the periodonial Hssue was removed.

D part ment of Orthodontics and Craniofsc sl Dev e opmental Biology, Division of D ental S¢iences, Biomedical
Soiences Major, Hiroshima University Graduate School of Biomedical & Health Sciences, 1-2-3 Kasumi, Minami-ku,
Hiroshima, 734-8553, Japan. *email: rpeukunimatu@hiroshima-v_ac jp
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ABSTRACT

Studies on mechanisms underlying the differentiation
of dental pulp stem cells are critical for the under-
standing of the biclogy of odoniogenesis and for
dental tissue engineering. Here, we tested the hypoth-
esiz that stem cells from exfoliated deciduous teeth
(SHELD) differenti ate into functional odontobl asts and
enddodhelial cells. SHED were seaded in tooth shice/scaf-
folds and implanied subcuanemsly into immunodefi-
ciend mice. SHED differentiated inio functional
odomoblasts that generated wbular dentin, as deter-
mined by tetracycline staining and confocal micros-
copy. These cells also differentiated into vascular
endothelial cells, as determined by beta-galactosidase
staining of Lacy-tagred SHED. fn vitro, vascular endo-
thelial growth factor (WEGF) induced SHED o
express WEGFR2, CID31, and VE-Cadherin {markers
of endothelium} and to organize into capillary-like
sprouts. VEGF induced ERE and AKT phosphoryla-
tion {indicative of differentiation), while inhibiting
phosphorylation of STATS (indicative of *stemness™).
Collectively, this work demonstrates that SHED can
differentiate into angiomenic endothelial cells and
odomoblasts capable of generating tubular dentin.

KEY WORDS: zndodontics, siem cells, tissue

enginearing, odontogenssis, angiorenaesis.
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SHED Differentiate into Functional
Odontoblasts and Endothelium

INTRODUCTION

ental pulp tissue engineering is an expanding field that aims for the

replacement of an imeversibly inflamed or necrotic pulp by a healthy and
functionally competent tissue that is capable of forming new dentin. Such a
strategy is particularly attractive for the treatment of necrotic immature penma-
nent teeth, since it has the potential of allowing for the completion of vertical
and lateral root development (Mie, 2006). Successful engineering of any con-
nective tissue requires the quick and effective induction of angiogenesis. The
primary function of vasculature in the engineersd constructs is to ensure the
efficient delivery of nutrients and oxygen to cells invading from the host tis-
sue and cells transplanted in the scaffolds (Jabbarzadeh o al, 2008). The dis-
covery of a cell type that is capable of differentiating into functional vascular
endothelial cells would certainky be beneficial for dental pulp tissue engineer-
ng. In addition, better understanding of the differentiation potential of dental
pulp stem cells is critical for the field of tooth development. Particularty, it is
not clear if the blood vessels of the dental papilla are recruited from the neigh-
boring mesenchyme, or if local stem cell populations are capable of forming
de nove vascular structures (vasculogenesis ). Here, we used a combination of
in vifro and im vivo approaches to evaluate whether SHED are capable of dif-
ferentiating into functional odontoblasts and angiogenic endothelium.

MATERIALS & METHODS

Toath Slice/Scaffolds

SHED (Miura er al., 2003} were cultured in alpha-MEM (Invitrogen, Grand
Island, NY, USA) supplemented with 10% FBS and penicillin/streptommycin.
Extracted non-carious human third molars were collected in the Departrment
of Oral Surgery at the University of Michigan with the donors’ informed
consent and Institutional Review Board approval. Tooth slices (1 mm thick)
were prepared, the pulp tissue was removed, and poly-L-lactic acid (PLLA)
(Bochringer Ingelheim, (Germany) scaffolds were cast within the pulp cham-
ber (Appendix Fig. 1), as described previously (Cordeiro er af., 2008}
Specimens were treated with 10% EDTA for | min and randomly assigned to:
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The Hidden Treasure in Apical Papilla: The Potential Role in Pulp/
Dentin Regeneration and BioRoot Engineering

George T.-J. Huang, DDS, MSD, DSc”, Wataru Sonoyama, DDS, PhDS, Yi Liu, DDS, PhDE, He
Liu, DDS, PhD/', Songlin Wang, DDS, PhD¥, and Songtao Shi, DDS, PhDT
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Abstract

Some chimical caze reports have shown that immwature permanent testh with periradienl ar penodontitis
or zbscess can underge apexogenesis after conservatve endodontic treatment. A call for a paradigm
shift and new protocol for the chmical management of these cases has been brought to attention.
Concomtantly, a new populaiion of mesenchymal stem cells residing in the apical papilla of
permanent immature teeth recently has been discovered and was termed stem cells from the apical
papilla (SCAP). These stem cells appear to be the source of cdontoblasts that are responsible for the
formation of root dentin. Conservation of these stem cells when freating mmahwe teeth may allow
contmuous formanon of the root to compleion. Thas article reviews cwrent findme= on the 150laton
and charactenzanon of these stem cells. The potential role of theze stem cells m the followme respects
will be discussed: (1) thewr contribufion in contimued root maturation in endodontically treated
immature teeth with periradicular peniodontits or abscess and () thew potennal unhzaton for pulp!
dentin regeneration and bioroot engmesring.

Keywords

Apexogenesis; apical papilla; bioroot engmeenng; dental pulp stem cells; mmmature testh;
penodontal hzament stem cells; pulp regeneration; stem cells from oman exfohated deciduous teeth:
stern cells from the apecal pamlla

A mumber of recent climical case reports have revealed the pos=sibilihes that many testh that

traditionzally would recerve apexification mav be treated for apexogenesis. A call fora paradigm
shift and new protocol for the chimeal management of these cases has been made b the authors
{1-3). A recent scienhific findmg, which mav explain I part why apexogenesis can ocour In

these mnfected mmmahwe permanent teeth, 15 the discovery and 1solation of 3 new population of
mesenchymal stem cells (M3Cs) residing 1n the apieal papilla of meompletely developed teath
{4.5). These cells are termed stem cells from the apical papulla (SCAP), and they differentiate

Address requests for reprints o Dr George T -T. Huang, University of Maryland, College of Diental Surgery, Dental Schoal, Deparment
of Endodentics, Prosthodoentics and Cpemative Dentiziry, §3) West Baltimere 5t, Baltimors, MD 21201, E-mail address:
shanggimmaryland edu..
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Mesenchymal Stem Cells from Bichat's Fat Pad:
In Vitro Comparison with Adipose-Derived Stem Cells
from Subcutaneous Tissue

Eugenio Broccaioli - Stefania Niada*** Giulio Rasperini! ® Lorena Maria Ferreira;
Elena Amigoni! Vijay Yenagi' and Anna Teresa Brini"*

Abstract

Adipose-derived stem/stromal cells (ASCs) are progenitor cells used in bone tissue engineering and regenerative
medicine. Since Bichat's fat pad is easily accessible for dentists and masxdillo-facial surgeons, we compared the fea-
tures of ASCs from Bichat's fat pad (BFP-ASCs) with human ASCs from subcutaneous adipose tissue (SC-ASCs).
BFP-ASCs isolated from a small amount of tissue were characterized for their stermness and mul idifferentiative
ability. They showed an important clonogenic ability and the typical mesenchymal stem cell immunophenotype.
Moreowver, when properly mduced, osteogenic and adi pogenic differentiation markers, sudh as alkalime phospha-
tase activity, collagen depositon and lipid vacuoles formation, were promptly observed. Growth of both BFP-
ASCs and SC-ASCs in the presence of human serum and their adhesion to natural and synthetic scaffolds
were also amsessed Both types of ASCs adapted rapidly to human autologous or heterologous sera, increasing
their proliferation rate compared to standard culture condition, and all the cells adhered finely to bone, periodon-
tal ligament, collagen membrane, and polyglyeol acid filaments that are present in the oral cavity or are com-
monly used in oral surgery. At last, we showed that amelogenin seems to be an early ostecinductive factor for
BFP-ASCs, but not SC-ASCs, in vitre. We conclude that Bichat's fat pad contams BFP-ASCs with stemness features
that are able to differentiate and adhere to binlogical supports and synthetic materials. They are also able to pro-
liferate in the presence of human serume For all these reasons we propose BFP-ASCs for future therapies of peri-
odontal defects and bone regeneration.

Key words: amelogenin; biomaterials; buccal fat pad; mesenchymal stem stromal cells; oral bone regeneration

Introduction

ESENCHYMAL STEM/STROMAL CELLS (MS(Cs) represent

imponant suitable candidates in regenerative medicine
applications for the treatment of tissues damaged by trauma
or pathological diseases. They have been kolated from bone
marrow, adipose tissue, tendon, pericdontal ligament, syno-
vial membranes, trabaecular bone, skin, periostium, and mus-
cle! Even though bone marmw represents the more used
source of stem cells (BMS(Cs) in the clinical feld, adipose tis-
sueis a valid alternative source of MSCs. Itis easily accessible
in large quantities with a minimal invasive harvesting proce
dure and allow a high number of adiposederived mesenchy-
mal stem /stromal cells (ASCs) to be obtained ** ASCs show

a mulblineage differentiaion capacly similar to that of
BMSCs. " The growth factor secretome of MSCs was charac-
terized by Wang et al,"_ and the secretory activity of MS5Cs
favors a regeneralive microenvironment al sites of Hssue
injury.®

Adipose tissue withdrawn during plastic surgery is a dis-
carded tissue, and the usual anatomical regions from which
this Hssue is collected are the abdomen, breast, buttock,
knee, and thigh. In this siudy, we have chamcterized
human AS(s isolated from the buccal fat pad, usually called
Bichat's fat pad (BFF), cone of the encapsulated fat masses in
the cheek. It is a deep fat pad located on ether side of the
face between the bucdnator muscle and several more super-
ficial musdes, incliding the masseter, the zy gomaticus major,

lueprunmtirf Biomedical, Sungical, and Dental Scences, Undversity of Milan, Milan, laly.
Yalkars ‘.}I‘I‘]’i!]:‘t'd:if Insstitute Bessearch Hospital {IRCOS, Milan, [taly.
(3 Grands Polyelings Foundation Researh Hospital (IROCS), Milan, Iy
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ABSTRACT

A ot method for indwding bone fomation from
adipose-gerived sromal cells (ADSCE) has noe
been established. MoTemver, the efficacy of srong
OsBOEEmEC inducers includang BMP-2 for ADSC-
mediased bone engineeTing remains conroversial,
Meanwhile, the buccal fai pad (BFP), which is
found in the oral cavity & an adipose-encapsulated
mass, has been shown 0 have poential 4s 2 new
accessible sowce of ADSCE for oral swrgeons.
However, i e, thera have Deen Do repors that
defing the pracocal uwsefulness of ADSCs ffom
BFP (B-ADSCs) for bone enginoering. Here, we
repon: an afficient mathad of generating bone from
B-ADECE usang thEMP-I. The analyses show thas
B-ADSCE can diflerenndi® im witro 0wand the
ospohlastc Hneage by the additon of ThEMP-I D
Cultuwre medium, regardiess of the presence of
nsspoanductive Teagents (SR), as demonszaed
by measurements of ALP achvity, i vifre calCifi-
casion, and  OSE0genic  gene  ExPressin.
Inerestngly, AIPOgeTIc pemes were  clearby
deteczable onby in Cultules with rhEMP-I and
OSK. However, in vive bane formasion was mos:
Subszansial when B-ADSCS cultuled in this conds-
tion were transplanted. Thus, B-ADSCE reliabhy
formed engineered bone when pre-weawed with
mEMP-2 tor induecing mamne osedblaskac ditber-
enEaGEnn. This Sty Suppons te powenshal ransla-
tion for B-ADSC use in the clidcal trestment of
bone defecis.

KEY WORDS: buccal @ pad, adipose tissws,
mesenchymal sem cells, culmred condition,
BMIP-2, bome Tegeneras.
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Formation of Engineered Bone

with Adipose Stromal Cells from
Buccal Fat Pad

INTRODUCTION

O dase, DOme- Marmow-gerived saomal cells (BMSCE) have been frequenty

used s a cell 30urce in Swdies on bone engineering (Lecanda s af., 1997;
Uichida er of., 2009; Apas ef af, 2010). However, most BMSCs are hetero-
gEnedus call populasions, and BMSCs from bone-MarmDw SSpHras COnddin
redatively few unCOMMited Mesanchymal stem cells (MSCs; Sacchets «f af.,
2007). Funthermaore, BMSCs I0se some capaciy s differentiate imo oswao-
blasts during Cultule expamsion and passage (Apst ef af, 2010). AN ideal
source of cells for culture and subsequent clinical use must {1} provide a sub-
stantial mumber of MSCs 2t initial harvest, and () be from an ezsily accessible
donOT site with Minimal morbadity.

J'l.lﬂiFH:EE BESwd CONERINS uncommistad ssem cells thas are samklar 10 bone-
marrow MSCs. Moreover, adipose-derived stromal cells (ADSCs), like
BME[s, are heteTogenetus Populasions, bue they repomiedly have oo the order
of 100- to 500-fold more MSCs than do BMSCs after imitial harvess (Fraser
o al., 2004). Therefore, many recent swdies have assessed the powensal of
ADSCs for bone engineering (Levi e al., 2010; Ying o af., 2012). ADSCs
have shown dhedr abilisy 0 differentiate ins osteogenic lineape in viro (Fuk
ef af., 2002 Lin e af_, H08; Quarto ef af., 2008). However, their actul induc-
ibslity of i vivo bome formasion is ssill wnder debase. SOME Previts Sthdies
repomied that ADSCs M2y have an inferior poeental fr OsP0REnass com-
pared with BMSCS (Im ef af., 2005, YoshiMura o of, 2007). For adipose
tiSEue 0 become 2 POiSn Euita o BMECE tor clansczl USE, ethcsent methods
t0 apply ADSCs £0T bane engineering mus: be invessigatad further. Recenty,
Farre-(huasch o af. showsad that the buccal fat pad (BFP) contzins 2 popula-
tion of stem cells thas share a similar phenoty pe with A DSCs from abdominal
subCutanenus adipse tisswd (FAme-Cuasch o of, 20100, Under approprize
conditions, ADSCs from BFP (B-ADSCs) can differensiase 0 chondrocy s,
osseoblasts, Of ApOCY1es in vibro. Therefore, BFP might be a poeential cell
B0urce for bane engineering in oral and maxilkfacial aress, Decause it is edsy
&0 harvest and provides 2 reliable volume of tisswe for oral surgeons.

It is welkknown that the Tecombingn: Human bone MOMphogeness prowein-2
(THBMP-2) enhances the effecs of DswOinduCtive Teapens (OSR) 0N Osta0-
gensc differentiation of BMSCs (Lacanda e of., 1997). However, it has baen
Sugpestad that ThEMP-2 mzy oot influence the omenpenic differentzton of
ADSCS (Chiou ef of_, 2011; Fuk &f al., 2011). Morecver, hough rnBMP-2 has
been shown o significandy emhance bone TEgemeranom direcily, dimect
implantation of high doses is kown 0 induce substantal swelling has may
CAuse difway Dhsruction when applied w oral and cervical areas (fung er af.,
2003; Patel o af, 2006). An efficient delivery method for the clinical wse of
rHBMP-2 also remains s be developed.
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Application of buccal fat
pad-derived stem cells in
combination with autogenous

lliac bone graft in the treatment

of maxillomandibular atrophy:
a preliminary human study

A. Khojasteh, N. Sadeghi: Application of buccal fat
pad-derived stem cells in combination with autogenous iliac bone graft in the

treatment of maxillomandibular atrophy: a preliminary human study. Int. J. Oral
Maxillofac. Surg. 2016; xxx: xxx—xxx. & 2016 International Association of Oral and

Maxillofacial Surgeons. Published by Elsevier Ltd. All rights reserved.

