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Summary

Introduccidn: las células madre han demostrado su potencial para su uso en odontologia
regenerativa y terapéutica. Se clasifican en diferentes grupos en funcién de sus caracteristicas

y su origen. En este trabajo se incluyen las mas relevantes para la odontologia.

Objetivo: El objetivo principal fue identificar y discutir diferentes aplicaciones de las células
madre en la investigacién y el uso clinico, mientras que el objetivo secundario fue analizar los

usos futuros potenciales de las células madre.

Metodologia: se utilizaron las bibliotecas en linea de Cochrane, Medline Complete y Dulce
Chacdn para obtener revisiones, ensayos clinicos y articulos que trabajaron con criterios de

exclusién y que ayudaron a lograr los objetivos propuestos.

Discusion: se han recopilado y revisado una serie de ensayos clinicos y preclinicos para evaluar
el efecto que sus resultados podrian tener en el trabajo en el mundo real. Las areas de la
odontologia analizadas fueron la regeneraciéon del tejido periodontal, la endodoncia
regenerativa y la disfuncién de las glandulas salivales, y se analizaron los ensayos clinicos de
terapias con células madre relevantes para evaluar la importancia de los resultados y si tienen
potencial para convertirse en tratamientos habituales. La mayoria de los ensayos mostraron
aplicaciones exitosas de células madre, pero sufrieron por tener tamafios de muestra
pequeiios que se estudiaron durante periodos de seguimiento cortos. Los posibles desarrollos
futuros fueron la regeneracién dental completa, la ingenieria de la raiz bioldgica, las células
madre derivadas no orofaciales para su uso en odontologia y el tratamiento de

inmunomodulacion para afecciones inflamatorias.



Conclusion: La investigacion y la utilidad de las células madre estan en desarollo todavia y, por
lo tanto, muchos de los ensayos deben limitarse a pequefios estudios preclinicos y clinicos. Sin
embargo, muchos de los ensayos realizados muestran resultados prometedores en la mejora
de los resultados de ciertos tratamientos, destacando el gran papel que podrian desempenar

las células madre en el futuro de la odontologia.

Abstract

Introduction: stem cells have demonstrated their potential for use in regenerative and
therapeutic dentistry. They have been classified into different groups based on their
characteristics and their origin and those most relevant to dentistry have been included in this

work.

Objective: the primary objective was to identify and discuss different applications of stem cells
in research and clinical use, whilst the secondary objective was to analyse potential future

uses for stem cells in the field of dentistry.

Methodology: the online libraries of Cochrane, Medline Complete and Dulce Chacdn were
used to source reviews, clinical trials and articles that worked within the exclusion criteria and

that helped to accomplish the objectives.

Discussion: a number of pre-clinical and clinical trials have been collated and reviewed to
assess what effect their results could have on real world working. The areas of dentistry looked
at were periodontal tissue regeneration, regenerative endodontics and salivary gland
dysfunction and clinical trials of relevant stem cell therapies, which were analysed to evaluate
how significant the results were and if they have potential to become common treatments.

Most of the trials showed successful applications of stem cells but they suffered from having



small sample sizes that were studied over short follow up periods. The potential future
developments were complete tooth regeneration, bio-root engineering, non-orofacial derived

stem cells for use in dentistry and immunomodulation treatment for inflammatory conditions

Conclusion: Stem cell research and utility is in its infancy and therefore many of the trials must
be limited to small pre-clinical and clinical studies. However, many of the trials carried out
show promising results in improving the outcomes of certain treatments, highlighting a

significant role stem cells could play in the future of dentistry.



Index

1. INEFOQUCTION ...ttt e e b s st sbe s s ene s 1
2. OB ECEIVE. ettt et e e b e e e e n et ehe s e s e 9
3. MEthOAOIOZY .. cueeieeie ittt ettt sttt e s e b e e st e e bt s 10
B, DISCUSSION...cuiitirteetieiee et see st ettt e e et st sresae et ees et e see sreeaeeeees e es et se sresmeeseensennensn 10
4.1 Periodontal Tissue ReGEeNeration..........coeureveeenineieeinece sttt s 11
4.2 Regenerative ENdOdONTiCS.....ccoviueiirineienieiiciire et s e e 17
4.3 Salivary Gland DYSTUNCLION.....ccviveeieee ettt ettt st sre e ae s sressvaesssabeseaes 21
4.4 Potential future DevVelopPMENTS.......cccoeceriiiieiirece s e 24
4.5 Complete Tooth REEENErAtioN.....ccoucviereicrie e e e 25
4.6 Bio-ROOt ENGINEEIING.....ciiiiiieiiicieiteite e s s s s s 26
4.7 Non-Orofacial Derived Stem Cells for use in Dentistry........ccceeevevrcinenennnennes 26
4.8 Immunomodulation Treatment for Inflammatory Conditions.........c.cccceruueeee. 27
5. CONCIUSION ..ttt st st et e s e b et e b st bbb et st eaeseeeas 27
6. RESPONSIDIITY . ..evieeieteeee et st e s s e s e 29
7. BIDHOZIaPNY .ottt st e e 30

TR LY 01 o= = R 37



1. Introduction

Stem cells are recognised in the medical world as having great potential for advancing
reparative and regenerative therapeutic treatments. These unique cells have the ability of
self-renewal and differentiation, meaning they can become cells from many different lineages
(1). They are classified according to the variety of different cells into which they can
differentiate and are as follows: embryonic stem cells, adult stem cells (further broken down

into hematopoietic and mesenchymal stem cells) and induced pluripotent stem cells (2).

- Embryonic stem cells (ESCs) are pluripotent, being able to differentiate in vitro into
every somatic cell lineage as well as all germ cells and therefore have great therapeutic
potential (2). However, harvesting of these cells can only be done from a fertilised
embryo and therefore their use is limited by laws and ethical concerns.

- Mesenchymal stem cells (MSCs) are multipotent and can be harvested from bone
marrow, skin, oral and maxillofacial areas, and adipose tissue. Their potential for
differentiation is more limited than pluripotent cells’. The cell types they can become
are dictated by the cell type from which they originate. For instance, blood stem cells
(example of hematopoietic adult stem cells) can become many different blood cell
types but cannot become bone cells (3). A great advantage of their use is that they are
not rejected by immune systems and can be used autologously (1).

- Hematopoietic stem cells (HSCs) are classified as being able to form blood and can
differentiate into: red blood cells, white blood cells and platelets (4). There exist two
types of HSCs; long term and short term repopulating cells. The former maintain self-

renewal capabilities for the entirety of their life cycle and the latter has partial self-



renewal (5,6). Sources of HSCs include bone marrow, peripheral blood cells and
umbilical cord blood (4).

- Induced pluripotent stem cells (iPSCs), as the name suggests, share the embryonic
stem cells ability to become many different cell types but are not constrained by the
same ethical and legal restrictions. This new development involves artificially

modifying adult stem cells into an embryonic-like form (7).

The classification of MSC is the one most used and therefore most important to dentistry.
MSCs are further categorised into groups based on their source, that is to say, the part of the

body they are harvested from (as can be seen in figure 1).
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Figure 1. Categorisation of stem cells (14)



Stem Cells used in Dentistry

MSCs

In 2006 the International Society for Cellular Therapy (ISCT) established a minimum of three
criteria for defining MSCs. Firstly, they must be able to adhere to plastic in standard culture
conditions. Secondly, they need to present certain surface molecules: CD73, CD90 and CD105
whilst at the same time lacking the molecules: HLA-DR, CD79alpha, CD19, CD34, CD45, CD14
or CD11b. Thirdly, they require the ability to differentiate into osteoblasts, adipocytes and
chondroblasts in vitro (8). Many MSCs used clinically today are derived from oromaxillofacial

tissues (examples of which can be seen in figure 2).
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Figure 2. Visual depiction of stem cell sources (46)

(a) Bone Marrow-Derived Stem Cells (BMSCs)

Bone marrow contains two types of adult stem cells: HSCs and MSCs (9). This makes BMSCs
very useful for regenerative treatments since the HSCs can become cells from blood cell lines
and whilst MSCs, as previously mentioned, can become osteoblasts, adipocytes and

chondroblasts, thus making them a useful source of multipotent stem cells. The varying cell



characteristics mean these stem cells can develop into bone, cartilage, tendon, muscle,
adipose tissue and neuronal tissue (10,11). BMSCs are currently being used in a range of
clinical applications as they help promote new bone growth, owing to their ability to develop
into osteoblasts and form new areas of vascularisation (12). Most common delivery forms are
to inject suspensions of single cell BMSCs into a site for regeneration or adding them to
scaffolds or hydrogels for use in mandibular bone graft treatments (13). They have been
shown to have some phenotypic variance between donors, which can make their efficacy and
use somewhat unpredictable. BMSCs used in dentistry are typically harvested from two

locations: orofacial bones and the iliac crest.

Bone marrow aspirate from the iliac crest yields some of the most commonly used BMSCs in
dental regenerative treatments (14). They present great potential for differentiation into
myogenic, osteogenic, chondrogenic, adipogenic and nonmesenchymal neurogenic cell lines.
One main disadvantage of stem cells derived from the ilium is that it requires an invasive
surgical treatment to harvest them. Another downside is that characteristics such as age and
gender of the donor has some slight effects on outcome of use, with some studies reporting
a decrease in chondrogenic differentiation potential for iliac crest BMSCs from older male
populations when compared to female populations. Increasing age affects the viability,
multilineage proliferation potentials, expression kinetics and immunoregulation. The age of
the patient receiving the treatment, however, does not influence its regenerative capacity

(15,16).

Orofacial bones can also serve as a source for BMSCs. Dental treatments such as: implants,

surgical extractions of impacted teeth, enucleation of cysts and orthognathic surgery provide



opportunities to collect BMSCs from both the maxilla and the mandible (17). These cells can
be extracted from donors of all ages, however, their gene expression can be affected by age
(18). According to studies, orofacial bone marrow stem cells (OBMSC) produce better results
than iliac crest stem cells when they are used for grafts in craniofacial areas, producing larger
qguantities of bone. A study in 1990 compared outcomes of bone grafts to bridge alveolar cleft
defects using the ribs as a source versus bone from the mandibular symphysis. The group that
received the rib graft showed higher levels of bone resorption and more complications such
as wound dehiscence. This could be due to the embryological origins of facial bones compared
to the ilium; the maxilla and mandible grow from the neural crest cells during embryo
development whereas the iliac crest bone comes from the mesoderm (19). A 2004 study
looked at how the biological features of BMSCs change depending on where in the body they
came from by comparing alveolar bone with iliac crest bone. The results found that whilst the
alveolar stem cells had great osteogenic potential, they presented worse chondrogenic and
adipogenic potential when compared to iliac crest cells. This can mean less fat production
while the bone is healing which is beneficial for regeneration (20). The main downside to
OBMSCs is that extracting the marrow from craniofacial bones produces far less volume than

from the iliac crest (21).

(b) Stem Cells from Human Exfoliated Deciduous Teeth (SHED)

SHED were first isolated from the dental pulp of exfoliated primary teeth in 2003 (22). They
represent an excellent source of postnatal stem cells. For instance, they are readily available
and easily acquired as part of a natural process, not requiring any form of additional treatment

to source them. Their accessibility is such that even carious primary teeth can have their stem



cells isolated (23). Furthermore, ethical and legal issues surrounding SHED are few, owing to
the fact they are easily attained without the risk of harm to the donor, which results in them
being very useful in the field of research and development. SHED are considered multipotent
and have the ability to become adipocytes, endothelial cells, neurons, osteoblasts and can
self-renew, making them similar to BMSCs and they therefore can be used in many
regenerative procedures. Moreover, SHED can excel in bone regeneration specifically, having
been shown to, in vivo, participate in osteogenesis by promoting osteogenic differentiation of
the host’s own cells (23). In 2008, experimental work revealed the potential SHED displays in
regenerating dental pulp. The researchers attached SHED as scaffold material for xenologous
teeth implants into a mouse to determine if the SHED had the capacity to specialise into

odontoblasts capable of producing tubular dentin (24).

(c) Dental Pulp Stem Cells (DPSC)

Similar to exfoliated deciduous teeth, adult dental pulp tissues also represent a bank of useful
stem cells and are the most frequently used source. First isolated in 2000, DPSCs have been
shown to be osteogenic, odontogenic, myogenic, adipogenic, neurogenic and can contribute
to pulp-dentin complex production (1,25). An advantage that DPSC share with SHED is that
they have good accessibility, with only a small surgical access being necessary to harvest the
tissue. Cryopreservation means that once extracted and isolated, the stem cells can be stored
for later use in scaffolds for example (26). Adult dental pulp is different physiologically to
deciduous pulp tissue and therefore differences between the stem cells derived from each are
to be expected. SHED, by comparison, present higher proliferation rates, cluster formation

and differentiation potential, resulting in higher levels of osteocalcin being produced as well



as greater alkaline phosphate activity when differentiating osteogenically (27). Despite this

DPSC are still a very viable and commonly used option for research and clinical use.