Abstract. Stem cell therapy for the treatment of bone defects is an altemative or
adjunct to autologous bone grafting. This study assessed the efficacy of buccal fat
pad-derived stem cells (BFPSCs) with iliac bone block grafting for the treatment of
extensive human alveolar nidge defects. Eight patients with extensive jaw atrophy
were selected for this study. The jaws were reconstructed with non-vascularized
anterior iliac crest bone blocks. Gaps between the blocks were filled with freeze-
dried bone granules and covered with a collagen membrane. In the test group

(n = 4), these granules were seeded with BFPSCs. Cone beam computed
tomography scans were used 1o assess the amount of new bone formed at six sites in
cach patient. Trephine biopsies of 2-mm were also taken from the graft site dunng
implant placement for histomorphometric analysis. The mean bone width change at
the graft site was greater in the test group than in the control group (3.94 £ 1.62 mm
vs. 3.01 £ 0.89 mm). New bone formation was 65.32% in the test group versus
49.21% in the control group. The application of BFPSCs in conjunction with iliac
bone block grafts may increase the amount of new bone formation and decrease
secondary bone resorption in extensively atrophic jaws.

e ey o

Maxillofacial

S urgery

Clinical Paper
Pre-Implant Surgery

Key words: mesenchymal stem cell tissue
engneenng. regenerative medicineg; bone de-
fect; bone graft.
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Branching morphogenesis (BeM), an essential step for salivary gland development, requires epithelial-mesenchymal interactions.
BeM s impaired when the surrounding mesenchyme is detached from the salivary epithelium during the piendoglandular stage.
It is believed that the salivary mesenchyme is indispensable for BrM, however, an extracellular muatrix gl with exogenous EGF can
be used as 2 substitute for the mesenchyme during BrM in the developing salivary epithelium Stemvprogenitor cells solated from
salivary glands in humans and rodents can be dassified a3 mesenchymal stem cell-like, bone-marrow-derived, duct cell-like, and
embryonic epithelium-like cells. Salivary-gland-derived progenitor (SGP) cells solated from duct-ligated rats, mice, and swine
submandibular glands share similar characteristics, inchuding intracellolar aminin and a6S1-integrin expression, similar 1o the
embryonic salivary epithelia during the psendoglandular stage  Progenitor cells also solated from human salivary glands (human
SGP cells) having the same characteristics differentiate into hepatocyte-like cells when transplanted into the liver. Simiar to the

embryonic cells that organize into whole tissues during development are preserved even in adult tissues.

1. Introduction

Salivary glands are small digestive organs that have a wide
varicty of functions and vary greatly in the dominant cell
type in acini as well as cytodifferentiation of the acinar cells
depending on the major glands. Salivary glands synthesize
mdmm.hrpnnayo(pdypepodumdu&ngm
factors that have effects. Both growth
factor (EGF) and nerve growth factor (NGF) isolation
from mouse salivary gland are especially well known since
researchers studying the topic were awarded 2 Nobel prize
[1]. The EGF system regulates not only gastrointestinal
mucosal constancy in adults, but salivary gland development

In this paper, we first discuss the histological and
developmental biological aspects of the salivary gland,
which are helpful for understanding their stem/progenitor
cell charactenstics. Branching morphogenesis (BrM) is a

Mwﬂmhm@d&m‘m‘
tubules that are present in various exocrine organs such
ththmpavdsmmmuymandhamﬂgln&.
BrM is well characterized in the salivary glands, and these
glands have contributed as a good experimental model in
&vdopmdhdoghm”m&ﬂnamﬂ
of epithelial-mesenchymal interactions and is regulated by
mm(mywmmm

gland morphogenesis [2]. Among these proteins, laminins
are essential components of the basement membrane (BM),
and ECM receptor integrins expressed on salivary glands
cpithelia play important roles in BrM. Perturbations in
asrrmeglis fF ey s kil " ) BrM.
Interestingly, the BrM process does not necessarily demand
mesenchymal cells, and BM-like substratum plus

EGF induce BrM in mouse salivary rudiment in vitro [3].
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Glandular tissue from human pancreas and salivary gland yields similar
stem cell populations
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Abstract

Stem cells derived from pancreatic tissue are well charactenzed and exhibit a broad plasticity as they can
differentiate beyond lineage boundaries into many cell types. The aim of this study was the comparative
characterization of pancreatic stem cells with one other denvate of the embryonic foregut, namely salivary glands,
for the existence of similar stem cell populations. The expression of stem cell markers as well as lincage-specific markers
was detected by reverse transcription polymerase chain reaction, flow cytometry and immuncytochemical staining. The
isolated cells from salivary glands and pancreas grew adherently in vitro and could be maintained for up to 55 and 46
population doublings, respectively. Cells from both tissues showed a comparable phenotype. They expressed different
embryonic and adult stem cell markers and had the ability to differentiate spontancously into cells representing the
three embryonic germ layers. Additionally, the directed differentiation of glandular stem cells into the mesodermal
lineage was achieved, vielding adipogenic, osteogenic and chondrogenic cells from salivary gland stem cells as well as
osteogenic and chondrogenic cells from pancreatic stem cells. Here, we compared two stem cell populations from
different glandular tissues which showed similar phenotypes and analogous propertics. During embryonic
development the two exocrine glands originate from the foregut, which might be the explanation for these intriguing
resemblances.
¢ 2009 Elsevier GmbH. All nghts reserved.

Keywords: Adult stem cells; Progenitor cells; Exocnine glands, Pancreas; Salivary gland: Differentiation
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ARTICLE INFQ ABSTRACT

Eeyward. Badcgroemd: The effimcy of mesndhymal stem cdls (M5 Cs) to treat the necnobic tissue of salivary glands (S$Gs] has

Hulele mzmy yet imvestigaied .

ﬁ"’uh iijective This study wes conducted i investigate the pobential capacity of MSCs o restore the functon and
Inrm' regenerate the necrotic submandivlar gland in the rat animal mod=l

Regerwative maliie
Sremn ol pesEanch

Ty s
Salivary glands monoemoetion
Sresn ool wrascapla s on

Mathods: Twenty.one Sprague-Dawley rats were provided from a bresding colony and randomly divided into
three groups including the positive montral or induced 5G atophy without treastment, the trestment group ar
indueed SG atrophy with MSCs isolated transplantytion and the negative contral group consists of healthy rats.
The atrophic and necrotic submandiular gland wes induced wsing intraoral duct ligation of the main duot of
submandular gland for one month. The isolated seem cells wers confirmed using flow cytometry for COS0and CD
105. The isalated MSCs were cultured and injected to submandiular gland and the potential Sfficacy of MSCs to
treat the atrophic submandibular glands was svaluated wsing histopathalogy on two wesks post-transplan=tion
Tao deiect the acinar o]l probein secretary gramles, Alcian Blue and periodic add shift {PAS) stining wens done.
Far the demonstration of mimotc index or proliferation rate of the 5G epithelia tsmue, K67 and Smbg proeins
expression wers evalusted using immunohi stochemistry.

Remlie: The lomlly injectesd MSCs omild regenerate the overall hismlogiml strudure of the necrotic subman
dibular gland tHeme within 2 wesks of postdransplantation. Alcian Bhie and PAS staining indicaisd that the mean
ammmt of serous and mucin secretions in the treatment group was significantly incresesd comparsd i the
pasitivecontral groups. We have also foiund that the treatment group significantly scpress higher Ki-67 protein, 25
a diagnostic marker for cell mitosis and prol iferation rate, and lower Smbg protein, as a diagnostic marker, for
damage to the submandibular gland than that of control group.

Condudon: This study demaonstrates the therapeutic henefits of MSCs isolated from theS G in treating atrophicand
nectotic 505 in a rat model. MSCs may be potential candidaes for cell hassd therapiss &rgating hypofnation of
5 indured by a range of diseases ar becase of surgery and radiotherapy of head and neck @noers.
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stem cells for amelioration of post-irradiation salivary gland damage
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sequent xerostomia, stemming from radation damuage to salivary glands (SCs ). As celi-based therapy has
been reported o be able o repair or restore damaged SC Gssues, we attempled 1o determine whether
bone marrow-derived clonal mesenchymal stem cells (BM-cMSCs) can amefiorate irradiation-induced
salivary gland damage via 2 murine model

Methods: External irradiation at 2 dose of 15 Cy was delivered (o the neck fields of (STBL/E muce. We
directly administered either hamologoes mouse BM-cMSCs Libeled with PIH26 (treatment group) or
PBS (control group) into SCs 24 h after irradiation. Salivary flow rate (SFR) and Lag time of salivation were
measured at 12 weedks after transplantation. A 4 and 12 weeks post-transplantation, we performed mor-
phological, histological, and immunofiuorescent examinations. Transdiffeventistion of administered BM-
MSCs into salivary epithelial cells was observed by confocal microscopy.

Results: SFR was significantly increased in BM-cMSCs-transplasted mice compared with PES-injected
mice at lzmmwm“dmmmmmw

Keywords:

Salivary glands

Head and meck neoplasms
Radiotherapy

Xevostomia
Mesenchymal stem cells

transplanted SCs compared with PES-injected SCs. PXH-26 Labeled BM-cMSCs were detected in rans-
planted SCs at 4 weeks after ransplantation and in sive transddfferentiation of BM-cMSCs into acinar
cells was also obsesved.
Conclusion: This study suggests that BM-cMSCs can ameliorate salivary damage following srradiation
and can be used 23 2 sousce of celi-based therapy for restoration of irnradation-induced salivary
hypofunction.

© 2012 Elsevier Lid Al rights reserved.

Introduction after conventional radiotherapy.* mwmuw
problem.*

cally irreversible and a life-long

Salivary hypofunction and consequent Xerostomia are commeon
and significant complications of irradiation treatment in head and
neck cancers. Nearly 64% of long-term survivors of head and neck
cancers after radiation therapy experience moderate to severe
xerostomia.' Irradiation-induced salivary hypofunction usually oc-
curs shortly after radiotherapy: salivary flow decreases 50-60% in
the first week and finally declines to approximately 20% at 7 weeks

* Corvesponding auther at: Department of Ometunclasyngology - Head and Neck
Surgery. Inha University School of Medicine, 3-C3 Shinheung-dong, jung-Cu,
incheom 400-711, Republic of Korea Tel: «82 12 $90 3472 foc +£2 12 890 1980

E-mail adress yemkd 168wnha ac kr (¥.-M. Kim).
* These authars contréhuted equally 0 this masuscnpr.

136883753 - soe froet matter © 2012 Elsevier Lrd ANl rights reserved
herp: Jdx.dol.org/10.1016/ oralcacnlogy. 2012 08.010

Salivary hypofunction may contribute to a vanety of oral seque-
lae, as well as general health problems. Patients with xerostomia
in speech, oral candidiasis, and dental canes. In the end, these com-
plications may lead to nutritional insufficiency and weight loss **
Moreover, irradiation-induced salivary hypofunction not only af-
fects quality of life of patient, but also interrupts the course of
radiotherapy, posing tumor control.’

While there have been many of advances in SG-sparing radiation
delivery techniques, it is still impossible to successfully prevent
irradiation-induced salivary hypofunction in all patients, indicating
a need for new biologic insights for which to prevent or restore the

obstinate complications of radiotherapy. Recently, an increasing
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Mesenchymal stem cell therapy for salivary gland dysfunction
and xerostomia: a systematic review of preclinical studies

David Hebbelstrup Jensen, MD,” Roberto Stefan Oliveri, MD. PhD." Stig-Frederik Trojshn Kolle, MD.
Anne Fischer-Niclsen, MD, DMSc.” Lena Specht. MD. DMSc.“ Allan Bardow, DDS, PhD,” and

Chnistian Buchwald, MD, DMSc*

University of Copenhagen and Copenbagen Usiversity Hospital Rigshospitalet. Copeshagen, Denmark

The most severe forms of xerostomia and salivary gland dysiunction, as well as a2 severely reduced quality of life,
are seen in Sjogren syndrome (SS) and after radiotherapy for head and neck cancer. For both conditions, no effective
regenerative therapies yet exist. Thus, the aim of this anticle was 1o assess, through systematic review, the potential benefit of
mesenchymal stem cell (MSCO) therapy in radiation-induced and SS-related salivary gland dysiunction and xerostomia. We
searched PubMed/MEDLINE, Embase, Web of Science, the Cochrane Database of Systematic Reviews, the World Health
Organization Clinical Trials Registry Platiorm, and Google Scholar. We identified 6 separate study comparnisons eligible for
inclusion. Owing to the limited number of studies, we conclude that more randomized, adequately powered clinical trials
are needed 1o validate the potential beneficial effect of MSCs on salivary gland dysfunction and xercstomia. Nonetheless, the
preliminary studies identified in the present review were encouraging for further research. (Oral Surg Oral Med Oral Pathol

Oral Radiol 2014;117:335-342)

OVERVIEW

Xerostomia, or dry mouth syndrome, 1s the subjective
fecling of dry mouth, which may or may not be asso-
ciated with a reduced secretion of saliva. The feeling of
oral dryness is generally not observed until the salivary
flow is reduced by more than 50%." Numerous condi-
tions can lead to a reduced secretion of saliva, and
hence xerostomia: it occurs most commonly as a side
effect of many drugs. Among the more severe condi-
tions, which also have the greatest effect on the secre-
tion rate and normally a chronic perspective, are
Sjogren syndrome (SS) and cffects of mdiotherapy for
head and neck cancers (radiation-induced xerostomia
[RIX]). Both RIX and SS are charactenized by a pro-
gressive loss of acinar cells in the salivary glands and
thus a progressive decline in saliva production. Patients
with xerostomia have a severely reduced quality of life,

David H. Jemsen is supported by 2 grant from the Candys Foundation,
2 noaprofit foundation. This study d&d not receive other grants from
any funding ageacy i the public, commercml or notforprofit
sectons.
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and curreatly no treatments are simed at regencrating the
However, recent studies have suggested that treatment
with mesenchymal stem cells (MSCs) might be a
promising regenerative treatment option for mcreasing
saliva flow mtes (SFRs) and thus relicving xerostomia.
The aim of this stady was to assess the poteatial bencfit
of MSC therapy in RIX and SS-related salivary gland
dysfunction and xcrostomia, based on a systematic re-
view of the published literature on the subject.

Although the ctiologics of RIX and SS-related salivary
gland dysfunction arc very different, the effects of both
are comparable in terms of their chronic and progres-
sive nature and their severe cffect on SFRs. which
naiyllwayslatkbmhnbguﬂymdwednh\my
flow (ic., International Classification
of Discases [ICD}-10 K11.7) and xcrostomia (ic.,
ICD-10 R68.2). Without any comparison in mind, both
conditions arc dealt with in tandem in the present re-
view, becaase MSC therapy could become a treatment
option for both. Thas, at this preclinical stage of MSC
therapy for RIX and SS-related salivary gland
dysfunction, all positive findings should be regarded as
encouraging for future treatment strategics.

Statement of Clinical Relevance

82



Somarrncts oo (20 1-12

ELSEVIER

journal homepage: www.elsevier.com/locate/biomaterials

Contents lists available at Sciencelirect

Biomaterials

Mesenchymal stem cell characteristics of dental pulp and periodontal
ligament stem cells after in vivo tansplantation
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ARTICLE INFO

ABSTRACT

Mesenchymal stem cells (MSCs) solated from human postnatal dental polp and periodontal lgament
(PDL) tissues can give rise to multilineage differentiation in vitro and generate related dental tissues
in vivo. However, the cell properties of human dental pulp stem cells (DPSCs) and PDL stem cells (PDLSCS)
after in vivo implantation remain lurgely unidentified. In this study, cefls were re-isolated from in vive-
generated dental pulp-like and PDL-Eke tissues (termed re-DPCs and re-PDLCS, respectively) as 2 resullt
of ectopic transplantation of human DPSC and PDLSC sheets. The cell characteristics in terms of colony-
forming ability, cell surface antigens and multi-differentistion potentials were all evaluxted before and
afver implantation. It was found that re-DPCs and re-PDLCS were of human and mesenchymal origin and
positive for MSC markers such 25 STRD-1, (D146, (D29, (D90 and (D105, and, to some extent, re-DINCs
could maintain their colony forming abilities. Moreover, both cell types were able to form mineral de-

(P < 0.05); re-PDLCs showed 3 greater reduction potential than re-DPCS. We conclude that DPSCs and
POLSCs muay maintain their MSC characteristics after in vivo implantation and, compared to PDLSCs,
DPSCs appear much more stable under in vivo conditions. These findings provide additional cellular and
molecular evidence that supports expanding the use of dental tissue-derived stem cells in cell therapy

© 2004 Elsevier Lrd All rights reserved.

1. Introduction

MW(M)ITLMIBLMHIMM
dental pulp of exfoliated deciduous (children’s) | 5] and adult teeth

In recent years, stem/progenitor cells have been characterized {61 which represents a rich source of mesenchymal stem cells
from a variety of dental-related tissues, such as gingiva [1], (MSCs) that are suitable for tissue engineening applications due to

* Comresponding author. State Key Laboratory of Milktary Stomatolegy. Depart-
School of Stomatology, Founth Milizary  distinet cell lineages | 7.8]. Currently, dental stem cells are known to
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their accessibility and multilineage differentiation capacity [7-11L
In addition, dental stem cells display multifactonial advantages,
such as a high proliferation rate, high viability and easy induction to
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chondrocytes) in vitro and, to some extent, in vivo (reviewed in Refs.
{8 11]) While extensive efforts have been and still are being made
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The mesenchymal stem cells of dental pulp (DP5Cs) were Bolated and characterized for the first time more than a decade ago
as highly clonogenic cells that were able to generate densely calcified colonies. Mow, DPSCs are considered to have potential as
stem cell source for orthopedic and oral maxillofacial reconstruction, and it has been suggested that they may have applications
beyond the scope of the stomatognathic system. To date, most studies have shown that, regardless of their origin in third molars,
incisors, or exfoliated deciduous teeth, DPFSCs can generate mineralized tissue, an extracellular matric and structures type dentin,
pericdontal ligament, and dental pulp, as well as other structures. Different groups workiwide have designed and evaluated new
efficient protocols for the isolation, expansion, and maintenance of clinically safe human DPSCs in sufficient numbers for various
therapeutics protocols and have discussed the most appropriate route of administration, the possible contraindications to their
clinical use, and the parameters to be considered for monitoring their clinical efficacy and proper biological source. At present,
DPSC-based therapy is promising bul because most of the available evidence was obtained using nonhuman xenodransplants, it is

not a mature technolsgy.