(d) Stem Cells from Apical Part of Papilla (SCAP)

Stem cells were first discovered in the apical tissue of teeth when, upon inspection, they were
seen to express the STRO-1 marker, with STRO being an indicator of mesenchymal stem cells.
The regenerative potential of SCAP can be demonstrated by immature teeth with necrotic
pulps still being able to complete their root development and, furthermore, root maturation
stops when no SCAP is present (28,29). SCAP is harvested following tooth extractions when
the tissue attached to the apex of the tooth is removed with tweezers. Then using collagenase
and dispase, the tissue is isolated in a single cell suspension. SCAP have strong proliferation,
migration and regeneration characteristics, being able to produce pulp-dentin complex in vivo

(30).

(e) Periodontal Ligament Stem Cells (PDLSC)

Multipotent stem cells were first found in human periodontal ligament in 2004, again,
recognised by their expression of the STRO-1 marker (31). In vitro they have adipogenic,
chondrogenic and osteogenic potential, whilst in vivo they can differentiate into different
components that make up the periodontium, such as cementum, periodontal ligament and
alveolar bone (32,33). PDLSC are obtained after a tooth extraction and can be sourced from
either the root of the extracted tooth or from the alveolar bone in the socket. In fact, the
origin of the tissue from which the cells are harvested affects their behaviour. PDLSCs taken
from the roots of deciduous teeth have stronger proliferation, adipogenic and osteogenic

ability than from the roots of permanent teeth, whilst alveolar bone PDLSC have even greater



capacity for these characteristics than root tissue stem cells (34,35). More recently, infected
granulation tissue and supernumerary teeth are newly discovered sources of PDLSC. With
these being tissues requiring removal, the PDLSCs can be the by-product of otherwise

necessary procedures (36).

(f) Dental Follicle Stem Cells (DFSC)

DFSC are derived from the follicle that surrounds a tooth during the cap stage of development.
The dental sac (as it is otherwise known) is comprised of ectomesenchymal progenitor cells
and for this reason it is suggested that DFSC could display more plasticity than other stem cells
from dental tissues. These cells are typically harvested from the follicle surrounding third

molars (37).

(g) Periosteum Derived Progenitor Cells (PDPC)

Periosteum is the tissue that surrounds bones, providing protection and a stream of nutrients
and blood. Progenitor stem cells live within the specialized connective tissue that makes up
the periosteum. Despite the osteogenic nature of periosteum first being suggested in 1932, it
was not until 2009 that stem cells were shown to be present in periosteum (38,39). PDPC are
characterised as multipotent, since they can differentiate into adipocytes, chondrocytes,
osteoblasts and skeletal monocytes, making them suitable for bone regenerative therapies

(40).

(h) Gingival Derived Stem Cells (GSC)

GSC represent an encouraging branch of dental stem cells since they have an abundant source,

with collecting the tissue only requiring a minimally invasive practice, as opposed to tooth



extractions for instance. GSC have a greater proliferation than BMSCs and do not have
tumorigenic potential (40). Moreover, they have been found to have immunomodulatory

functions, making them good candidates for regenerative applications (41).

(i) Adipose Derived Stem Cells (ADSC)

Adipose tissue is one of the most readily available sources of stem cells and they have
potential for proliferation, differentiation and expression of immunophenotypes (42). This is
because adipose tissue has a higher concentration of MSCs than most other sites (43). A
benefit of ADSC over BMSC is that the procedure to collect it is far less invasive and has a low
donor site morbidity rate (44). Subcutaneous fat stores have adipose tissue amounts that are
very plentiful, however the buccal fat pad is more commonly used as a harvest site for stem
cells since it is highly accessible and the progenitor cells within the fat pad have been shown
in animal studies to differentiate osteogenically. Furthermore, they have been used in bone

regeneration procedures in jaw resections (45).

2. Objective

The main objective in this work is to analyse the different uses of stem cells in dental research
and clinical practice in order to identify and discuss applications of stem cells in these

situations.

As a secondary objective, the potential future developments of stem cell usage in dentistry

will be evaluated.



3. Methodology

Study search analysis: the strategy employed was to use online libraries to source and locate
publications relevant to the work. Online libraries used were Cochrane, Medline complete and
Dulce Chacdn. In order to obtain a brief and quick outline of the content surrounding the topic
the keywords “dentistry AND stem cells” were used to give a broad array of works which then
could have filters applied to them, allowing specific themes to be focused on. For example,
the initial search was refined to display only reviews, since they provide an accessible
summary of the topic. This meant an understanding of what was relevant to the objectives
could be achieved in a time efficient manner. The search was then filtered to locate texts
specific to stem cell utility and research in dentistry to help achieve the objective. To realise
both objectives, clinical trials were collated for review and comparison using the online

libraries mentioned previously.

The inclusion and exclusion criteria were all English publications released as recently as
possible. The clinical trials used were from the last 10 years, since they represent what the
current findings and knowledge is. However, some sources used for theoretical knowledge are
older than that, since that knowledge is still pertinent to today. Publication types used were

reviews, clinical trials, and articles.

4. Discussion

Following on from the discovery of stem cells, the attention of the scientific community turned
to their potential uses and applications. Owing to their biological dynamism and variability
many of the uses in clinical practice revolve around tissue regeneration and gene therapies.

Since stem cells and their utility is a recent venture in scientific terms, numerous clinical trials

10



have been undertaken to evaluate the outcomes of their clinical use. Many of the studies
involve tissue engineering by way of transplanting the stem cells into a site, to achieve this, 3
biological requirements are necessary: the stem cells, growth and homing factors and finally

a scaffold to transport the cells to the site (62).