1. Introduction

The regenerative capacity of adult tissues depends on their
stem cell populations, which stably self-renew and, in turn,
give rise to progeny that possess the ability to differentiate into
specialized cells. Stem cells have different names depending
on the tissue of origin; thus there are hematopodetic, mes-
enchymal, endothelial. mammary, intestinal, newral, skin,
muscle, and hair follide stem cells, among others.

Among these stem cells, mesenchymal stem cells (MSCs)
are noteworthy for their pluripotency, which means that they
can differentiate into cells of any type. induding those of
the three embryonic germ layers. Because of their capacity
for differentiation and wide tissue distribution and because
their infusion has induced tissue repair in both preclinical
and clinical models, M5Cs are wvery attractive tools for
tissue repair. Therefore, M3Cs of dental origin have been
tested as candidates for cellular therapy of stomatognathic

disorders, such as periodontal disease (PI¥), and for maxillo-
facial reconstruction. In particular, it has been shown that
human dental pulp stem cells (DP5Cs) can generate min-
eralized tissue, an extracellular matrix and structures type
dentin, dental pulp. and periodontal ligament in xenograft
madels. Herein, we review the general characteristics and
immunophenotypes that define the DPSCs as M3Cs, their
isolation and cultivation. and their potential applications to
tissue repair, emphasiring the possible administration routes,
type of scaffold to use. and suggestions for their clinical
applications.

2, Dental Pulp Stem Cells:
General Characteristics

Teeth develop due to interactions between the oral ectoder-
mal epithelial cells and M5Cs, first forming the enamel organ
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Dental Caries affects approximately 90% of the world’s population. At present, the
clinical treatrnent for dental caries is root canal therapy. This treatment results in loss
of tooth sensitivity and witality. Tissue engineering can potentially sclve this problem
by emabling regeneration of a functional pulp tissue. Dental pulp stem cells (DPSCs]
have been shown to be an excellent source for pulp regeneration. However, limited
availability of these cells hinders its potential for clinical translation. We have investigated
the possibility of using somatic mesanchyrmal stem cells (MSCs) from other sources
for dental pulp tissue regeneration using a biomimetic dental pulp extracellular matrix
{ECM) incorporated scaffold. Human periodontal ligament stam cells (PLLSCs) and human
bone marmow stromal cells (HMSCs) were investigated for their ability to differentiate
toward an cdontogenic lineage. In vitre realtime PCR results coupled with histological
and immunchistochemical examination of the explantad tissues confirmed the ability
of POLSCs and HMSCs to form a vascularized pulpdike tissue. These findings indicate
that the dental pulp stem derived ECM scaffold stimulated odontogenic differentiation
of PODLSCs and HMSCs without the need for exogenous additiom of growth and
differentiation factors. This study represents a translational perspective toward possible
therapeutic application of using a combination of somatic stermn cells and extracellular
rmatrix for pulp regenearation.

Eeywords: biomimetics, extracellular matrix, 30 scafiold. pulp tissue regeneration, dental pulp stem cells,

periodontal ligament stem ocells, human marmow stromal cells

INTRODUCTION

Dental caries is the most prevalent infections disease among chil-
dren and adults. Approximately 90% of the world’s population
has experienced dental caries (Petersen et al., 2005). Diental caries
is characterized by infected and necrotic dental pulp tissue. The
dental pulp tissue provides vitality and sensitivity to the tooth.
The pulp tissue is highly vascularized, innervated and also serves
as a source of stemn cells. These characteristics enable the pulp to
play a significant role in homeostasis and formation of repara-
tive dentin (Schmalz and Galler, 2011). Current clinical treatment
for dental caries is root canal therapy. This involves the deaning
and replacement of the infected and necrotic pulp tissue with a
mineral trioxide compound. As a result of replacing a living tis-
sue with a trioxide compound, the tooth looses its vitality and
sensitivity and it is prone to secondary infections and the compli-
cations assocated with it (Cordeiro et al., 2008). In adolescents,
root canal treatment poses an even greater problem by prevent-
ing root maturation (Lentzari and Kozirakis, 198%; McTigae et al.,
2013).

All of these deficiencies can be overcome by the use of tis-
sue engineering strategies to regenerate the dental pulp. The
identification of stem cells from several dental tissues has made
pulp tissue regeneration a realistic clinical possibility. The iden-
tified dental stem cells include: Dental pulp stem cells (DPSCs)
{Gronthos et al., 20001}, pericdontal ligament derived stem cells
(PDLSCs) (Gould et al., 1977; Gronthos et al., 2006), stem cells

from the root apical papilla (SCAP) (Sonovama et al., 2008},
and stem cells from exfoliated deciduous teeth (SHED) (Miura
et al., 2003). All of these mesenchymal stem cells (M5Cs) have
been shiown to be multi-potent and capable of differentiation into
different cell types of the mesenchymal lineage.

In order to engineer the dental pulp tissue successfully, the
choice of stem cells, scaffolds and growth factors is paramount.
Several recent publications, have shown the ability of different
dental cell types with both natural and artificial polymeric scaf-
folds and growth factors to regenerate dental pulp-like tissue in a
subcutanecus implantation model (Cordeiro et al., 2008; Alsanea
et al, 20011; Huang, 2011; Sakai et al, 2011). However, more
recently, CD05 positive and CD31 negative dental pulp cells
along with collagen and stromal derived factor 1 (SDF1) were
used to regenerate the dental pulp in a canine pulpectomy model
{Iohara et al., 2011; Ishizaka et al., 2012). Additionally, Wang et al.
showed the preliminary potential of dental pulp cells in regen-
erating pulp-like tissue in canine immatare teeth (Wang et al.,
2013).

Although all of these studies demonstrate promise, from a
dinical perspective, the prospect of retrieving autologous den-
tal stem cells for multiple pulp regeneration therapies is daunting
{Demarco et al., 20011). The DPSCs in adult humans are limited
to the availability of the third molars and are not replenished after
extraction like the bone marrow. Most clinical cases possess more
than one carious tooth. Additionally, the prospect of obtaining a
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Odontogenic Induction of Dental Stem Cells by Extracellular
Matrix-Inspired Three-Dimensional Scaffold

Sriram Ravindran, PhD, Youbin Zhang, PhD, Chun-Chish Huang, M5, and Anna Georga, PhD

Currently, root canal therapy is the only elincal treatment available to treat damaged or necrotic dental pulp
Hssue aﬂ-ih'ng froen caries. This treatment results in the lose of tooth vitality. Somatic dental stem cell-based Hssue
engineedng approaches can alleviate this problem by presery ing tooth v]ta]]h.-' Dental stern cells are multipotent
and under appropriate conditions could be used for dental pulp tissue mgh'eerh'ng Suceessful use of these cells
in pulp repair requires a combiration of growth factos and appropriate scaffolds to induce cell differentation.
In this study, we demonstrate the odontogenic differentiation of human derdal pulp stem cells (DFSCs) and the
]u.mw'upeﬂ-ndm'da] ligament stemn cells when cultured on a decellulanzed 3D extracellular matrix (BECM) scaffiold
without the need for exogenous addiion of growth factors. Sube utansous implantation of the BCM scaffolds
cortaining DFSCs showed the formation of dental pulp-like tHssue with celk expressing dentin sialoprotein
{D5F) and dentin phosphophoryn (DPFL Additonally, we also show that the BECM scaffold canbe exploited asa
tool to study the extracelular funcion of mulbfunchoral proteins. These promising esults demonstrate the

feasibility of developing these biomimetc scaffolds for treatment of dental cares.

Irvbre duction

ENTAL CARES i one of the most prevalent n:L:n.h] dis-
ez and a chronic disesse in children aged 517" Ao
mrding to the World Health Ongamization (WHO) report
from 20005, approsd mately 306G of the world's populstion has
ﬂ-.]:vﬂ'iﬂmi dental caries ﬁ]:m'tﬁn'n]:lmrm:]h],rs;iﬂu.
treatments like chemotherapy and mdiston therapy abo
mntribute towand fommation of caries The cmventional
treatment for pulp inflammation due to dental caries is oot
@nal therpy. Appmsdmately 24 milion root @nalk ane
mvol vess the com remaval of the infecied pulp followed
by disinfection and filling up of the chamber with a trimcide
mmpanent sxch 2 mineral trimide culminating i capping
up with a aown. The pmiblem with this approach les in e
removval of the ]:lu]]:l. The ]:!u]]:! tismue offers vitality, semni-
tivity, and regenerative ability to the tooth. All of these
]:I:m]:vﬂ'th-an:]mtm a ressult of oot anal ﬂ'l:'ra]:rg,r_.w]l.idli:n.
many cases leads to secondarmy mfections. As tooth snsithnty
i lost, the secondary infections go unnpticed, until the in-
fection spreads to the surmamding fisswes. This mndition
mmhmcmm,badtnm:]:ﬁ:-arﬂ fﬂﬂﬂ'mm]:'h-
tions leading to a sgnificaint reduction in the quality of life
of the patient
Tismwe engineering is a promiEng thempy to egenerate
demia] tissues and can prowvide an ewcellent replacement for

it camal therapy. Two types of appmaches edist in the

curTent regemerative dental research to nestore normal func-
ﬁmtnd.amaFd. ﬁnmrrrmmmgheﬂ.ﬂn:nﬂumﬁ-
of it vicimal s such 25 the dental pulp,
'ﬂ'h:]:rﬂ'mdn'l.ta]hpmt and ahveolr bone” and e ather &
mhmﬁmm]m‘hhmmtnuhr
we have fommsed on dental pulp tiswe engnesting using
somatic demtal stemn celle
Several different demtal stem cell sounces hawe been in-
vestigated for regenerating the dental pulp. Of these, the
mos common nes ame dental pulp sem @b {DFSCs),
perivdontal ligament stem cells (FDNLSCs), and stem cells
from humen esdolisted d eddsows teesth {E"TED}_T M*-‘“"“Sh
SHED havve shown promise for banking and i be useful for
fimue engineering a]:!]:l]:in:aﬁm'n_."u in termes of immmed ibe
dinical relevance, the TFSCs and FTIMLSCs are wel | suited fior
u'l,g;huﬂ'hlgﬁh:hta]]:nﬂpmﬂh:ymnhehdatﬂiﬁmnm
acult tT}umu]tPtdﬁhtg,rnfﬂﬂnm el ks e
been well documented ™ However, to trigger the differ-
entiation of these stem cells inip the requined lineage for
e emnseTing a comrivination of growth factons
and differentistion agent & mequined.
In vivg the eviraoelhilar matrix (BOM) dictates celhilsr
]:u'nl:ifmﬁim._. rmg;atm‘l.. amd d iferentiation. ' hﬁmdﬂ:rﬁﬂ:
exity of the BECM will esult in aelhilar envimnments
fwomble for lineage-specific d iferentiation of sem @k~ =
In the present study, the possbility of whilzing odontobla =
B embedided w]:ETm]]aP.-'n:hjmmnn:aﬁddsiw dienits]
pulp tmue enginesting uwsing DFSCs and POLS0Cs was

Departmant of Oral Biokegy, College of Dendistry, University of 1llino s at Chicagn, Chicagn, 1llinai.

92

86



TISSUE BENGINEERING: Part A
Volume 17, Numbers 15 and 16, 2011
@ Mary Ann Lisbart, Ine.

DO 101080 en2a. 2010.0615

Complete Pulp Regeneration After Pulpectomy
by Transplantation of CD105™ Stem Cells
with Stromal Cell-Derived Factor-1

K.cichiro lohara, Ph.D.! Kiyomi Imabayashi, Ph.D.! Ryo Ishizaka, D.D.5.!¥ Atsushi Watanabe, Ph.D.?
Junichi Mabekura, Ph.D.® Masataka lto, Ph.D.” Kenji Matsushita, Ph.D.)
Hirashi Makamura, Ph.D.F and Misako Makashima, Ph.D!]

Loss of pulp due to cares and pulpitis leads to loss of teeth and reduced quality of life. Thus, there is an inmet
need for regeneration of pulp. A promising approach is stem cell therapy. Autologous pulp stem /progenitor
(CD105" ) cells were transplanted into a root canal with stromal cell-derived factor-1 (SDE-1) after pul pectomy in
mature teeth with complete apical closure in dogs. The oot canal was successfully filled with regenerated pulp
including nerves and vasculature by day 14, followed by new dentin formation along the dentinal wall. The
newly regenerated tissue was significantly larger in the transplantation of pulp CDI05" cells with SDF-1
compared with those of adipose CD105 " cells with SDF-1 or unfractionated total pulp cells with SDF-1. The pulp
CON0E" cells highly expressed angiogenic/ neurotrophic factors compared with other cells and localized in the
vicinity of newly formed capillanes after transplantation, demonstrating its potent trophic effects on neo-
vasculanzation. Two-dimensional eledrophoretic analyses and real-time reverse transaription=polymerase chain
reachion analyses demonstrated that the qualitative and quantitative protein and mRMNA expression patterns of
the regemerated pulp were similar to those of normal pulp. Thus, this novel stem cell therapy is the fist

demonstration of complete pulp regeneration, implyving novel treatment to preserve and save teeth.

Introduction

ENTAL FULF has many functions, and it i essential for

longevity of teeth and quality of life. The long-term goalof
endodontic treatment after deep caries and/or pulp inflam-
mation is the conservation and restoration of teeth ncluding
dental pulp. A promising appmach for it is stem-celFhased
therapy to regenerale the dentin-pulp complex for the conser-
wation and total restoration of structure and function.' The
regeneration and tisaue engineering of pulp is based on mor-
phogens and growth factors, mesponding stem/progenitor
cells, and the extracellular matrix scaffold.” The regeneration of
dental pulp in immature teeth with incomplete apical dosure
has been reported using fibrin in the blood dot or collagen 4
However, there have been no reports conceming total pulp
regeneration in mature teeth with complete apical dosure by
stem/ progenitor call therapy. There is an intimate assodation
ofinnervation with vasculahreof the dental pulp. Angiogenesis/

vasculogenesis and neumgenesis are critical for total funcional
pulp regeneration. The type III receplor of the mandionmming
growth fackor-fi receptor family cell aurface antigen CIVI0S (en-
doglin} was selecied on the basis of ik wide expression on mes-
enchymal stem cells [MSCs)® The stomal cellderived facine1
(SDE-1)/CRCRA s b present and functional in MSC popula-
tiors.™ CDL05* stem/progenitor cells from human pulp ssue
containing CXNCR4-posiive cells demonarated angiogenic/vas-
culogenic and neurogenic potential* Endothelial cells release
SDF-1 wnder hypoxic oonditiors and promote cell survival and
recvascularization by recruitment and perivascular retention of
CHCR4-positive bone marronw-derived cells. ™ Themfore, in this
study, autologous pulp CDU05 cells were ransplanted with
SOF-1 in a collagen scaffold into the root canal of mahure teeth
induced complete apical closure after pulpectormy, indogs. Thus,
we demorstrate for the first ime complele pulp regenemtbion
in the mot canal, by protein pmfiles and mEMNA expression
pattems.

L?eparhn:nhrl: [Demital
ardi:mntnl:w Fessanh Institue, Obu, Adchd, Jap

ative hllescd i, L:nh:ri:rl: Adhranced Mediane for Dental and Oral Diseases, Natioral Center for Geriatrics

L‘iep.urhnﬂ'lt of Pediatric Dentistry, Schoal of L'E:ntn.hjr Pud'u-pkmn Undversity, Nagowa, Aichi, [apan.
riment of Cogmitive Brain Scence, National Center for Geriatrics and Gerontology, Ressanch Institute, Cbu, Aichi, Japan.
'Liq:urhnﬂ'lt of Developmental Physiology, MNational Institate for Physiological Sciences, Olaraki, Aichi, [apan.

*Department of Develk

Anatomy anad Fegenens tive Medicne, National Defense Medial Colege, Tokomeawa, Saityma, Japan.

*Department of Endodontokgy, Schoo of Dentitry, Adchigakin Undrensdty, Nagoya, Aichd, Japan.
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Regeneration of dental pulp following pulpectomy by fractionated
stem/progenitor cells from bone marrow and adipose tissue

Eyo Ishizaka®"", Koichiro lohara®', Masashi Murakami 2, Osamu Fukuta®, Misako Makashima®*
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Pulp sem fprogenitar oxlls can indoce complete polp rageneraion. Howeser, due © the limied avail-
ahility of pulp Sssue with age, there i 2 need © sxamine other soures for fraotions of side population
(5P} cdls. In the present imvessgation bone manmow and adipose tissues of the same individual wene
ewaluaed a5 alremare sounoex. Polp DG 5P cells hawe high s migranion aoniiny and hiigh e expnecsi on
of an giogeni ojn eurotrophic Gonrs than bon e marrow and adipose D31~ 5P cells. Adipose 8ssoe D317
% cell mansplantagon yielded the same amount of regeneraed tissue as pulp denwed cells. However
bone mannow C0E1 ~ 5P call tansplan@don vieldsd significantly lexs ragenerated ticsoe in polpecoms-
ized oot canals in dogs The rae of mamix formation was much higher in adipess D317 5P ozl
mansplantaion comparsd o pulp 0E07 3P cell mansplantason on day 22 Microarray analysis
demaonstrared similar qualitagve and quantitaiee patanms of mPEMA acpression dharaceristic of pulp in

the regenerated nissoes from all shree cedls ources. Expression of many angiogenic meunotmng hic Gonors in
the transplanted cells demonstrated mophic sfecs Our resuls demonsmae that bone mannow and

adipose ODE1 ™ 5P cells might be suitabile alernasve ool sounces for pulp regeneragon

& 2071 Elsevier Lod All rights resered

L Itrosdwction

Drental pulp has 2 significant mle in homestass of eeth. The
potendtial possibdl ity of regeneration of pulp tissuwe by cell therapy is
a promising approach for the foture trestment of pulpitis or peri-
apical diseaxse asmuring longevity af testh and improved quality of
life. We have recently demonstrated that sutologous rams-
planitation af pulp COA0S * stem) prog eniior el or pulp CD3E1- side
population (5F) cells with stromal e l-denved fadar (SDF)-1 is
capable af inducing complete pulp regenerationin aroot canal afiter
pulpedamy in dogs |1.2] However, a5 availshility of sutologous
pulp tissue dedines with age, we sought altermnative sources af
mesenchymal st mprogenitor a=lls (M5Cs) for clindcal application
in endadantic trestment. MSCs @n be isalated from mamy other
tissues, such a5 bone marmow, adipose Goue, placenta, umbilical
oond and amndon although their hetem ity is a challenge
Transeriptional and epigenetic analyses of different MSC pap-
ulations reveal very similar profiles [3.4] However there is

* Codncipsading aoder, Tel: +31 352 M SEEWS0ES; e 31 562 48 334
Emiad alcboes . ool o jo [ Nl fama]
VL asd L et el il exjeally on ¢ e et al dicingn and s, dala
il oton, analrrn, afed o ey sl Sresa San of fperes By sublcathen

D205 0 — e front ooy O 2001 Braewier Lodl AN righss oe e ewadl
ol 10 0 Bt il I L T L NSE

a difference in expressed trophic Botors and growth fadors among
MSC populations [4—6]. It is also not known whether M50 fram
different sourass are aymparable in their different stion potential
in vive ar whether their capahilities are influenced by the niche of
itheeir arigin A recent study has shown that intravenaous i njection of
hamm an umnbilical cord tissue- derved MSCs into the murine made]
ol Limb-Girdle Muscle Dystraphy 2B rexched the musde, but did
nait differentiste into muscle cells unlike human adipose MSCs
suggesting different efficencies of M35 in diferentiation into
speecific el ineage in viva |7 | Com parative analysis of chandno-
genic di ferentistion of M5Cs isolated from bane marmow, adipoese
tissue, and symanvial mem brane shows the different raguirement for
thee induction of dhandrogenesis |4 ] Therefore, requireme nis and
precanditions af M50 for efective indudion af pulp regeneratian
needs bo be further inwvesti gated.

Autal ogos MS G denved frombone marmow and adi pose Gsues
harve nesither sthic ] nor immunoresdive consideration and might
b= an alternative o=l sounce for pulp tissue regener ation. Adipose-
derved stem cells and bone marmow-derved MSCs share many
charadteristics | 8] but also difference in protein and function [5.6]-
We have recently mmpansd the regenerative potential of canine
pulp (OIS semiprogenitar cells with adipose tissue CDH05*
gtem fprogenitar a=lls: The pulp (DM05% cells showed higher
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idge defects develop as a result of surgery, trauma, mfection, o
%Jmmmmdmw
are maintenance of contous, elimination of dead space, and reduce
postoperative infection; and thus enhance bony and soft tissue
healing. The insufficient quantity of bone is due to tooth loss
which results m rped resorption of alveolar bone due to lack of
ntraosseous stimulation by penodontal higament (PDL) fibers, for
example, pneumatization of maxillary sinus following tooth loss.

Bone grafting s a surgical procedure that replaces missing bone
with material from patient’s own body, an stificial, synthetsc, or
natural substitute. Bone grafting is possible because bone tissue
has the ability to regenerate completely if provided the space mto
which it has to grow. As natural bone grows, it generally replices
the graft matenal completely, resulting in a fully integrated region
of new bane.

10.41030975 7406 113312

Department of Oral and ABSTRACT

m""“cns“'gﬂ Bone grafts are used as a fller and scaffold to faciitate bone formation and promote wound healing. These
Dental Sciences, Bhopal grafts are bioresorbable and have no antigen-antibody reaction. These bone grafts act as a mneral reservoir
mm& : which induces new bone formation.

Classification of bone grafts based on matenal groups:"/

2. Allograft-based bone graft mnvolves allograft bone, used
alone or i combénation with other matenals (e g, Gafton,
OrthoBlast).

b. Factorbased bone graft are natural and recombinant growth
factors, used alone or n combinstion with other matenals
such as transformung growth factor-beta (TGF-beta),
platelet-derived growth factor (PDCF), fibroblast growth
factors (FGF), and bone morphogeneic protem (BMP).

¢. Cell-based bone grafts use cells to generate new tissue lone or
are sdded onto 2 support matnx, for example, mesenchymal
stem cells.

d. Ceramic-based bone graft substitutes include calcium
phosphate, calcum sulphate, and bioglass used alone or in
polymers slone or m combination with other materials, for
cwample, open porosity poh Lictic scud polyines

The biologic mechantsms that provade 3 rationule for bone grafting
ate osteoconduction, osteoinduction, and osteogenesis ©

Osteoconduction

Oceurs when bone graft material serves as 3 scaffold for new bone
growth, which is perpetuated by the native bone. Osteoblasts

How to cite this article: Kumas £, Vinitha 8, Fathima G. Sone grafts m dentistry. J Phanm Bioall Sci 201351257

Journal of Pharmacy and Bicallied Sciences June 2013 VoI 5 Supplement 1
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Dental Pulp Mesenchymal Stem Cells as a Treatment for
Periodontal Disease in Older Adults

Correspumdence should be adlirouad te Viclor Manued Mendoss Niéder, mendoncpfumies s
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uncoatmlled sysomic cisonk dhcoes Two guups were bemal ssdesdy (0 cpetescstyl pocp (BG) s~ 1L wath o
mu-m-n.m-u"m--u‘-.-_amz-qm

smporoisls St SOD), upossaio,
anad interleuking (IL), before and 6 months after Tecalmcnt All sbiecn underwent Ooctige and posadostyl weyery, e EG
had 3 collagen scaffold prested with DPMSO, while the CO caly bud the collages wuflold plued The EG wih DPMSC
showed an incesie i the BEMD of e dvooler bone with & bosderlne stattaicdd dgefious (hascline 63882 1517 w
postircatient 7RIS £ 1622 HU, p - 009) Reganfing ousletive stvews and nflossmuion mudlen, slitery SOD levels wose
significantly higher in BG (Desdine 1 89209 w 2342 L 2UL poiiscutnest, p< 0.05) sesnwhide 1115 kel had &
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I aging subjects with PO

L. Introduction

Penodontal disease (PD) is an infectives and inflummatory
alteration that affects the supporting thuues of the teeth
and, when weatment & not appropriste or adequate, it can
caase the loss of these (1] PD presents an mmmune and
anti- mflammatory respoase caused by antigenic substunces
fram bactera in the subgingval baodfilny, however, the exacer-
bated host respense is ineffective, and therefare chrons
mflammation ts manzained 21

Duning the acute phase of PD, the presence of bacieria,
and cspecally the Bpopolysacchandes in your o wall,
strracts mucrophages, leukocytes, snd neutrephals o the asea
of miecuon. The lanter contain carymes sach 35 NADPH ax-
dase and mydoperonidase o produce reactive SXYEEn speaes
(ROS) thue help Sight pathogens [3, 4]

Under nermul conditions, antsexdans mechansims peo-
bect thsoes from dumage by ROS secreted by neutvophils
However, o the bady's antoxidant capecty & salicess,
oxtdative stress (OnS) accurs, which s an snbalance between
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Local Administration of Stem Cells from Human Exfoliated
Primary Teeth Attenuate Experimental Periodontitis in Mice

Yi Qiang QIAO"", Ling Su ZHU', Sheng Jie CUE, Ting ZHANG®, Fui Li YANG?,

Yan Heng ZHOU?

Objective: To evaluate the therapeunic gifect gfflocal mpection af stam ceils from human exgfoli-
ated primary teeth (SHED) on periodonitiis in mice.

Methods: Fifeen female mice were randomly divided mio three groups: normal control
Eroup, periodoniiiis group and SHED meaiment group. 4 periodoniiiis mode was estabiizhed
by lipanng a 0.2 mm orthodontic ipation wire io the maallary first molar The SHED group
was ijected with SHED ar 3 weeks posi-ligation. ANl mice were sacrificed and thetr maxillae
were dissecred fhe weeks posr-liganion. Clinfcql assessments, micro-compuied fomagrapiy
{miicro-CT) scanming, and hiziologic examingiion were used fo evaluate the oufcome gf tizsue
FESETIETIIION.

Results: Micro-CT analysis showed that SHED administration signgffcantly incrensed peri-
odontal reseneranion and decreased the distance berwaen the cemento-anamel junction and
the alveolar bone crest. In addition, hisfopathelogical photomicrographs showed new regen-
arated bone, the mumbar of TNF-a-pasitive, IFN-p-positive and CD4™ cells decreased, and
osteoclas-positive decneased m the periodonial defect area in the SHED group comparad
with the periodontitic group.

Conclosion: SHED adminisiration suppresses the axprassion gf inflammaiory factors, mhibis

the production af esfesclasts, and promores the regenaration of periodonial fssues.
Key words: periodonsitis, stem cells from primary teeth, inflammation
Chim J Dt Ras J008:22(3):157-163; doi: 103290 cidrad3109

erodontifis is a chromic inflammatory disesss cansed
by bacteriz. The clinical manifestation is the loss

1 Diepartmant of Crtheadontics, The Fimt Afflaied Hospital of

I Dopartment of Crtheedontion, Peking University School and Hospral
Maigrinl Technology of Stemimlogy, Befjing Koy Laboratory of
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of peripdonts] support tissoe, inchiding the periodontal
Lizament, alveslar bone and gingival dsme. It is the main
pathogenic canse of adult tooth loss!. In addition, peri-
odomfitis is closely related fo cardiowascular diseases,
disbetes and other systemic diseases?. Therefore, thens
iz an urgent need to find new and effective Teamment

The goal of pericdontiis westment is to stop the pro-
gression of the disease, regenerate the damaged Gssue
and restore its original simocture and fimction. At pres-
ent, iradifons] reamment methods, whether surgical or
non-surgical, are not effective in regenerating damaged
peripdontsl tissues. Stem cell therapy 5 a promising
therapentic approach for the treatment of pericdontitis?.
A previons study showed periodontal regenerstion n
a rat periodonfitis modal afier local injection of bone
mamew mesenchymal stem cells (BMS5Cs) in suspen-
sipn, and regeneration in pericdontal defected areas in
ministure pigs, afier using periodontal lisament stem
cells (PDLSCs)®. However, the limited sources of
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Human intrabony defect regeneration with micrografts
containing dental pulp stem cells: A randomized controlled
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1 | INTRODUCTION

The goal of periodontal therapy is to arrest disease progression
and ultimately to regenerate lost pericdontal tissues [Karring,
Myman, Gottlow, & Laurell, 1993). Several studiez over the past
30 years had demonstrated that blood clot stability plays a

Abstract

Aim: The goal of this study was to evaluate if dental pulp stem cells (DPSCs) delivered
into intrabony defects in & collagen scaffold would enhance the clinical and radio-
graphic parameters of periodontal regeneration.

Materials and Methods: In thiz randomized controlled trial, 2% chronic periodontitiz
patients presenting one deep intrabony defect and requiring extraction of one vital
tooth were consecutively enrolled. Defects were randomly assigned to test or con-
trol treatments which both consisted of the use of minimally invasive surgical tech-
nique. The dental pulp of the extracted tooth was mechanically dissociated to cbtain
micrografts rich in autologous DPSCs. Test sites (n = 15) were filled with micrografts
seeded onto collagen sponge, whereas control sites (n = 14) with collagen sponge
alone. Clinical and radicgraphic parameters were recorded at baseline, & and
12 months postoperatively.

Results: Test sites exhibited significantty more probing depth (PD) reduction (4.9 mm
versus 3.4 mmy), clinical attachment lewel (CAL) gain (4.5 versus 2.9 mm) and bone
defect fill (3.9 versus 1.6 mm) than controls. Moreover, residual PD < 5 mm (333 ver-
sus 50%) and CAL gain =4 mm (73% versus 29%) were significantly more frequent in
the test group.

Conclusions: Application of DPSCs significantly improved clinical parameters of peri-
odontal regeneration 1 year after treatment.

KEYWORDS
dental pulp, pericdontal pocket, periodontzsl regeneration, randemized contrelled trial, stem
cells, tissue engineering

pivotel role in regeneration of tooth-supporting tissues [Wikesjo
& Milveus, 1990; Wikesjo et al_, 2003, avoiding apical migration
of epithelial cells during the first healing phase. In this respect,
new surgical techniques designed to optimize flap and clot sta-
bility (Cortellini & Tonetti, 2007, 200%; Harrel, Munn, & Belling,
1%9%; Trombelli, Farina, Franceschetti, & Calura, 2009) and new

J Clim Poriodonded. 2005;45:541-550.
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Obyectives. This paper aims to review the evidence on the potential roles of modifishle and nonmodifisble risk factors associated
MEDLINE (1980 to fan 20M4), PubMed (using medical subject headings), and Scholar were searched using the following
terms in different combinations: “periodontal disease” “periodontitis” “risk factors” and “causal ™ This was supplemented by hand-
searching in peer-reviewed journals and cross-referenced with the articles accessed. Conclusions. It is important to understand the
etiological factors and the pathogenesis of perfodontal disease 1o recognize and appreciate the associated risk factors. As periodontal
disease is multifactorial, effective disease management requires a dear understanding of all the associated risk factors.

1. Introduction

Periodontitis is one of the most ubiquitous diseases and
is characterized by the destruction of connective tissue
response secondary to infection by peri bacteria [1,
2]. Severe periodontitis, which may result in tooth loss, is
found in 5-20% of most adult populations worldwide [3-5].
Children and adolescents can have any of the several forms of
periodontitis such as aggressive periodontitis, chronic peri-
odontitis, and periodontitis as a manifestation of systemic
discases [6-8].

It is now generally agreed that almost all forms of peri-
odontal disease occur as a result of mixed microbial infec-
tions within which specific groups of pathogenic bacteria
coexist [9-11]. Evidence is reviewed on the potential roles
of modifiable and nonmodifiable risk factors associated with
periodontal disease. An understanding of risk factors is
essential for clinical practice.

L.L Search Strategy. MEDLINE (1980 to Jan 2014), PubMed
(mguwdnlmhmbu&np).mdcooﬂt&hnhm

peer-reviewed journals and cross-referenced with the articles
accessed.

2. Risk Factors of Periodontal Disecase

21 Modifiable Risk Factors
uammadmwom The oral bac-
with approximately 400 species found in subgingival plaque
(12, 13]. The subgingival microflora in periodontitis can har-
bor hundreds of bacterial species but only 2 small number has
been associated with the progression of disease and consid-

periodontal

Prevotella intermedia (18], Peptostreptococcus micros [20), and
Fusobacterium nucleatum [21] have been strongly linked with

the progression of adult periodontitis.