4.1 Periodontal Tissue Regeneration

Periodontitis is a chronic condition that involves inflammation and subsequent destruction of
the supporting structures of the teeth. Based on global figures in 2016, it was the 11™ most
prevalent disease in the world, with a range of 20% - 50% of the global population having the
condition. With it being one of the leading causes of tooth loss in adults the necessity for
advances in therapeutic methods of combating the disease is undeniable (47). The main
objective of the treatment of periodontitis is to halt its advancement and achieve periodontal
tissue regeneration (PTR) (48). Traditional methods of treatment include scale and root
planing (SRP) and then for more severe cases, periodontal surgery with guided tissue
regeneration (GTR) and flap debridement techniques. Complete regeneration of the
destroyed tissue thus far has not been possible using these procedures and has mostly only
been successful in postponing the eventual loss of teeth (49). The advent of stem cell isolation
and cultivation has opened new opportunities to attain PTR in a predictable and repeatable

manner which is less technique sensitive.

i) A randomized control trial (RCT) conducted in 2018 looked at the efficacy of using
DPSCs in the regeneration of intrabony defects. As seen previously, DPSCs have great

osteogenic potential and therefore represent a fitting candidate for the
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redevelopment of lost bone tissue when impregnated onto a scaffold and then

implanted into the site of the defect, much like in figure 3 (1,23).
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Figure 3. Theoretical example of stem cells being loaded onto a scaffold to treat an intrabony defect (51)

During the trial, 29 patients with intrabony defects related to periodontitis had
autologous micro-grafts (containing the stem cells) surgically placed into the defects
in a collagen sponge scaffold, with the results being recorded after half a year and then
again after a whole year. The outcomes of the trial were compared against a control
group which only received a standard collagen sponge at the area of bone loss. At both
the 6 month and 12 months follow up periods, the trial group showed better
radiographic and clinical responses. The probing depth parameter showed a
recuperation of 4.8mm in the trial group against 3.3mm in the control group at 6
months and 4.9mm to 3.4mm respectively at 12 months whilst the parameter of
radiographic intrabony defect depth showed an improvement of 3.7mm (trial)

compared to 1.5mm (control) at 6 months and 3.9mm to 1.6mm at 12 months. Clearly

12



the difference in these results is not insignificant and therefore represents a promising
area of study for further development of the treatment. This study, however, is not
without its drawbacks. For instance, the study only includes 29 patients, split into two
groups of 15 (trial group) and 14 (control group) so the actual sample size is quite small
and therefore the precision of the results and the power to draw conclusions from the
study are not ideal. Another drawback to the trial is that the autologous graft of the
DPSCs came from a vital tooth that needed to be extracted. This reduces the
applicability of the results to real world situations because not all patients that have
bony defects will need an extraction of a vital tooth and therefore the results, whether

positive or not, would apply to a smaller category of patients (50).

Early preclinical findings have suggested that PDLSCs would be adequate for restoring
periodontal tissues. The periodontal ligament shows an ability to regenerate itself and
this is achieved by the progenitor cells that constitute part of the apparatus, owing to
the propensity of the cells to produce bone, fibre, and cementum tissues (29).
Motivated by these findings, a clinical RCT conducted in 2016 explored the safety and
efficacy of PDLSC use as grafts into bone defects. Similar to the previous trial, this one
used a control group that received bovine bone substitute (Bio-oss) that would be used
in standard GTR and a trial group that received the same Bio-oss but combined with
an autologous PDLSC graft material, with the group split being 21 teeth involved in the
control group and 20 in the trial. The parameters measured were firstly the number of
unwanted medical problems associated with the treatment counted over the course

of the 12 month follow up period and then secondly, the amount of bone defect
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regrowth in contrast to the baseline depth of the bone loss. In terms of the safety of
using PDLSCs for this kind of treatment, the results showed that there were no
significant risks or complications arising solely due to the inclusion of the stem cells.
(Of course there were the usual side effects of pain and inflammation.) For the
regenerative ability of the stem cell graft, the trial produced no significant differences
in bone restoration between the control group and the trial group. Both groups
showed a positive reaction to the GTR. However, the addition of PDLSCs did not
improve the response when compared to that measured from the control Bio-oss
group. Despite this trial not demonstrating the efficacy of PDLSC use in bone defect
therapy, it was important in furthering the wealth of information for stem cell research
and use. Many of the early studies in this field have been carried out on animals or in
pre-clinical settings, so clinical trials like this are significant because they move the
evidential findings into the next stage of research. Unlike other similar studies in this
field, this trial investigated the safety of PDLSC utility in a clinical setting. This is a very
important aspect to consider when trying to incorporate burgeoning medical
techniques into the repertoire of solutions available to medical professionals. A new
technique may achieve the desired result; however, it is of no practical use if unsafe.
Thus, this study has accomplished a vital task in demonstrating the safety of PDLSC
utility in the clinic. It should be noted that the drawbacks to this study are similar to
the first periodontal GTR RCT looked at, these being small sample size and the isolation
of autologous PDLSC required 3" molars that needed to be extracted, meaning that

the results would apply to a smaller niche of patients in real world situations (52).
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i)

In 2016 a phase I/Il study looked at the use of BMSC grafts in the treatment of
periodontitis. This clinical trial featured 10 periodontitis patients who had osseus loss
requiring restorative treatment. The tests measured the clinical attachment loss
recovered, the difference in probing depth, tooth mobility, linear bone growth and any
adverse effects experienced during the 36-month analysis period. The results of the
study were compared against a previous trial that measured the same parameters and
graft therapy, except without the inclusion of BMSCs (53). The bone regeneration
outcomes were enhanced by the BMSCs with the pocket depth and clinical attachment
loss presenting double the gains of the standard techniques and linear bone growth
was four times better. In the case of the tooth mobility, however, the results gained
were not statistically significant since the data analysis demonstrated p values of
>0.05. Moreover, the safety of the treatment was sound as none of the problems
postoperatively were causally related to the addition of the stem cells. The positive
results of this trial can provide support for the hypothesis that BMSCs used in the
treatment of periodontal bone defects can improve the restorative outcome. However
this trial represents the first small steps in developing this field. The sample size (10
patients) is an obvious drawback and it is certain that more trials of this kind will be
necessary. Nevertheless, this study is noteworthy for its length. The follow up period
is 3 years, which is uncommonly long in stem cell clinical trials, most likely due to stem
cell research being a relatively young endeavour, thus allowing for a more
comprehensive understanding of the difference the stem cells can make in the

treatment (54).
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In less severe cases of periodontitis, a non-surgical treatment plan is what is required.
Scale and root planing (SRP) is the standard approach to rectify poor periodontal
conditions that do not require surgery. However, in deeper pockets and hard to reach
areas SRP does not always produce effective results so an adjuvant therapy can be
helpful to achieve the desired effect (55). In 2018, Cairo University conducted an
experiment in rats to assess the efficacy of using injected ADSCs as an adjunctive to
SRP in non-surgical treatment of periodontitis. The study initiated periodontitis by
encouraging plaque build-up in a group of 50 rats, with the group being divided into a
control group (healthy periodontium), a group that would receive only SRP treatment,
a group with SRP and ADSC injection and finally a group with SRP and the exosomes of
ADSCs. Exosomes are extracellular vesicles that are given off by MSCs (and by many
other cell types) that in recent years have been accredited with contributing to the
reparative effect of stem cells (56). A third of the rats from each group were sacrificed
at 3 different periods: after 2 days, 2 weeks and 4 weeks and then the samples were
histologically analysed to reveal the amount of collagen and bone formation taking
place. At each interval the results stayed consistent; the SRP group showed the least
amount of tissue production, the ADSC group the second most and the ADSC exosome
group showed the most positive results. An obvious drawback to this study is that it
was carried out on rats and therefore the results will not necessarily be applicable to
humans clinically. Nevertheless, this is a significant trial for various reasons; it is the
first trial to use exosomes in the restoration of periodontitis and it is the first trial to
evaluate the use of ADSCs as adjuvant therapy in SRP treatments (57). These

pioneering trials using animals are important because they provide a basis for further
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research into a certain field without risk of potential harm to human life. If the results
gained show a positive correlation in favour of the hypothesis, then that is grounds to
conduct more studies and hopefully develop theory into real world treatments. The
recent advent of stem cell exosomes being found to be useful therapeutically
demonstrates how stem cell research is continually evolving and making discoveries.

4.2 Regenerative Endodontics

Dental pulp plays an essential role in the maintenance and longevity of dental health and as
such, significant effort is involved in preserving it with the ultimate aim of retaining natural
teeth in the mouth for as long as possible. Traditionally, when affected by irreversible pulpitis
or pulp necrosis the main goal of clinical treatment has been to remove the pulp, conform the
canal and place an inert filling material to create a hermetic apical seal to, in theory, prevent
bacteria from entering the canal space and possible apical infection from occurring. In
practice, endodontic treatments do not always achieve this. Reasons for failure may be
multifactorial and the technique sensitive and complex nature of the treatment can
complicate outcomes. Worryingly success rates have not risen over the last 50 years, with
figures staying between 68% - 85% (58), hence there is a desire to explore alternative methods
of resolving affected pulp tissue. Regenerative endodontic procedures (REPs) represent a
potential substitute for the traditional treatments. Regenerative medicine aims to replace lost
structure or function and stem cells have been identified as being useful in accomplishing this

aim.

i) In 2020 a phase I/Il RCT took place to evaluate the safety and efficacy of using MSCs to

treat periapical lesions. The study was conducted clinically and had a sample size of 36
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patients presenting necrosis of the pulp and apical periodontitis, with the total sample
being split into 2 groups, one receiving the MSC based REP and the other receiving
traditional endodontic treatment. The parameters measured include: pulp vitality test
responses, radiographic size of the apical lesion and perfusion units measured with
laser doppler flowmetry (LDF). These measurements took place at 6 months and 12
months. The conductors of the trial also tracked any negative side effects experienced
resulting from the therapy. The findings of this trial showed some statistically
significant improvements made by the REPs over the standard treatments, meaning
they reached the criteria of having P<0.05 (using the Mann-Whitney test). Specifically
the parameters of vitality test responses (to cold, heat and electricity) and change in

antero posterior apical lesion dimensions (as can be seen figure 4).

—_ p=0.0082*
£ — =
e - I ED T == Eo T [
— T Y = £ - = =
i s | oL - '
o — 3 L ‘ @ T .
0w == Cwn - L Q4
e 9 i 8 ¥ .
] - E 5]
£ o * =
k-] - o o
Ee 82 To
© ' " o'’
I 9 [] ENDO group ©
o B REP group g
o [0}
n * E w = w
. <% T
6-0 12-6 6-0 126 6-0 12-6
Time interval (months)

Figure 4. Results of the trial showing the differences in lesion sizes between the two groups (59)

Interestingly these statistically significant differences were only found at the 12 month
follow up period and not at 6 months which holds promise for the long-term success
rates of these particular treatments. A major conclusion drawn from this trial is that

MSCs are safe to use in REPs, since every tooth subjected to the new treatment type
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stayed in the mouth throughout the entire follow up period and by comparison to the
other group did not present a deterioration in condition (59). The main drawback
presented by this trial is the length of the follow up period. Typically, the success rates
of endodontically treated teeth decline the more time passes since the treatment and
1 year is not enough time to be able to draw proper conclusions on the efficacy of new
pulp treatments. This study is, however, looking into pioneering techniques that are in
their infancy and have shown promising steps in the right direction based on the
results of the trial. The evidence for clinical safety shown can serve as a foundation for
further and more extensive clinical trials involving stem cell utility in REPs.

In immature permanent teeth with an open apex, damaged or necrotic pulps can be
regenerated using revascularisation techniques. The aim of the treatment is to allow
the immature tooth root to develop into a mature one and complete the process of
apical closure. In the past, artificial materials were used to create a man-made apical
closure, but with advances in stem cell research, revascularisation has emerged as a
new treatment option. It relies upon the ability of remnant stem cells within the pulp
tissue to renew and proliferate, allowing for a natural maturation and closure of the
root apex (60). This technique, unfortunately, is only indicated in immature teeth with
an open apex and is therefore limited to a smaller subsect of patients. Nevertheless,
using the success of these therapies, studies have emerged that are attempting to
achieve full pulp restoration in mature teeth with a closed apex. One such study in
2011 delved into this innovative approach to REPs by focusing on the outcomes of
inserting autologous DPSCs into the root canal of the teeth of dogs that had their pulp

tissue completely removed. The stem cells were attached to a collagen scaffold which
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occupied the space in the canal left behind by the original pulp tissue. The aim of the
study was to induce new pulp tissue that was capable of forming new neurons and
vessels, two requisite features of functional dental pulp (61). Promisingly, the findings
showed complete pulp formation, with pulp that demonstrated vasculogenesis and
neurogenesis. Of course, a limitation of this trial is that the stem cells used were
autologous to the dogs and so performing the same investigation with humans and
their autologous DPSCs might not yield the same results. However, the histological
discussion of the study does highlight the CD105 cells isolated from the dog pulp stem
cells as being the cells that bring the potential for neuron and vessel formation. Human
CD105 pulp cells have shown that they also his capability, meaning that there is
promising potential for this to be expanded onto human trials (62).