212 Tobacco Smoking. There is accumulsting evidence fora
higher level of periodontal disease among smokers (22, 23],
Tobacco ing exerts a substantial destructive effect on
the periodontal tissues and increases the rate of periodontal
disease progression [24]. Risk factors including tobacco
smoking modify the host response to the challenge of bacteria
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Mesenchymal Stem Cells: Revisiting History, Concepts, and
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Abstract
The concept of mesenchymeal sterm cells has gaimed wids popalarity. Diespite the rapid groath of the
field imcertzinfies remsin with respact to the definine characteristics of these cells. mcludins their
potency and self-renswal. These imcertaindes are reflected in 3 growing tendency to question the
very use of the temm. This conmmentary revisits the expenimental ongin of the concept of the
populations) refemad to 25 mesenchymsl-stem cells and the expenmental framework required to
azzess their sremmes: and Amcton

The concept of stem cells originated at the end of the 19th cennary as a theorstical posmlate to
aocount for the ability of cemain tssues (blood, skin et to salf-rensw for the Hfetime of an
arzamism even though they are comprized of short-lved cells. Wany years later, idenfification
of stem cells as disorete celhilsr enfines followed Som the developrent of methods for
prospecive isolstion of stem cell candidstes. i parallel with the desizn of nponomis bicassays
to test their potency afier Tansplantation in vivo.

The oarrently popalar concept of mesenciyrzs] stem cells (M5Cx 3 term frst comed in Caplan
(19917 cam b maced to classical experiments demonstrating that wansplantaton of bone
marrow (BM) to heterotopic amatonical sites results in de novo peneration of ectopic bone amd
marrow. Whereas examiples of such snadies date back to the 19th cenmry (Gonjon, 18469), the
wiork of Tavassoli and Croshy clearly establizhed proof of an imbhersnt oefeogenic potantial
associated with BAL (Tavassoli and Crosby, 1968). Because these experiments were conducted
with entire fragments of bone-fres B the precise identity of amy cell fmctoning 5 3
progenitor of differensated bone calls {and therefore of nonhematopodetc, mesenciymal cells)
conld mot be delineated. It was Friedenstein and coworkers, in 2 sexies of semina] shudies in
the 1960s and 1970s {reviewed in Friedenstein 1990, who demonstrated that the osteozendic
potential, as reveslsd by heterotopic ransplantanon of BM cells, was associated with a mimar
subpopulation of BA cells. These calls were distunsmishable from the majoriny of
hematopoletic calls by their rapid sdherence to dssue oultare vessels and by the fbroblass-like
appesrance of their progemoy inculhure, pointing to their ongin from the smomal compartment
of BN In addition to esteblishing BM stroms as the haystack in which to search for the

*Cormeapondance: bizncoiimirnem] 1
Thoss asther :-:l;;:'.r'::h]:td aaqualhy; b Hﬁ.':-'n:'-:r;:‘i.
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Stem cell-based bone and dental regeneration: a view of
microenvironmental modulation

Cherei Zheng', Ji Chen’, Shiyu Liu' and ¥an Jin (3

In modem medidne, bone and dental loss and defects are common and widespread morbidities, for which regenerative therapy
has shown great promize. Mesnchymal stem cells, obtained from varous sources and playing an essential role in organ
dewvelopment and postnatal repair, have exhibited enomnous potential for regenerating bone and dental tissue. Currenthy,

mesenchymal stern cells (M 5Cs)-based bone and dental regeneration mainly includes two strategies: the rescue or mobilization of
endogenous M5%Cs and the application of exogenous M5%Cs in ortotherapy or tissue engineering. Nevertheless, the efficacy of MSC-
baszed regeneration is not always fulfilled. especially in diseased microenvironments. Specifically, the diseased microemvironment
nat only impairs the regenerative potential of resdent M5Cs but also controks the therapeutic efficacy of exogenous M5Cs, both as
donors and recipients. Accordingly, approaches targeting a diseased microenvironment have been established, induding
improving the diseased niche to restore endogenous M5Cs, enhandng MSC resistance to a diseased microenvironment and
renormalizing the microenvironment to guarantee M5C-mediated therapies. Moreover, the application of extrace llular vesicles [EVs)
as celkfree therapy has emerged a5 a promisng therapeutic strategy. In this review, we summanze cument knowledge regarding

the tactics of M5C-bazed bone and dental regeneration and the dedsive role of the miooervironment, emphasizing the
therapeutic potential of micoenvironment-targeting strategies in bone and dental regenemative medicine.

International Joumnal of Oral Sdence (2019)11:33; httpsyfdoiorg 10,103 6/541368-019-0060-3

INTRODUCTION

Bone and dental loss and defedts caused by diseases and trauma
have become a global concem with high inddence, which
seniously affects the health and life quality of the whole
population and lays a heavy finandal burden on society.'™
Cumrently, autogenous bone transplantation is the gold standard
treatment for bone defects®* For oral diseases, dental prostheses,
periodontal treatment and dental implants remain the main-
stream therapies.™ However, the application of autogenous bone
transplantation is serously restrained by limitations of sournces,
difficulty in graft harvest and maorbidity of donor site ™" Moreover,
present therapies for oral diseases can only improve dinical
diagnostic parameters and hahl disease progression but fail to
regenerate lost tissue ™™ Therefore, new technologies are in high
demand to achieve excellent regeneration of bone and dental
tissues.

Mesenchyrmal stem cells (M5Cs), which can be isolated from
different tissues and possess selfrenewal and multiple differentia-
tion potential, ph¥ an eszential role in organ development and
postnatal repair” ' A variety of studies, Wa animal models and
dinical trials, have demaonstrated that both endogenous and
exogenous M5CE hold enormmous promize in regenerative
medicine for bone and tooth,"*™* among which bone mamow
M5C: [BMMECE] hawe received much attention. In addition,
adipose-derived MSCs (ADMSCs)™'" and demtal stem cells
[D5Cs), ™" including dental pulp stem cells [DP5Cs), periodontal
ligarment stem cells [PDLSCs), stem cells from human exfoliated

deciduous teeth (SHED), stem cells from the apical papilla (SCAF)
and dental follicle cells (DFCE), have emerged as attractive cell
sources for bone and dental regeneration due to their ease of
accessibility and relative abundance. In addition to differentiation
potential, the ability of M5Cs to regulate the function of other cells
and to modulate the systemic inflammatory condition via cell-cell
interaction or paracrine mechanism alko contributes to their
therapeutic efficacy.™ " Presently, there are two main strategies
of M5C-bazed bone and dental regeneration: the rescue or
mobilization of endogenous MS5%Cs and the application of
expgenous MSCs in cytotherapy or tissue engineering. Mewer-
theless, despite much progress, establishing =afe, effective and
simple stem cell-based approaches for bone and dental repair and
regeneration remains a tremendous challenge ' 55 epecially
considering the adverse effects of a diseased microenvironment.*’

In recent years, the miooenvircnment has been uncovered to
exert enomous influence on the physical functions and patho-
logic changes as well as the thermapeutic effects of stem celle ™
Physiologically, the niche where M5Cs reside consists of a vanety
of tissue components, cell populations and soluble factors, which
tightly regulate the behaviours of MSCs">** Under pathological
conditions, such as osteoporosis and peniodontitis, both the
viability and differentiation of M5Cs are serously impaired, leading
to dizease aggravation and impaired tissue healing.”™"
Furthermore, in cytotherapy and tissue engineering the mioo-
ervironments of donors and redpients play a pivotal role in
determining the regenerative efficacy of transplanted MSCs

'Sase Key Laborsory of Milltasy Stomatology & Masoral Chnscl Research Center for Oml Diseases & Shaane inermasonal bint Beseasch Center for Ol Deseases, Center for
Tis sue Enginessing, Sdhwod of Stomatology, The Fourth Milkasy Medicd Univessty, Kian, Shaanod, China
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Mesenchymal Stem Cells from Bichat’s Fat Pad:
In Vitro Comparison with Adipose-Derived Stem Cells
from Subcutaneous Tissue

Eugenio Broccaioli)* Stefania Niada ' Giulio Rasperini! * Lorena Maria Ferneira
Elena Amigoni! Vijay Yenagi! and Anna Teresa Brini"*

Abstract

Adipose-derived stem)/ stromal cells (A5Cs) are progenitor cells used n bone tissue engimeering and regenerative
medicine. Since Bichat's fat pad is easily accessible for dentists and masdllo-facial surgeons, we aompared the fea-
tures of ASCs from Bichat’s fat pad (BFP-ASCs) with human ASCs from subcutaneous adipose tissue (50-A5Cs).
BFP-ASCs isolated from a small amount of tissue were characterized for their stemness and mul idifferentiative
ability. They showed an important clonogenic ability and the typical mesenchymal stem cell immunophenotype.
Moreower, when properly induced, osteogenic and adipogenic di fferentiation markers, sudh as alkaline phospha-
tase activity, collagen deposition and bpid vacuoles formation, were promptly observed. Growth of both BFP-
ASCs and 5C-ASCs in the presence of human serum and their adbesion t natural and synthetic scaffolds
were also assessed. Both types of ASCs adapted rapidly to human autologous or heterologous sera, increasing
their proliferation rate compared to standard culture condition, and all the cells adhered finely to bone, pericdon-
tal ligament, collagen membrane, and polyglycol acid filaments that are present in the oral cavity or are com-
monly used in oral surgery. At last, we showed that amelogenin seems to be an early osteoinductive factor for
BFP-ASCs, but not SC-ASCs, in vifro. We aonclude that Bichat's fat pad contams BFP-ASCs with stemness features
that are able to differentiate and adhere to biological supports and synthetic materials. They are also able to pro-
liferate m the presence of human serum. For all these reasons we propose BFP-ASCs for future therapies of pen-
odontal defects and bone regeneration.

Key words: amelogenin; biomaterials; buccal fat pad; mesenchymal stem stromal cells; oral bone regeneration

Introduction

ESENCHYMAL STEM /STROMAL CELLS {MSCs) represent

important suitable candidates in regenerative medicine
applications for the treatment of lissues damaged by trauma
or pathological diseases. They have been golated from bone
marrow, adipose Lissue, tendon, periodontal ligament, syno-
vial membranes, trabecular bone, skin, periostium, and mus-
cle.! Even though bone marmw represents the more used
source of stem calls (BMSCs) in the clinical field, adipose s-
sueis a valid alternative source of MSCs. [Lis easily accessible
in large quantities with a minimal invasive harvesting proce
dure and allow a high number of adiposederived mesenchy-
mal stem /stromal cells (A5Cs) o be obtained ™ ASCs show

a multilineage differentiation capacity similar to that of
BMSCs** The growth factor secretome of MSCs was charac-
terized by Wang et al,” and the sacretory activity of MSCs
favors a regeneralive microenvironment at sites of tissue
injury.®

Adipose tissue withdrawn during plastic surgery is a dis-
carded tissue, and the usual amatomical regions from which
this Hssue is collected are the abdomen, breast, buttock,
knee, and thigh. In this study, we have chamcterized
human ASCs isolated from the buccal fat pad, usually called
Bichat's fat pad (BFF), one of the encapsulated [al masses in
the cheek. It is a deep fal pad located on ether side of the
face bebween the bucdnator muscle and several more super-
ficial muscles, including the masseter, the zy gomaticus major,

"'Llepm'mu'rtwf Biomedical, Surgical, and Dental Sciences, Undversity of Milan, Milan, [taly.
*Calkars Orthopedic Instinrte Research Hospital (IRCCS), Milan, Haly.
3 Granda Palychinie Foundation Reseanch Hospital (IRCCS), Milan, laky.

*Thesse anathars comiriburted -ucrua].l:,r.
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Mesenchymal stem cells from the
oral cavity and their potential
value in tissue engineering

AnTonio R. Sanz, Fravio 5. Carrion & ALEIANDRA P. CHAPARRO

Pericdontal disease is one of the most common
conditions affecting humans, and the prevalence of
advanced pericdontitis in adults is about 15% (449).
Periodonttis is a chronic inflammatory condition of
the supporting tssues of the tecth, resulting in
destruction of the attachment of the woth o the
Untreated  perodontitis  may
eventually lead w tooth loss. Fortunately, research
has provided evidenoe that most types of periodon-
tal disease can be successfully treated (63-110). Cur-

surrounding  bone.

renl reatment strategies focus on the removal of
dental plague and the long-term control of dental
plague accumulation, and these reatment strategies
are penerally successful in eliminating active disease
and in promoting dssue repair. However, the com-
plete regeneration of periodontal atachment lost w
perodontal disease remains an elusive poal and a
challenpge (3); according to a position paper pub-
lished by the Amercan Academy of Perodoniology
in 2005 (3), the formation of new bone and cemen-
tmm with supportive periodontal ligament is the
ultimate objective that current periodontal -regener-
ation therapies are incapable of fulfilling Repenera-
tion s defined as the reproduction or reoons tintion
of a lost or injured part of the body, in such a way
that the architecture and function of the dssues are
completely restored (3), Thus, the aim of repenera-
tive periodontal therapy is to restore the strsc e
and function of the pedodontum, which means
regeneration of the supporting dssues, including alve-
olar bone, pericdontal ligament and cementum, over
a previously diseased root surface. Despite evidenoe
that some regencration can occur after therapy (3, 12,
20), this repeneration is wsually only partal, in part
because of the complexdty of the bological events
mvolved, such as signals for the synthesis of growth
factors and the recruitment of specific cells for peri-
odontal  regeneration.  Currenty, bone grafis and

puided tssue regeneration are the two echnigues for
which vast histological documentation of periodontal
repeneration is available (12, 76, 87).

The perodontium is a highly complex organ con-
sisting of epithelial tissue and soft and mineralized
connective tssues, including gingiva, periodontal
lipament, cementum and alveolar bone. The unigue
anatomy and compaosition of the periodontum
makes periodontal wound healing a complex pro-
oess because of the requirement for interaction of
these three different tssues. Wound healing after
conventional periodontal therapy, including surgical
debridement, penerally resulis in repair by the pro-
duction of collapenous scar tissue accompanied by
apical migration of gingival epitheliom (11, 52, 83).
In order for pericdontal regeneration (o occur, pro-
penitor periodontal ligament cells must migrate o
the denuded root surface, attach to it proliferate
and mature ino an organized and funcdonal
fibrous attachment apparatus that inserts into a
newly formed cementum. Similarly, progenitor bone
cells must migrate, proliferate and mature in con-
junction with the regenerating periodontal ligament
(12, 58, 103). However, most of the current regenera ive
procedures, used either alone or in combination, have
imitations in attaining complete repeneration, espe-
cially in deep periodontal defects (84, 87, 94, 106, 112).

Wound healing or the repenerative prooess of a spe-
cific tissue, regquines a combination of fundamental
events, such as appropriate levels and sequencing of
regulatory sipnaling pathways, presenoe and number
of pogenitor cells responding to biological sipnals,
appropriate extracellular matrix or carder, and ade-
quate blood supply (11, 52, 80). Based on tissue-eng-
neering concepts, the healing / regeneration process of
a tssue may be manipulated at one of the following
points: regulation of molecules, exdracelular matrix or
scaffold, and cellular availabilivy (50, 80, 84; Fig. 1.
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SPECIAL SECTION ONMN STEM CELLS: REVIEW ARTICLE

Mesenchymal stem cells

H. EALERVO VAANAMEN

Dgparrmans of Anaorey, merrue of Bomateme, Unioersry of Tk, Turtae, Fovlond

Abstract

About 4 years ago Friedenstein descoribed stromal cells in the bone mammow that were spindle shaped amd proliferate to
form colomies. These cells artach o plestic and are ahle to differentiare under defined in i cmnditions mto multdple o=l
Wpes presen in many different dssues, &g seobles, chondrobless, adipocytes; erc Later on these cells; abrained from
posmatzl bone marrow, were called mesenchymal sem cells (MSC) or stamzl stem czlls. Recendy the presence of
somewhat similar celks has been demonstreted in many other tsswes Do. In spite of extensive attempts 1o charscrerize thess
cells we are srll lacking defnitive in oioo markers of MSC although remmospective fimctional date smongly suppart the
existence of commaon adult stem cells that have the capacity 1o differentiate slong various specific differentiation Ineages.
Since MSC can be rather easily iolared from the bone marrow and can 2lso be expanded in oiro they have become 2 prime
mrget for reseanchers of teswe regeneration. Thess cellk have now been extensively 1med for tensplaneion experiment in
emimals and also for same therapeuric misk m humems. However, much new ressanch & nesded to learn enough on the

malecular mechenizms of MSC diferentiztion 1o evahiate their firl]l capacty for tssue regeneration.

Key words: Home, scomilage, diffenorranon, messcioomal srow call, nissue epemenagon

htmductdon

Most mesenchymal msves ane emodelled throogh-
ot 1ife. Complere regeneraton of damaged tasve i
an extreme eample of remodelling. There ane
remarkable differences in the megenemtion capadty
between different spedes as well & different HWaves
i the same indiidual. Nomwidsanding the e,
the remodelling procsss i adults mequirs a con-
vruous supply of new celk sugpesting the exstenoe
of cell, eithe loca or druladng, which have
retained ther capadty for prolifemuon and differ-
enttation. It & of interes that the German pathol-
ogst Julis Colmbeim, back 0 1867 (1) suggested
that msue repair in mammak was dependent on
cells comdng from the blosdgman, Colmhem's
hypothess was  either dended or forgomen  for
decades but now there are numerous i oo and 1n
i expermments demongmarng that the bone
marmow (source of dreuladng celk), in addidon w
hsematopeetc stem celk (HSO), contam a popula-
ton (of populations) of stromal cells dhat under
auitable conditiors ane able ro differentiate towands a

numher of apecfc mesenclymal cell types mauding
fibroblasts, cateohlms, chondroblas, adipocyes
ete. [2-6). These celk are sow widely called
mesenchymal stem cells (MSC) and could be found
even in the bone mamow of very old ndividuals
although their number may decrease with age (7,8).

Stnce the orignal demomtration of MSC in bone
marrow, several other tsues have ako been shown
o contain cell thar have several fearures in commaon
with MSC i the bone mamow. Although we sl
have rather modest understanding of the derails of
thelr proliferatdon and differenvaton, they lowve
become an important el of Hisue regeneration
studies and ame presntly comidered as potental
candidates for several climaal applicatons (9). Some
clhnmcal taals using MSC have already been initared
and encourgng resuls haw been reponed, for
irstance, in csteogeness impedeca (10,11) and
metachromaric lenkodyarophy (12). MSC mam-
plans have ako been vsed 1w enhanoe engrafiment
of heterologms bone marrow ramplans (13). In
this revew 1will Aret dscins some Baues conoeming
the bology of MSC and then evaluate their potertial
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Mesenchymal Stem Cells: Time to Change the Name!

Arnown | CapLaw
Skedetal Research Center, Department of Biology Case Western Reserve Unhversity, Cleveland, Ohio, USA

Key Words. Medicinal signaling cells « Mesenchymal stem cells » M5Cs = Regensr at ive medicine

Mesenchymal stem cells [M5SCs) were officially named more tham 25 years ago to represent a o ass of cells from human and mamm.ali an
bome manmow and periosteum that could be tsolated and expanded in culture while maint aining thedr in vitro capacity to be induced to
form a wariety of mesodermal phenoty pes and tissues. The in vitro capacity to form bone, cartilage, fat, etc., became am assay for identi-
fying this olass of multipotent cells and arownd which several companies were formed inthe 1990s to medically exploit the regenerative
capabilities of MSCs. Today, there are hundreds of dinics and hundreds of dlinical trials wsing humam M5Cs with very few, if any, foousing
on the in vitro multipotential capacities of these cells. Unfortunately, the fact that M5Cs are called “stem cells” is being wsed to infer
that patients will receive direct medical benefit, because they imagine that these cellk will differentiate into regenerating tissue-
producing cells. Such a stem cell treatment will presumably cure the patient of thedr medically relevant difficulties ranging from osteoar-
thritic [bone-on-bone) knees to vanows newrological maladies including dementia. | now wurge that we change the name of MSCs to
Medicinal Signaling Cells to more acourately reflect the fact that these cells home in on sites of injury or disease and secrete bioactive
factors that are immuno modulatory and trophic (regenerative) meani ng that these cells make therapeutic drugs in situ that are medici-
nal. It is, indeed, the patient’s own site-specific and tswe-specific resident stem cells that construct the new thswe as stimulated by the

bicactive factors secreted by the exogenously supplied MSCs, STeM CELLS TRANSATIONAL ME DICINE 201 26:1445- 1451

Mesenchymal stem el [MSCs) were officially named more than 25
years ago [1] to represent a dlass of cells from human [2] and mam-
malian bone marrow and pericsteum [3] that could be solated and
expanded in culture while maintaining thedr in vitro capacity to be
induced to form a variety of mesodermal phenotypes and tissues
[Fig. 1, The Mesengenic Process). The in vitro capacity to form bone,
cartilage, fat, ete, became an assay for identifyng this class of multi-
potent cells [%] and around which several companies (including Osi-
s Thera peutics, which nmy colleagues and | started, ) wene formed in
thie 19905 to medically exploit the regenerative capabilities of M5Cs.
Initially, the driving concept that a multipotent progenitor or “stem
cell” existed in adult mamow was mot only challenged, but was
actively disreganded, especially by the orthopedic industry. Fast-
forward to todsy and there are hundreds of dlinics [10] and
hundreds of clinical trials [11] using human MSCs [hMSCs) with very
few, if any, focusing on the in vitro multipotential capacities of these
k.

Unfortunately, the fact that MSCs are called “stem cells” is being
wied to infer that patients will recetve dired medical benefit,
because they imagine that these cells will differentiate into the
regenerating tissue-producing cells (Le., these “stem cells™ will be
inconporated into and these differentiated cells will fabricate the dis-
eased or mising tissue). Such a stem cell treatment will presumably

cure the patient of their medically redevant diffculties ranging from

osteparthritic (bone-on-bone) knees to various neurclogical mal-
adies, including dementia. | long ago unged, in print, that we change
the mame of MSCs to Med cinal Signaling Cells [12] to more acou-
rately refled the fact that these cells hame in on sites of injury or
disease and secrete bioactive factors [13] that are immunomodula-
tory and trophic [14] (regener ative), meaning that these cells make
therapeutic drugs [15] that are medicinal. It s, indeed, the patient’s
own sitespecific and tiswespecific resident stem cells that con-
struct the mew tisue as stimulated by the binactive factors secreted

by the exogenously supplied MSCs [16, 17]

Im the eardy 1970 into the 1980s, my colleagues and | published a
number of papers based on the culturing of stage 24, embryonic
chick limb bud mesodermal cells (ECLEMCs) that wene observed to
differentiate into cartilage, muscle, and bone under certain ¢ulture
conditions [18-23]. These in witro studies were comelated with a
vanety of in vivo studies that focused on the cellular and molecular
evenits associated with the formation of embryonic limb bone [23,
24, cartilage [25], and muscle [26] in which several very prominent
dogmas-ofiheday were challenged. For example, the concept that
“cartilage &5 replaced by bone” led to the implication that if one

Cormespondence: Arnald |. Caplan, PAD., Skeletl Research Cemter, Department of Bology, Case Western Reseree Unieersity, 10600 Euchid Awenue,
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Stem cells: A potential regenerative future in dentistry

Sumit Narang, Nidhi Sehgal

Depariment of Pericdontics, Peoples Goliege of Dental Science and Research Centre, Bhopal, Madhya Pracesh, India

In recent years, the field of dentistry has embossed its
presence by takimg major leaps in research and further
bringing it into practice. The most valuable ongoing research
im regenerative dentistry is the study on stemn cells. it was
instituted that stem cells grow rapidly and have the potential
to fiorm specialized dentin, bome, and neurcnal cells. These
neurcnal cells can be used for dental therapes and can
provide betier treatrent options for patents. The stem cells
based therapies could help in new advances in treating
damaged teeth, inducing bone regeneration and treating
neural injury as well.

Key words: Dentistry, genetics, pericdontal regeneration,
sterm cells

Introduction

Judging from the explosion of articles not only in
scientific joumals, but also in the mass media and on the
intermet, one could say the term “sfem cells™ has become
linked to the word “cure !

In the face of extraordinary advances in the prevention,
diagnosis, and treatment of human diseases, devastating
illnesses such as heart disease, diabetes, cancer, and
dizeases of the nervous system, such as Parkinson's
dizease and Alzheimer's disease continues to deprive
people of health, independence, and well-being.
Research in human developmental biology has led to
the dizcovery of human stern cells.

Arcess this articks onll
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Stern cells are primitive cells found in all multi-cellular
organisms that are characterized by self-renewal and the
capacity to differentiate into any mature cell type. These
stem cells have the awesome potential for regeneration
and may be used fo replace or repair damaged cells, and
have the potential io drastically change the treatment
of conditions like cancer, Alzheimer's and Parkinson’s
disease and even paralysis.

There are 2 main types of stem cells —embryonic stem
cells and adult stem cells —which are classified according
to their origin and differentiation potential &

Mesenchymal stem cells (M3Cs), a type of the adult
stem cells that can be harvested from bone marrow and
other sources such as liver, umbilical cord, placenta,
adipose tissue, synovial membrane, amniotic fluid and
even teeth ¥ have increasingly played a central role in
regenerative medicine. Their atiractiveness is found
in their multipotency to differentiate and develop into
various types of tissues such as adipose, carilage, and
bone ¥ as well as their promising use in patient-specific
pene therapy &

Stem cells are defined as having the capacity for
extensive self-renewal and for originating at least one
type of highly differentiated descendant.®

Re=earch in the stem cell field grew out of findings by
Canadian scientists Ernest A. McCulloch and James E.
Till in the 1960 57

Stemn cells are cells that hawve the following capabilities:
First, they are able to continuously produce daughter
cells having the same characteristics as themselves
(zelf-renewal); secondly, they can generate daughier
cells that have different, more restricted properties,
and finally, they can re-populate a host in vivo
(differentiation) ™
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Abstract: Adult stem cells have been developed as therapewtics for tisswe repenecation and immune
regulation due to their self-remnewing, diffesentiating, and paracrine funchions. Recently, a v ariety
of adult stemy cells from the oral cavity have been discovered, and these dental stem cells mostly
exhibit the characte riskics of mesenchymal stem cells (MSCs). Dental MSCs can be applied for the
replace ment of dental and oral tisswes agaimst vartious tissve-damaging conditions including dental
caries, periodontitis, and oral cancers, as well as for systemic regulation of excessive inflammation
in imenune discrders, such as autoimmune diseases and hy persensitivity. Thesefone, in this review,
we summarized and updated the by pes of dental stem cells and their functions to ecert therapeutic
efficacy apainst diseases.

Keywords: dental mesenchy mal stem cells; oral caviby; periodontitis; segeneration; snmnunomodulation

1. Introduclion

TEse—specific adult stem cells (ASCs) ane the specialized cell population esponsible for organ
development homecstasis, and segeneration throughout the lifetime. In general, ASCs have a great
self penew potential with Eneage-specific differentiation capacity. For instance, a subset of transplanted
hematopoietic steao cells can s plenish thew hole-blood sy stemof bethally irradiated mace [1]. A single LgrS+
intestinal stem aell (15Cs) can econatitule the intestinal epithelial layer contaimmng not enly [5C itself
but also other matune cell types [Z]. Besides organs, connective tissues such as bone and fat ane regarded
as a rich soure of multipotent mesenchy mal stromalistem cells {MSCs). Simalar to other organ-derived
ASCs, MSCs can self-renew and proliferate well. They are capable of mesenchymal Limeage-specific
differentiation into bone, adipose tissue, and cartilage both in vitro and in vivo; however, i addition
to primary tissue feplacement, M5Cs ane known to play pivotal roles in microenvironment sepulation.
MSCs combribute to stem cell niche formation and suppont region-specific ASCs to maintain their
stemmess and multipotency [3]. They comumunicate neighbors via direct cell-to-cell contact but also
via indirect, secretody factor-dependent signaling so-called paracrine effect. According to the context,
MSCs produce a plethora of bicactive molecules that can promobe stemypropenitor aell proliferation,
determine the digection of diffe sentiation, enhamce angiogenesis and even modulate immune fesponses,
leading to wound healing and tissue repair [4,5]. Furthermore, it is widely accepted that M5Cs are
kess immunogenic than other ASCs since they express a low level of MHC antigens and imamune cell
co-stimulatory melecules [6,7]. In these aspects, M5Cs have drawn great inkeoest in the felds of stem
cell therapeutics and fegenerative medicine.

Tmt. [ Ml Sci oo, 21, dxtd; doc 103300 os11 24080 el comjonsrnal s
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Abstract

Teeth are the most natural, noninvasive source of stem cells. Dental stemn cells, which are easy, convenient, and affordable to
collect, hold promise for a range of wery potential therapeutic applications. We have reviewed the ever-growing literature on
dental stem cells archived im Medline using the following key words: Regenerative dentistry, dental stem cells, dental stem cells
banking. and stem cells from human exfoliated deciduous teeth. Relevant articles covering topics related fo dental stem cells
were shortlisted and the facts are compiled. The objective of this review article is to discuss the history of stem cells, different
stem cells relevant for dentistry, their isolation approaches, collection, and preservation of dental stem cells along with the current

status of dental and medical applications.

Key words: Cell culture technigues, stem cells, stem cell research, tissue banks, tissue enginesrng

INTRODUCTION

Repenerative capacity of the dental pulp is well-known and
has been recentdy attmbnuted to fanction of dental stem
cells. Dental stem cells offer a very promising therapentic
approach to restore structural defects and this concept 15
extensmely explored by several reseaschers, which 15 evident
by the rapudly growing literatre in this field. For this remew
article a literatire gesearch covesmg topics related to dental
stem cells was made and the facts are compdled.

METHODS

A web-based research on Medline (wwwpnbmed. pov)
was done. To limit owr research to melevamt articles, the
search was filtered nung terms remew, published in the
last 10 years and dental jonrnals. Vanons keywords nsed

for research were “repenerative dentistey” (125 artcles
fonnd), “dental stem cells™ (111 articles fonad), “dental
stem cells banking™ (2 articles fonnd), “stem cells from
human exfoliated decidnons teeth (SHED)™ (11 articles
fonnd). For each heading in the review, relevant arncles
were chosen and azranped in chronclogical osder of
publication date so as to follow the development of the
research topie. This review sereensd abont 250 arcles to
get the required knowledge npdate. Relevant data were then
compiled with aim of prowiding basic information as well
as latest npdates on dental stem cells.

HISTORY OF STEM CELLS

Stem cells also known as “progenitor or precursor” cells are
defined as clonogeme cells capable of both self-renewal and
mmit-lineape diffecentiation ! In 1868, the tezm “stem cell”
for the first time appeared in the works of Gesman hiclogst

= Haeckel ¥ Wilson comned the tarm stem cell ¥ In 1908, Bnssian
Aceess this article onfine histologist, Alexander Maksimor, posmlated existence of
Wishalts: hematoposetic stem cells at congress of hematologe socetyin
WAWFEEDTLON Bedin ¥ There termn “stem cell™ was proposed for smentific nse.
- Stem cells have manifold applications and have contabmted
10.41030975-0565, 149074 to the establishment of repenerative medicine. Regenerative
medicme is the process of replacing or repenerating hnman
e | L.l-uurnal of Matural Science. Bickogy and Medicine | January 2015 | Vol 6 | Iszue L,.l
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Q&A: Mesenchymal stem cells — where do ® e
they come from and is it important?

lain R Murmray'® and Bruno Péault’™

Abstract

Mesenchymal stem — or stromal — cells (M5 hawe
been administered in hundreds of clinical triak for
multiple indications, making them some of the most
commanly used selected regenerative cells.
Paradaxically, M5Cs have also kong remained the least
characterizad stem celks regarding native identity and
natural function, being isolated retraspedively in
lang-term culture. Recant years have sean progress in
aur understanding of the natural history of these calks,
and candidate native M3 s hawe been identified
within fetal and adult argans. Beyond basic
knowiedge, dedphering the bickegy of innate M5z
may have important postive conssquences for the
therapeutic use of these cells.

What are mesenchymal stem cells, and how are
they conventionally isolated?

Mesenchymal stermn cells (MSCs) are multipotent stromal
cells that can differentiate into a variety of lineages, in-
cluding osteocytes, adipocytes and chondrocytes. This
differentiation capadty, in addition to their release of
trophic factors and immunomodulatory properties, holds
great promise for cell therapies and tissue engineering.
MSCs are not a new phenomenon. [n the late nineteenth
century the German biologist Cohnheim hypothesized
that fibroblastic cells derived from bone mamow were
involved in wound healing throughout the body [1]. In
the 1970s Alexander Friedenstein, who is generally cred-
ited with the discovery of M5Cs, described a population
of plstic-adherent cells that emerged from long-term
cultures of bone marrow and other blood-forming or-
gans, and that he showed to have colony forming
capacty and osteogenic differentiation characteristics
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"B Cormre far Vasala Begenemeon, Soomish Ceme for Begenemawe
Medicine, University of Edinbungh, Edinburgh, LUK

‘rfomedc Hosnsa Reseanch Comrer and Boad Sen Cd Cenvier, David
Geffen Schoal of Medicine, University aof Galifomia, Los Angeles, CA, LA

() mioied Central

in vitro as well as in vivo upon re-transplantation [2—4].
In light of their capacity to differentiate into bone, fat,
cartilage and musde in culture and an emerging link to
the embryonic development of various mesenchymal tis-
sues, the term “mesenchymal stem cell” was coined in
1991 by Arnold Caplan to describe these celk [5]. Cells
with simnilar characteristics have since been found to
emerge from cultures of virtually all adult and fetal organs
tested [6]. Observation of these cells in culture led to a
definiton of MSCs by the Imermational Society of Cell
Therapy (ISCT) that inchuded a propensity to adhere to la-
boratory culture plastic and the capacity to differentiate
into at least bone, cartilage and fat [7]. MS5Cs were subse-
quently found to have a characteristic, although not spe-
cific, st of surface markers, with additional functions
including the secretion of immunomodulatory factors and
support, abeit limited, of hermato poilesis,

This body of work suggested that M5Cs natively re-
sided in all the tssues from which they were isolated;
however, their exact location (whether in the stroma or,
for instance, in blood vessels) was stil not known An
improved understanding of the mative identity and biol-
ogy of these cells has recently been sought.