Following on from ground-breaking animal trials involving complete pulp
regeneration, the next step is to test the pulp formation capacity of transplanted stem
cells in human subjects. Spurred on by the success of human DPSC demonstrating pulp
renewal properties when grafted into the roots of mice, a 2017 pilot clinical study
investigated the efficacy and safety of using autologous DPSCs to treat pulpitis in
humans (63). The trial used 5 patients with irreversible pulpitis and for whom the only
treatment option was the complete removal of the pulp tissue. Suspended in a
collagen scaffold the stem cells were placed into the now clean canals and then the
patient responses were monitored at 1, 2, 4, 12, 24, 28,32 weeks after the treatment.
The safety of the technique was evaluated by the frequency of harmful side effects
and the efficacy of the transplant was determined by patient response to electrical

vitality tests and by MRI scanning to reveal newly formed tissue. The results of the
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safety parameter showed no adverse effects linked to the transplant, whilst the
electric vitality test demonstrated a change from negative vitality to positive vitality in
four of the five patients and the MRI showed a pulp state that was consistent with
normal healthy pulp. A drawback of this trial is that it was only performed on five
patients and therefore the sample size is very small making conclusions hard to draw.
A further drawback is that electrical vitality tests are not completely accurate as they
rely on the subjective feeling of the patient and can give false positives (64). The
electric tests combined with the MRI scanning does go some way to improving the
accuracy of the claims, however. Within these limitations the results of this trial are
incredibly promising for the future of regenerative endodontics and more larger scale
trials of this nature will be necessary.

4.3 Salivary Gland Dysfunction

The body’s saliva possesses a multitude of essential functions, without which the health
of the oral cavity and quality of life would be compromised. It contributes towards
phonation, mastication, gustation and protection and so a disruption to the production of
saliva would have a great negative impact (65). In terms of dental health, saliva provides
direct protection from bacterial tooth decay by diluting harmful acids, buffering acids to
neutralise them, whilst salivary flow offers mechanical protection and the mineral content
helps to remineralise the tooth after exposure to acidic conditions. Therefore, the
importance of the body’s saliva cannot be understated. The ability of the salivary glands
to function properly can be affected by pathological conditions and syndromes, and by
radiotherapy in cancer treatments, leading to xerostomia(66). Currently medical research

is investigating the efficacy of using stem cells to restore function to salivary glands.
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Radiotherapy treatment of head and neck cancer exposes the salivary glands to
potentially damaging levels of radiation, often causing xerostomia as an adverse effect
of the treatment (67). In 2018 a team conducted a randomised placebo-controlled
phase /Il trial in which MSCs were transplanted into the submandibular glands of
patients who had undergone radiotherapy of the head and neck. Like most trials of
novel treatments, safety of use was one of the parameters measured, along with
efficacy of outcome. The safety was measured by the appearance of unwanted harmful
side effects and the effectiveness of the treatment was measured by the flow rate of
unstimulated salivary glands. A sample size of 30 patients was split evenly into two
groups: one receiving the MSC therapy and the other receiving a placebo. The periods
of assessment were one month before the start of the trial (to get a baseline value to
compare against) and then one and four months after the transplantation of the stem
cells. Assessment of salivary changes were done by the passive drooling technique to
measure the salivary flow; this was supplemented then by patients taking a visual
analogue scale (VAS) questionnaire to record any feelings of hyposalivation on their
part. The results of the trial concluded that no harmful side effects were experienced
by the sample group and the response of the trial group receiving the MSCs was overall
positive. A significant increase of saliva flow was found in the sample group when
compared to the placebo group and the answers to the VAS revealed that the patients
felt the symptoms of xerostomia less. This trial was a success in terms of achieving its
aim and producing results that significantly supported the hypothesis (68). The
methods used to obtain the data were sound, the passive drooling technique is

considered the optimum method for measuring salivary flow rates since it can yield
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large samples and has the lowest risk for error (69). The VAS questionnaire is a
subjective evaluation of a patient’s symptoms (70), so the data obtained from them is
not totally reliable and the placebo effect could have some subconscious effect on the
patient’s subjective feeling of having a dry mouth sensation. The patients in the trial
were blinded as to which treatment they were receiving, but they knew they were
receiving some type of hyposalivation therapy, so a placebo effect could affect a
gualitative assessment of the condition. The same cannot be said for the saliva flow
measurements since they are purely quantitative. A possible improvement that could
be made to this trial would be to replace the placebo group with a group that is
receiving the typical xerostomia treatments used today, for example, sialagogue
medication which induces saliva flow. This would allow the results of the new
technique to be compared against contemporary standards.

Sjogren’s syndrome (SS) is an autoimmune disease that acts by targeting the body’s
own epithelial tissue causing damage to glands and disrupting their function. The
disease is a slow acting progressive one that can take years for symptoms to appear.
One symptom that is of interest to the dental profession is xerostomia. The sensation
of dry mouth is caused as the disease destroys salivary glands. Currently, the only
therapy for SS is to treat the symptoms and give immunosuppressant drugs. As things
stand, the current treatment of SS’ symptoms are not at the desired level and leaves
patients with worse quality of life (71). For this reason, research is driven to find more
successful alternatives. In 2014 an experiment was conducted on mice that had
induced “sjogren’s-like” disease to try and re-establish salivary gland function. The trial

involved injecting BMSCs intravenously and then recording the salivary flow rates to
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determine the effectiveness of the treatment. The trial did indeed find that that the
flow rates were increased to regular values and thus the work served as a proof of
concept (72). Following on from the success of this initial advance in the field a
research group found that stem cells harvested from a sufferer of SS had
immunoregulatory deficiencies, resulting in very high proliferation rates. In contrast,
BMSCs taken from healthy patients were demonstrated to have lower proliferation
rates (69). With higher rates comes an increased risk of tumour formation, posing a
clear health risk and presenting a challenge to the progress of BMSCs used in this way
because deploying stem cells autologously is often the most feasible method of use in
practice. Consequently, using autologous stem cells to treat salivary gland dysfunction
in an SS patient would carry a risk of tumour growth, owing to the dysfunctional
proliferative nature of SS derived stem cells. These revelations demonstrate that stem
cell research and clinical usage is still in its infancy and more studies must be
undertaken to broaden current knowledge and potentially convert promising trial

results into effective and safe treatments.