Is it important to understand the native arigin of
MSCs?

Yes, a complete understanding of the mative origin of
MS5Cs will allow their therapeutic potential to be fully
exploited. The documented multipotency, immunormod-
ubatory and twophic effects of M5Cs sparked great excite-
ment and enthusiasm to explore the use of MSCs as
progenitors in tisue engineering to replace darmaged tis-
sues of mesodermal and possibly other germ line origins,
to promote regensration, and to treat immune-mediated
disease [8). Az such, the number of clinical trials using
MSCs has been rising almost exponentally since 2004
However, with the “gold rush™ to use MS5Cs in the din-
ical setting, the question of what MS5Cs naturally do in
bone marrow and other tissues, and what intrinsic roles
these populatons may play in vivo, bevond how their

005 My anc ook Open Arosss This amice & i buned wnaer the oo of the Cnsa e Comimans: Aoribud on 4.0
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The efficacy of mesenchymal
stem cells to regenerate and
repair dental structures

Structured Abstract

Aithors = 5hi 5, Barold PM, Miura M, Sao BM, Robay PG,
Grorthos 5

Objectives = |dentification, characterization, and potantial
application of masenchymal stem cells (MSC) darved from
human caral lissues.

Methods = Dantal pulp and pardodontal ligameant wara
abtainad from nomal human impacted third molars. Tha
tissues wera digested in collagenase/dispase o ganarate
single call suspansions. Cealls ware culturad in a-MEM

sup plamantad with 20% fotal baving sarum, 2 mM -glutamine,
100 gM cascorbate-2-phosphate. Magnetic and fluorescanca
activated cell sorting wera employved to characteriza the
phanotypea of freshly isolated and ex vivo axpandad call
papulations. The developmental patantial of cultured calls was
assassad following co-transplantation with by droxyapeatita)
trcalcium phasphate (HATCF) particles inta

immunacomp romised micea for 8 waeks,

Results = MSC ware idantified in agult human dantal pulp
(dental pulp stem calls, DPSC), human primary taath (sem
calls from human exdoliated deciduous teath, SHED), and
pariodortal ligamant (paricdontal ligamant stam calls, POLSC)
by their capacity to genarate clongenic cell clusters in cultura.
Ex viva expandad DPSC, SHED, and PDLEC populations
axprassad a hetaroganaous assorimant of makars associated
with MSC, dentin, bona, smacth muscl, naural issue, and
andothalium. POLSC were also found to exprass the andon
specific markar, Scleraxis. Xenoganeic transplants containing
HA/TCP with aither DPSC or SHED ganerated donor-danivad
dantin-pulp-like tissuas with distinet odontoblast layers lining
tha mineralized dantin-matrix. In parallel studias, PDLSC
ganarated camantum-ika structures associated with PDL-like
connactive tissue whan transplantad with HATCP into
immunacomp romised mica.

Conclusion = Collactivaly, thesa data revealed tha presanca of
digtinct MSC populations associated with dantal structures with
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Concise Review: Hematopoietic Stem Cells and Tissue Stem Cells:
Current Concepts and Unanswered Questions

Dosarn METCALF

The Walter and Eliza Hall Institute of Medical Research, Parkville, Victoria, Australia

Key Words. Hematopoietic stem cells = Tisswe stem cells

ABSTRACT

The term hematopoietic stem cells has at times been used
to include a miscellany of precursor cells ranging from
multipotential self-generating cells to lineage-restricted
progenitors with little capacity for self-generation. It is
probable that the stem cells of other tissues also vary
widely in their multipotentiality and proliferative capac-

ity. This review gquestions several dogmas regarding the
self-generative capacity of varions hematopoietic cells, the
single episodic origin of hematopoietic cells, and the irre-
versible nature of progressive mature cell formation in
individual hematopodetic lineages. STEM CELLS 2007;25;
23002395

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION |

It is now slightly more than 45 years since the discovery of
spleen colony-forming cells (CFU-5) [1] and the belief that
these were the sought for hematopoietic stem cells. Since then,
hematopoietic stem cells (HSC) and their progressively com-
mitted progeny have become the prototypical examples of what
might be expected of candidate stem cells in other tissues. It is
useful, therefore, to review somewhat critically what actually
has been firmly established about HSC, what is believed or
assumed, perhaps incorrectly, and what skeletons are tucked
away in the family tree because they do not fit well in an orderly
maodel. This review is the written version of a recent leciure and
iz deliberately referenced only lightly. The ohjective is to allow
workers with candidate stem cells in other tissues to compare
the properties they have established about their stem cells with
what is known about hematopoietic stem cells and in this way to
assess what information remains in need of discovery about
their cells.

The word “stem cell” neads some definition because, for
different workers, the term can embrace guite different cells. My
view is that a hematopoietic stem cell should be capable of
self-peneration and be multipotential and, thus, potentially be
able to form matoring cells in all eight major hematopoietic
lineages. What has become apparent is that cells more or less
fitting this definition are likelv to be guite heterogeneous.
Some—a minority—may also be totipotent and able to form
cells of other tissue types [2]. Most stem cells are quite heter-
ogeneous in their proliferative and self-generative capacity. [
suspect of particular relevance to workers on tissue stem cells is
the fact that some cells with & claim to the term “stem cells™ do
not possess the complete properties of a stem cell. Some hema-
topoietic cells may have substantial self-generative capacity but
no longer be multipotential. More numerous are lineage-com-
mitted hematopoietic cells with considerable clonogenic (pro-
liferative) capacity but no capacity for self-generation. Finally,

there are some mature cells with a guite surprising proliferative
(self-penerative™) capacity. Cells of all the above types are
likely to be encountered in stodies on tissue stem cells and,
because the various cells are likely to be related ancestrally, they
need to be fitted into some sort of family tree.

| THE HEMATOPOIETIC FAMILY TREE

A typical family tree dingram for hematopoietic cells is shown
in Figure 1. The nudiments of this family tree date back at least
as far as Pappenheim and Maximovy in the early 207 century. At
that time it was puesswork based largely on an extrapolation
between two more or less secure reference points—at one end,
a likely common origin of hematopoietic precursors and endo-
thelial cells and. at the other end, the guite evident orderly
morphological progression in various lineages of blast cells
through to mature end cells.

What the family tree in Figure | implies is that continuous
cell formation cocurs with individual stem cells being both
self-generating and penerating more mature progeny. The model
further proposes that a succession of precursor cells exists with
cell-generating capacity but a progressively lesser capacity for
self-generation. Finally, a series of immevocably lineage-commil-
ted cells is generated that ultimately loses all proliferative ca-
pacity as it progressively matures.

Some major reservations should be raized about the reality
of thiz proposed sequence. Meed multipotential stem cells be
continually involved in hematopoiesis? These cells are agreed to
be nondividing or very slowly dividing. How good is the evi-
dence excluding the possibility that more mature progeny are
perfectly capable of sustaining hematopoiesis in normal life
with stem cells perhaps only becoming activated in extreme
emergency? Furthermore, with much of the current interest in
the possible plasticity of commitment. how secure are the dog-

Comespondence: Donald Metcalf, M.D., The Walter and Eliza Hall Institute of Medical Research, 16 Royal Parade, Parkville, Victoria 3050,
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Mesenchymal stem cell-mediasted tisue regeneration is 2 promising approach for regenerative medidne for 2 wide range of
appliations. Here we report a new population of stem cdls iso ated from the root apical papilla of human teeth (SCAP, stem
cells from apical papillal. Using a minipig model. we transplanted both human SCAP and pericdontal ligament stem alis
{PDLSCs) to generste a root/pericdontal complex capable of supporting a poraelain crown, resulting in normal tooth function.
This work integrates a stem ool -medisted tisue regeneration strategy . engineered materials for structune, snd asrent dental
orown technologies. This hybridized tissue engineering approach led to recovery of tooth strength and appearana.
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INTRODUCTION

Regeneration of a fimdional and bwing tooth is one of the most
promising therapemic sraegies for the replacement of a dissased
or damaged wooth [1-3] Recent advances in denmal stern ool
hinechnology and cdlmediated murine moth regeneraton have
enconr aged researchers i explore the poemial for regenerating
living teeth with approgeriase fonctonal propenties [#-6]. Murine
eeth can he regemerated mming many differemns sem cell w
collahnratvely form dental groctores i s [4,57]. In additon,
denitin fpulp tevne and cemenmmperiodonial complex have heen
regemerated by homan denml pulp stem el (DPSCs) and
perindomml Ggament asem cells (POLSCS), regeaivdy, when
mansplanied nin immmanocomromessd mice [B9]. Howeser,
owing in the complexity of human tooth growth and development,
the regereration of a whole moth strocmore induding enamel,
dentinfpuolp complex, and perindonml thenes s 2 fonctonal
engity in homars oot possible gheen asvadlahle regenerative
hintec hmologies.

The spatially and emporally organized microemdronment of
the woth huod and @s sorromding tseees permits grosth and
develogament of the crown and ros, resaling in firmaton and
erapicn of the wooth [10]. Rom deelopment imahes dentin
for mation, cemeniom generaton, metracton of epitheliom, and
wnoth sapion. From a dimical perspectve, the most impaonant
pant of the onoth & the mom which suppons for a (namral or
amificial] crowm. The crown alone camned folfll nommal wooth
forcoon withom a2 wviahle root In conmast, the wide we of
symthedic crowns o replace 2 damaged matural cromms has heen
widely applied in denml clinis with exellem dherapemic
ornromees [117-

Abhough denmal implams therapies haswe achieved kngdsm
success in the dinic for the reonsery of tooth funaion, the denml
implant rajuire pre-enging high-qualine bome strocmnes  for
supponting the implants [12,15]. Reconstooion of seeth in
patiens withom adeqouate hone suppon would he 2 major
advance. Sem call-mediated root regeneration o fers oppor tonites
o regererale 2 hicroot and is associaed petiodonml dmaes,
which are necesary for mainainng the phwioloagical fonoton of

_:I@_ Flos OME | woawplomneong

testh The pupose of this smdy & 0 explore the potental for
recomsruaing & fonctonal moth in miniamre pgs (MnEpEgs),
which a hioeroot periodomal complex & bt ap by prenatal sem
cells induding stem cells from root apical papilla (SCAF) and
FOIE0s 1o which an anmificial porcelain cromn s affived. This
hyhrid araegy of amolagome dental stem cell enginsering may he
applicahle to homan tooth regeneration. Forthemore, fimaional
tooth resoraton in oswine may shed bght on homan oot
regeneration in the fotare hecame of the close similarits henwem
swine and homan dental tisoes [14,15].

RESULTS

Isolation and transplantation of SCAP

The mechaniam of the conmibmion of gem progenitors 10 o0
formation remains o he duadated. Here, we found that boman
root apical papilla tse on the exerior of the rom foramen area
demnmearaed positwe saining fr messnchmal sem cell surfacoe
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Mesenchymal stem cell perspective: cell biology to clinical
progress

Mark F. Pittenger (3 ®, Dennis E. Discher”, Bruno M. Péault™™, Donald G. Phinney (57, Joghua M. Hare® and Amold 1. Caplan”

The tenms MSC and M5Cs have become the preferred acronym i describe a ool and a cell population of multipotential stemy
progenitor calls commaonly referred to a5 mesenchymal stem calls, multipotential stromal cells, mesenchymal stromal cells, and
mesen chymal progenitor calls. The M5Cs can differentiate to important lineages under defined conditions in vitro and in limited
situations after implantation in vivo, M50 were solated and described abowt 30 years ago and now thene ane over 55000
jpublications on MSCs readily available. Here, we have focused on human MSCs whenever possible The MSCs have broad anti-
inflammatory and immune-mod ulstory prop erties. At present, these provide the greatest foous of hwuman M5Cs in dimical testing;
I, the propenties of oultuned MSCS in vitho suggest they can have broader applications. The medical utility of MSCs continwes
1o be investigated in over 950 dinical trials. There has been muech progress in understanding M3Cs over the years, and there is a
stnom g fowndation for fuune scentific reseanch and dinical applications, but also some important questions remain 1o be anmwened.
Developing further methods to understand and wnlock M5C potential throwgh intraceliular and interceliular signaling, biomedical
engineering, deliveny methods and patient soection should all provide substantial advanoements in the coming years and gheater
clinical opportunities. The expansive and growing fiedd of MSC research is teaching us basic human ool biology as well a5 how 1o

use this type of cell for cellular therapy ina vaniety of dinical settings, and while musch promise is evident, careful new work is still
meedad.

mpj Regenerarive Meadicine (2019122 ; hitpsy/d olorg/ 101038541 536-01 9-0085-6

INTRODUCTION

MSCs have become widely studied over the past =30 years for
ther interesting cell biol ooy, bioad-ramging dinical potential, and
as a central building blodk in the rapidly growing field of tissue
i meering. MYCs grow readily in the culture dish, have intringic
differen tiation potentials not found previousy in other calls, and
produce an abundance of weful growth factors and cytokines.
The iolation of MSCs from variows fswes and their e
implantation at other sites raises questions abowt the natwral
im vivo MSCs and their ability to normally repain endog enows
tisswes, a process that dearly diminishes with age. Mesenchymal
el replacement i the large numbers needed to teat significant
tisswe injury requires engrafiment, struchural organization amnd
cellular differentiation—a complex process that has made mudch
[prosgress but remains unperfecied. Friedenstein was first to cultune
bome-forming cells from guinea pig and Owen re-energized this
inquiry by expanding such work to rats’® The isolation and
cultune expansan of human bone mamow MSCs vwere reported in
1992 ¥ and their infusion into patients was bagun as eady as 19493
a5 reported in 19957 Ower the past 25 years the infusion
procedures have axhibited an excdlent safety profie so muwdh
50 that there are now over 350 registered ML dinical trials lisved
with the FDA. There have been over 10,000 patients treated in a
contrdled climical of which 188 early trials (phase 1 or
phase 2) have been completed and ten swdies have advanced 1o
phase 3 Mesent hymal stem calls search at www clinmicaltrials.g ov
and Ivitps:foell wia ls org\public-cells-data/ms c-trials2011-2018/65).

Worldwide, for the years 2011—-2018 there were 1043 MAC trials
planmed with a targeted enroliment of 47,548 patients |Mesench-
ymal stem cells search at wwwclinicaltrialogov and  hipsay
calitrialeorg/ipublic-cells-data/msc-trial 5201 1-2018/65).  For  com-
parison, bone marrow  and hematopoietic stem el HSO)
transplantations have been practiced simce 1957, and throwgh
1583, the first 25 yeas, about 5000 patents were treated ®

The mast oommon and utilized adult source tiswes for
human M5Cs are bone marow™” and the adipose tiswe stromal
vascular fraction™ and these sources form the foundation for
most of the data im this field (Fig. 13). These are hareestable
Isman tisswes that are thowght to be renewable [bone manmow] or
unwanted (adipose]l There are abo two young “adult™ tissees,
umbilical cord tissse™ and placenta,™ " that are excellent sowrces
of human M5Cs, and these tiswes are normal by disc arded at birth.
The decision to we sutologous MACs from bone mamow of
adiposs, of an allegensic source tissue 10 Bolate MSCS i a
fundamental dinical decision, but both have shown success
producing large numbears of M3C2™® For example a target dose of
100150 million human M5Cs can be produced from 25 ml of
Iree: manrow by cell culturing in about 3 weeks and this mumber
of packed cells has a volumea of about 04—0.5mL™ There are sl
surprisingly fews animal researnch reports or clinical studies that use
autoloegows MSCs and most studies we allogeneic MSCs. In
humans, there is also a recognized drop-off with age in the
mumber of isolatable MSCs found in bone manow, sugpesting a
wvery different set of circumstances in the aging popul ation with
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Concise Reviews: Characteristics and Potential
Applications of Human Dental Tissue-Derived

Mesenchymal Stem Cells

Jumnun Liw,® Fams Yo" Yao Sun® Beouan Jiawe,” Wewun Zuanc,® Jiansus Yanc

Guo-Tone ¥u,” Aan Liane,” SHancrens Lin™

Key Words Mesenchymal stem cells = Dental stem cells = Tissue regeneration =
Immunomod ulation = Cell-based therapy = Dental stem cell banks

Recently, numerous types of human dental tssue-derived mesenchymal stem cells [M5Cs) have
been jsmlated and characterizd, including dental pulp stem cells stem cells from exfoliated
deciduous teeth, periodontal ligament stem cells, dental follicle progenitor cells, alveolar bone-
derived M5Cs, stem cells from apical papilla, tooth germ progenitor cells, and ginghval MSCs All
these MSC-like cells exhibit selfrenewal, multilineage differentiation potential, and immunomo-
dulatory properties. Several studies have demonstrated the potentlal advantages of dental stem
cell-based approaches for regenerative treatments and immunotheraples. This review outlines
the properties of various dental M5C-like populatons and the progress toward their use in
regenerative therapy. Several dental stem cell banlks worldwide are also introduced, with a
wiew toward future clinical application. STEM CELLS 201533627638

INTRODLCTION

Mesenchymal stem cdls (MSCs) are  spindle-
shaped cels with the poential for donogenic
proliferation. MSC: were initially reported as
fibroblast-like cells that could be bolated from
bone marrow via their adherence to plastic in
culture and subsequently confirmed as a popula-
tion (the colony-forming wnit-fibroblast) of bone-
mamow-denved nonhematopoletic calls [1]

M35Cs can differentiate into all mesodermal
limeages, which prompted the |nvestigation
into the rode of MSCs in mediating tisswe
regeneration [2]. The capacity for the differen-
tiation of M3Cs into mesodermal [3], ectoder-
mal [4], and endodermal [5] cell lineages has
since been fully characterized and forms the
basts for most cument work on bone mariow-
derved M35Cs [BMMSCs). In 2008, the Intema-
tional Socety for Cellular Therapy (I5CT) [8]
proposed the minimal charactenzation criteria
for human MSCs, including thedr propensity for
adherence to plastic when maintained wnder
standard culture conditions and ther ability to
differentiate into osteoblasts, adipocytes, and
chondroblasts in witro. In addition, most
(>95%) MSCs positively express CD105 (endo-
gin), CO73 [ecto-5-nudeoctidase], and COS0
(Thyl) while negatively espressing (<2%)
CD45, CD34, CO14 or CD11b, COT9: or CD19,
and HLA-DR [6].

STEM CELLS 2015:33:627-638 www.StemCells.com

Simce the disoovery and charactenization of
BMMSCs, MSClike populations from other tis-
sues have been characterized based on the
standand criteria established for BMMSCs [1-3,
6, 7). In addition to bome mamow, MSC popu-
lations can be readily obtained from skeletal
muscle [8] and a variety of other tiswes, such
as umbilical cord blood [9), synovium [10], the
liver [11], adipose tissue [12], the lungs [13],
amniotic fluid [14], tendons [15, placenta
[16], skim [1F], amd breast milk [18].

The search for MSC-like cells in specific tis-
sues led to the dismvery of a distinctive popu-
lation of MSC: from a vanety of human dental
tissues during previows decades To date, eight
unigue popuations of dental tsve-denved
M5Cs have been iolated and characten zd.
Postnatal dental pulp stem cels [DPSCs) were
the first human dental M5Cs to be identified
from pulp tissue [19). Gradually, other dental
MSCike populations, such as stem cdls from
human exfolisted deciduows teeth [SHED) [20],
penodontal ligament stem cells [PDLSCs) [21),
dental follicle progenitor cells [DFPCs) [22],
aleolar bone-derived MSCs [ABMSCs) [23),
stem cells from apical papilla (SCAF) [2], tooth
perm progenitor cells [TGPCs) [25] and ginghal
MSCs (GMSCs) [26], were also reported (Fig. 1)

Preliminary data suggest that these dental
tisuederived MSCs not only display self-
remewal and multidifferentiation potential but
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Mesenchymal stem cells (M5 Cs) have been studied asa promising tepeof stem cell for usein cell therapies bacawse of ther abdity to
regulate the immune response. Although they are chssically molated from the bone marmw, many studies have sought 1o solate
MSCs from nominvasive sounces. The objective of this study was to evaluate how MSCs salatal from the dental pulp of human
efalinted deciduos teah [SHED) and frrgments of the orbicularis oris muscle (OMDSCs) behave when trested with an
inflammatory [BN-y stimulus, spedfically regarding their proliferative, osteogenic, and immunemesdubitory potentizle The
results demonstied that the pralifestion of SHED and OODMISCs was inhibited by the addition of [FN-y to their culture
meditm and that trestment with [FN-y 2t higher concentrations resulted in a greater inhibition of the proliferstion of these cells
than treatment with [EN-y at kewer concentrations. SHED and OOMDSC s maintained their aeteogenic differentiation portential
afier stimuldtion with [FN-p. Additionally, SHED and OOMDECs have been shown to have kow immunogenicity because they
bk expresion of HLA-DR and costimubtory maemles such as CO40, COSD, and CDES before and after [FN-y treatment.
Last, SHED amed OO DECs expresal the immuneregubiory malecule HLA-G, and the expression of this antigen increased
afier [FN-y trestment. [n particular, an increase in intrecelldar HLA-G expresion was observal. The resuhts oltained sugget
that SHEDY and OOMDSCs ek immunogenicity and have immunomodubstory properties that are enhanced when they
undergo inflammetory stimuation with [FN-y, which opens new perspectives for the ther peutic use of these cells

L. Introeduction

Mesenchymal stem cells [MSCs) are multipotent cells that
have the ability to differentiate into mesodermal cell lineages,
including chondroblasts, ostechlasts, and adipocytes (1, 2).
In addition, three basic characterigtics must be presnt to
dassify a mlture of cells isolated from neonatal or adult tis-
sues as a culture of MSCs [3). First, MSCs are able to adhere
to the plastic of the cell culture flasks. Furthermore, at least
95% af an solated and caltured cell population must express
mesenchymal antigens (such as CD2%, CDd4, CO73, CI¥0,
and CD105) and should nmot express hematopoietic or
immune cell markers (such as CD 4, CD1%, and CD34) or

endothelial cell markers (such as CD31). Fimally, M5Cs
should be able to differentiate imto asteoblasts, chond rocytes,
and adipocytes in vitm under specific aulture conditions [3).

Although they are more commonly isolated from the
bone marmw and adipose tissue of donors, recent studies
have demaonstrated that MSCs can also be obtained from sev-
eral other tissue types [4, 5] and that the cells from disting
tissues present considerable differences in their pmlifefaﬁ'.re
abilities and differentiation potentials [6). For example, it
has been suggested that MSCs obtained from neonatal tissues
are mare proliferative, have a higher differentiation potential,
and can be maintained in culture for longer perinds (befone
reaching cell senescence) than M3Cs isolated from the bone
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Stem cells from human exfoliated deciduous teeth (SHED) enhance
wound healing and the possibility of novel cell therapy

YUDAI MISHING!, YOICHI YAMADA?, KATSUMI EBISAWAZ, SAYAKA NAEKAMURA®,
KAZUTO OKARE', ERI UMEMURA', KENJI HARA' & MINORU UEDA!

| Deparement of Oral and Max@lofacial Surgery, Nagova Unfversity Graduste School of Medicine, Nagova, Fpan,
Semter for Genetic and Repmerative Medicing, Nagmva University School of Medicing, Nagoya, Tapan, and
*Deppriment of Mastic and Reconstructioe Surgery, Nagova Ussiversity Graduate School of Medicine, Nagres, Faban

Abstract

Backproumd aimer. In recent years, stem cells fom human exfolisted dedduous teeth (SHEL) hane meosived sttention os o
mavel stem cell source with mulbpotent potental. We cxnmined the effect on wound-heoling promotion with unique stem
cells from decidoous teeth os 0 medical waste. Methods. An excisional wound-splinting mouse mode] was used ond the
effect of wound benling among SHED, buman mesenchymal stromal cells (hMSCs), omman fikcoblosts (hFibeo) and o
contral (phosphate-buffered saline; PES) was evalusted by macroscopy, histology and enoyme-linked immunosorbent mssay
(ELISA}, and the expression of hyaluronan (HA), which is melated to wound healing, imvestigated. Ferdtr, SHED and
hMSCs acoclernted wound healing compared with hFibro and the contrel. There was @ stotistcally significant difference
in wound henling area smong hfftboo, BMSCs and SHED compared with the contrel after day 5. At doys 7 and 14 after
cell ransplantation, the histologic chserwmton showed thet tansplamted PEH26-positive cells were surrounded by homan
HA binding protein, especiolly in hMSCs and SHED. HA expression wolume values were 155841 * 60.33 (controd),
9175 % 421.56 (hFibeo), 2342.07 £ 188,10 (hMECs) and 2314.85 = 164.91 (3HEDY) ngfmg, respectively, and signifi-
cantly higher in hBMSCs and SHED compared with hFibro end control ot days 7 and 14 (P <2 0.05). Condmions. Our
resulis show that SHED hMSCs hawe simmiler effects of wound-healing promotion os hFibeo and controls. This implies that
SHED might offer @ umicuee stem cell resournce and the possibility of novel cell therapies for wound henfing in the fonire.

Key Words: call therapy, human meremcinomal stroweal cellr, frpaluromic acid, stem cally from omam eqoliated decidume teerh,
encurd healing

Introduction effects (4-6). Fibroblast injections sre based on the

An intractable wound such as a chronic wound
CEUses 3 patient great siress and trestment is very
difficult (1,2). Until now, such 8 wound hss been
meated by using surgical operstions and medical
regtments. But there are various problems, such as
imperfect wound healing and scaring. They have also
not resukted in dramatic changes in wound closure or
outcome (3). Accordingly, establishment of a treat-
ment is essential. Mow various examinations as the
reatment method of the wound such as the dewvel-
opment of the cintment trestment, artficial skin,
and skin substitute, are done. Therefore cell therapy
toward promotion of wound hesling and scar-less
reatment has been paid to amention. Several lines of
evidence have reported that fibroblasts and mesen-
chymal stromal cells (M5Cs), applied to accelerate
wound healing, have differentiation and paracrine

hypothesis that autologous fibroblasts are capable of
producing collagens for ongoing improvement with-
out immune or allergic reactions. But clinical reports
have recommended repeated imjections in order to
continue longer rhytide correction, and the results
are less than optimal (7). Fibroblast injections can
reportedly incresse inflammation and scar formation
(7-10). On the other hand, MSCs are referred to
as stromal progenitor, self-renewing and expandable
stem cells and are sble to differentizte into osteo-
blasts, adipocytes, chondrocytes, etc. {11). However,
bone marrow sspiration is an invasive procedure for
the donor. In addition, the number, proliferation
and differentiation potential of MS5Cs declines with
increasing ame (12). In 8 recent study, dental pulp
contained a population of multipatent stem cells with
the capacity to differentiate into several different cells
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Three Years After Transplants in Human Mandibles,
Histological and In-Line Holotomography Revealed That
Stem Cells Regenerated a Compact Rather Than a Spongy
Bone: Biological and Clinical Implications

ALESSAMDRA GIULAaNL ™ ADRiaN Manescy,™” Max Lancer, " Franco RusTicHELL,®
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ABSTRACT

Mesenchymal stem cells deriving from dental pulp differentiate into ostecblasts capable of produc-
ing bone. In previous studies, we extensively demonstrated that, when seeded on collagen | scaf-
fiolds, these cells can be conveniently used for the repair of human mandible defects. Here, we assess
the stability and quality of the regenerated bone and vessel network 3 years after the grafting
intervention, with conventional procedures and in-line holotomography, an advanced phase-imag-
ing method using synchrotron radiation that offers improved sensitivity toward low-absorbing
structures, We found that the regenerated tissue from the graft sites was composed of a fully
compact bone with a higher matrix density than contrel human alveolar spongy bone from the same
patient. Thus, the regenerated bone, being entirely compact, is completely different from normal
alveolar bone. Although the bone regenerated at the graft sites is not of the proper type found in the
mandible, it does seem to have a positive dinical impact. In fact, it creates steadier mandibles, may
well increase implant stability, and, additionally, may improve resistance to mechanical, physical,
chemical, and pharmacological agents. 5TEM CELLS TRANSLATIONAL MEDICINE 201 3:2:

J16-324

INTRODUCTION

Dental pulp stem cells [DPSCs) are masenchymal
stem cells embryologically derived from both
neural crest and mesenchyme, like many other
stem cells of the oro-maxillo-facial (OMF) body
area, including dental follicle cells [1-5]. Thesa
cells display a variety of characteristics and dif-
ferentiation potentials. In our previous studies,
we demonstrated that DPFSCs isolated from den-
tal pulp coexpress CO34 and CO117, proliferate
extensively, have a long lifespan, and maintain
their multipotency for many generations [3,
&-4). In addition, DPSCs are capable of differen-
tiating into adipooytas, chondrooytes, and myo-
cytes when cultured in adipo-chondro-myogenic
madia and into osteoblasts and bone when cul
tured in standard medium supplemented with
20% fetal bovine serum but no specific ostec-
genic morphogans and are capable of forming a
complete and wellvascularized lamellar bone af-
ter grafting in immunosuppressed rats [1, 3]. The
guality and guantity of the regenerated bone
formed from DPFSCs were demonstrated both in

vitro and invivo in experiments using stem calls
and biomaterials [1, 3, 9-11].

Bone repair and regeneration are of major
interest not onky for the OBF area but also for
the body in general. Bone boss is caused by many
{congenital and degenerative) diseases, trau-
mas, and surgical procedures; it leads to prob-
lems in functionality and is having an ever-in-
creasing social impact, especially for the elderly.
Thus, dental pulpis aninteresting and potentialky
important source of ready-for-use autologous
stem/progenitor cells for therapies aimed at the
repair/regeneration of bone defects.

In cur clinical studies on OMF bone repair,
wa used a biocomplex made of up DP5Cs seeded
onto an equine collagen based sponge scaffold.
The enrolled patients had significant bone loss
[alveolar loss of more than 7 mm in height, with-
outwalls) caused by extraction of their third mo-
lars. 5 months from the intervention, we found
that DPSCs were responsible for optimal vertical
repair of the damage area and completaly re-
stored the periodontal tissue up to the second
malars; regenarated bonewas still evident 1year
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is propedy dted

Periadontal disease [PIN) is one of the main causes of tooth los and is relaied to oxidative stress and chromic inflammation.
Although different trestments have been proposed in the past, the vast majority do not regenerate bost fissues. In this sense, the
use of dental pulp mesenchymal stem cells [DPMSCs) seems to be an alternative for the regenention of periodontal bone tiswe.
A quasi-experimental study was conducted in 2 smple of 22 adults bawesn 55 and 6 years of age with PD, without
uncantralled sstemic chronic diseases Two groaps were formed randomly: (i) experimental group (BGY r=11, with a
treatment based on DPMSCs; and 2 (i) contrml group (CG) m=11 withet a2 testment of DPMSCs Every participant
underwent clinical and rdiological evalustions amd mexsurement of bone minera] density (BMD) by tomography. Saliva
samples were taken 2 well, © determine the toal concentration of antiosdants, supematide dismutase (SOD), lipopernaides,
and interleukins (IL), baore and & months afer trestment. All subjects underwent curettage and periodomtal surgery, the EG
had 2 collsgen scaffold trestel with DPMSCs, while the OG only had the collagen scaffald placed. The BG with DPMSCs
showed an increase in the BMD of the alveslr bone with 2 bardedine statistical significance (baseline 638.82 £ 181.7 w.
pestireatment 78126 £ 1622 HU, p=0.09). Regarding axidative stress and inflammation markers, salivary 500 levels were
significantly higher in EG (basdine 149£0.9%6 va 2144 1121U/L postirestment, p< 0.05) meanwhile [L1F levels had a
decrease (buseline 10019146755 v posttrestment 72234 M9.4pgml p<0.05). Our findings suggest that a DPMSCs
treatment based on DPMSCs has both an effect on bone regeneration linked to an increassed SO0 and decreased levels of L1
in aging subjects with PI3.

L. Int roduct ion

Perindontal disease (PD) is an infectious and inflammatory
alteration that affects the supporting tisues of the teeth
and, when treatment is not appropriate or adequate, it can
cause the loss of these [1). PD presents an immune and
anti-i.nﬂam:rnt-nr:.r response caused by antigenic substances
from bacteria in the subgingival biofilmy however, the exacer-
bated host response is ineffective, and therefore chronic
inflammation i maimtained [2].

During the acute phase of P, the presence of hacteria,
and espedally the lipopalysaccharides in your cell wall,
attracts macrophages, keukocytes, and neutrophils to the area
of infection. The latter contain enzymes suchas MADPH oud-
dase and myeloperocidase to produce reactive oxygen species
(ROS) that help fight pathogens [3, 4].

Under nomal conditions, antioxidant mechanisms pro-
tect tissues from damage by ROS secreted by neutraphils
However, if the body's antioxidant capacity is insufficient,
ocidative stress (OxS) ocous, whichis an imbalance between
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