4.4 Potential Future Developments

As seen previously, there have been many encouraging outcomes in pre-clinical trials involving
animals in addition to some human clinical trials. Owing to the relative recency of stem cell
research, particularly in the field of dentistry, there is still much to be discovered and great
potential for development. Some proposed uses for stem cells in the clinic hold great potential

and could become the standard treatment in years to come.
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4.5 Complete Tooth Regeneration

Dental stem cells have already demonstrated their efficacy in healing and replacing lost tissue
in various trials, therefore one could see their prospective success in tissue regeneration.
Bioengineering teeth represents a new field of dentistry that could rival the prosthetic
replacement of lost dentition. For this to happen, techniques for inducing stem cells to form
dentin and enamel that is consistent in its composition with natural teeth need to be
developed. Research has demonstrated that, under the right conditions, it is possible for this

to occur (73).

One study has proposed two methods for tooth generation, one which suggests growing the
dental tissue on tooth shaped scaffolds that are loaded with the regenerative stem cells to
grow the tooth. As with many tissue engineering methods, the scaffold materials need certain
properties, such as biocompatibility and the ability to promote cell growth. The other
proposed method involved placing tooth derived stem cells into an in vitro organ culture and

guiding stem cell interactions to form tooth structure (74).

The framework for development of this idea has very much been set out by researchers. All
that is required now is a series of appropriate pre-clinical and clinical trials to further the work

done.

4.6 Bio-root Engineering

In recent years implants have increased in popularity and now are a viable option to
accompany bridges and removable prosthesis, due to their growing accessibility. One
drawback of implants is that they do not possess a periodontium tooth relationship in the

form of periodontal ligament with the main structural reinforcement coming from
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osseointegration. An alternative method to get around this problem has been proposed; to
use PDLSCs to create a bio-root (a root generated by stem cells). This would allow for new
ligament formation due to the PDLSCs and then once the root is secure an artificial crown can
be attached (73). Early tests have placed gelfoam scaffolds carrying PDLSCs into minipig
models. Periodontal ligament did indeed form around the bio-root, however its mechanical
resistance was measured to be around two thirds of a normal root, thus the technique

requires further inquiry if it is to one day rival implants as a treatment option (75).

4.7 Non-orofacial derived stem cells for use in dentistry

Orofacial derived stem cells, whilst very useful, carry with them some limitations. For instance,
they can be difficult to harvest, sometimes requiring invasive techniques to access the tissue
or in the cases where acquiring the tissue is easier because it comes as a by-product of a
natural process (like SHED cells) or from a required treatment (PDLSCs harvested from
extracted teeth) stem cells can still be difficult to isolate and cryogenically store. Therefore
other, more accessible, sources of stem cells useful to dentistry are being investigated.
Researchers specializing in regenerative medicine have suggested urine as a possible source
of stem cells for growing teeth. Pluripotent stem cells isolated from human urine were
manipulated into generating tissue with similar composition to tooth in a pre-clinical trial
involving mice with the results yielding a 30% success rate in forming said tissue. If in the
future urine derived stem cells can be developed further to offer a proper source of
regenerative cells, this will promote greater research and utility in, since they would be low

cost, non-invasive and autologous use of them will lower the chance of rejection (7).
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4.8 Immunomodulation treatment for inflammatory conditions

Stem cell therapies are mostly centred around tissue engineering and regeneration. However,
as more is learnt about the mechanisms of stem cell treatments and what makes them
valuable to dentistry, new areas of study for potential clinical uses arise. For instance, modern
research suggests that the effectiveness of stem cells in tissue regeneration is due to a
modulatory effect they have on innate and adaptive immune responses of the host (76).
Building upon this, GSCs have been used in several inflammatory diseases to test their
effectiveness and give further evidence to the immunomodulatory effects of stem cells. The
clinical signs of contact hypersensitivity have been shown to improve when GSCs are given
prophylactically and as a therapeutic dose (77). Additionally, GSCs administered systemically
exhibited a tolerance to the host’s immune system, indicative of immunomodulation,
achieving an improved survival of allogenic skin grafts (78). These first tentative results point
towards the potentially useful immunomodulatory effects of GSCs in treating inflammatory
conditions. This beneficial feature of stem cells suggests that in the future more treatments
will be explored to see if their clinical outcome can be improved by stem cell

immunomodulation.

5. Conclusion

Stem cell therapy represents an innovative and exciting branch of medical study and is a great
avenue to advance the field. Having an intrinsic ability for regeneration means that there is
the potential to restore not only structure but function too. For numerous pathologies faced

in dentistry, the treatment method has not changed for many years and even in some cases
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success rates have remained at an inadequate level, hence there is a great swell of interest in

looking for alternative treatment options and stem cell research is at the forefront.

As with any novel treatments, trials must start small and then build on any successes. The
majority of stem cell studies being carried out at present begin with pre-clinical animal trials
as a way of proving a hypothesis whilst only a small number of human clinical trials have been
conducted. In most of the cases reviewed, the results have been positive, firstly in determining
if the treatment is safe and secondly in showing that the stem cell therapy has an efficacious
outcome. However, a consistent factor across all the studies looked at is the restricted sample
sizes and the relatively short follow up periods. This highlights the need for a greater number
of adequate studies to increase the data pool. A large-scale, long term clinical trial has yet to
take place for any treatment type, so this would be the next logical step in clinical research. In
addition to this, more RCTs are required to increase the evidence pool and broaden

understanding of the topic.

The future of stem cell research and utility is a bright one. Many new treatment ideas are
being proposed and following proper testing could replace a number of the staple therapies

used today in dentistry.

28



6. Responsibility

This review outlines the potential benefits that stem cells can have in improving dental
treatments, whilst also focusing on the lack of significant clinical trials and the need to conduct
more on a larger scale to validate the use of stem cells findings in practice. This review also
indicates the need to advance from successful pre-clinical trials to verified clinical trials which
provide the scientific community indisputable evidence to support the building and
development of stem cell therapies thereby improving upon the success rates of already

established treatments and improving patient quality of life.

As referenced, stem cell therapies allow for autologous individualized treatments meaning
that many of the graft-based stem cell treatments in development benefit from having less
risk of rejection. If less treatments fail due to improved practice then money, time, materials,

and energy will be saved in the long term, thus increasing efficiency.
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Applications of stem cells in dentistry: A review
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Intreduction

Cerlain cells in the body retain their capacity 1o divide and
produce progeny owing to their undifferentiated stata. Thase
cells are capable of self-renewal and lulure diferentiation into
multiple functional cell types and are called stem cells(1,2).
Stern cells maybe adull (post-natal) slem cells and Toetal
(embryonic) stem cells based on their orgin. As the name
suggests, embryonic stem cells are derived from embryos fol-
lowing in-vitro fertdzaton while adult stem cells anre derved
from warious sourcas such as bone mamow, umbilical cord,
cord blood, peripheral blood, muscles, skin, adipose lissue,
dental pulp or organs such as lungs., liver, breasts, eyes and
barain(2,3). The firsd instance of therapy using adull slem cells
wag in 1968 when allogenic bone marrow transplant wes carri-
ed out in a patien with combined immunodeficiency(4),

ABSTRACT

Stem cells have the capacity to replicate and produce cell lines
that differentiate into multiple cell lineages. Stem calls may be
harvested from various stes and ane named adult sterm cells
or embryonic sterm cells based on their arigin, Cwing to their
salf renewing capabilities, thay are used to correct karge defects
caused by diseases, trauma or surgary, Howewver, they are limi-
ted by ethical and moral considerations as well as difficulty in
isolation, culturing and mplantation, Dental stem cells retain
the progerty of differentiation into newragenic, adipegenic and
edontegenic companents and ane wsed in the reconstruction of
orofecial structures, Scaffodding impregnated with bane mong-
hogenic prateins and growth factors is essential prior to stem
cell implantation, This 202 scafiolding with biomatrix is then int-

reduced into the clinical site to facilitate regeneration of tissues,
In the maxillofacial region, stem cells may b derived from the
pulp, apical papilla, dental follicle, periodontal ligament, deci-
duous teeth and mucosa, They can be used for bioengineering
of pulp and periapical tissues, soft tissues, bone, temporoman-
dibular joint and periodontium. A multi-speciality approach
imvalving cell biclogists, pharmacologists and bicengineers is
required to harness the vast potential of stem cell therapy and
to obtain refiable treatment outcomas in the future.
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Classification of atem cells
Shtem cells may be classiied(5) as:
1. Embryonic stem cells
2.Adult stem calls
A Hematopoelic slem cells
b.Mesanchymal stam cells
A Induced pluripobent stem cells
Types of stem ceils
1.Embwyonic stem cells
Embryonic stem calls are derved from the blastocyst conta-

ining G0 fo 150 cells(6), They are pluripobent and wersatile and
have the plasticity nesded to diferentiate into cells of all three
germ layers(5.7). With appropriate stimulation, a large quantity
of any particular adult cell type can be produced|E). Howe-
var, since tha inner cell mass of a fertilized ambryo is used to
prroscdiece these cell lines, their use is resiicled by ethical and
legal considerationa(B). They hawve the added disadvantage of
increased lumorigenesis potential which makes their use less
fawourable|2,5).

2. Adult stem cells
Adult stem cells are also called somatic or posinatal stem

calls. They are multipotant and diferentiate into a limited num-
er ol cell linesd9,10). Adull stem cells are easiar bo isolabe and
are not bound by the same legal and aethical constraints as
embryonic slerm celis, This, along with their rarer incidences of
imrmune rejection and tersloma formation mekes them suitab-
ke for use in most clinical practices(2.5),

3. Mesenchymal stem cells
Mesanchymal stem cells (MSC) ara a type of adult stem

cells and are also called mesenchymal stromal cells, They are
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Stem cells are undifferentiated cells, capable of renewing themsehves, with the capacity to produce different cell types to regenerate
missing tissues and treat dissases. Oral facial tisswes have been identified as a source and therapeutic target for stem cells with
clinical imterest in dentistry, This narrative review report targets on the several extraoral- and intraoral-derived stem cells that
cam he ;T||1I|ed in dentistry. In addition, stem cedl nrig:ins are nlggﬁl:d in whiat concerns their ab'ilil:,r i differentiate as well as
their particular distinguishing quality of convenience and immunemedulatery for regenerative dentistry. The develapment of
bloenginecred teeth toe replace the patients missing teeth was also possible becanse of stem cell technalogies. This review will
also bocus our attention oo the clinical application of stem cells in dentistry. In recent years, a variety of articles reported the
advantages of stem cell-based procedures in regenerative treatments. The regeneration of bost osal tissue is the target of sterm cell
research, I}wing i the fact that bone |mp{rFe¢tinrhs that ensue after tooth loss can result in further bone loss which limit the
success of dental implants amd prosthodantic therapses, the rehabilitation of alveolar ridge height is prosthodontiss” principal
Interest. The development of bioengineered teeth to replace the patient’s missing teeth was also possible because of stern ocll
technalagies. In addition, a “dental stem cell banking” & available for regenerative treatments in the future. The main features of

atens cells in the futwee of dentistry should be undersiood by clinicians,

1. Introduction

Stem cells are undifferentiated cells, capable of renewing
themselves. Via differentiation, they have the potential to
develop into many different cell lineages, There are different
kinds of stem cells, depending on the type of cells they can
create and the location in the body, In recent years, studies
have shown that oral tissues are a source of stemn cells
Structuring of tissue in dentistry has revealed promising
resulis in the regeneration of oral tissue or organs. There
are multiple facters that can produce alveolar bone resorp-
thon due to tooth extraction or loss becanse of severe cavitles,
trauma, or oot fracture or oven because of periedontal
diseases. In edentulous patients, bone resorption continues
throughout life particularly in the mandible, which makes
it difficult o substitute the missing teeth with dental
implants [1].
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Tessue engineering therapies and stem cells are a promis-
ing way to achieve alveolar bone regeneration and solve large
pericdontal tissee defects and finally fo substitute a lost tooth
itself. Organs and tisswes such as tongue, salivary glands, the
temporomandibular joint condylar cartilage, and skeletal
miscles are set to be used in regenerative dental medicine.

To develop the concept of oral tissue and organ regener-
atbon for clinical application in dentistry, several studies have
been carried out in animals including key elements of tissue
engineering such as extracellular matrix scaffolds and stem
cells [2). Furthermere, dinical trials about jaw bone regener-
ation applied in dental areas such as Implantology using stem
cells and tissue engineering strategies have demonstrated
positive results.

Considering the new role of regenerative biclogy and
stemn cells in dentistry, especially regarding the ideal stem
cells for oral regeneration, some confusion can be made
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Disinfection of root canals follewed by the replacement of the infected or inflamed pulp tissues.
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Abstract

Considerable effort has been made in recent years in understanding the mechanisms that govern stem cell generation,
proliferation, self-renewal, commitment and lately plasticity. In the development of the haemopotetic system during embryonic
and fetal life the notion of different pools of stem cells arising from the endothelium is gaining consensus. Gene expression
profiling of populations of stem cells is bringing to light categories of genes important for self-renewal or commitment
Besides the role of transcription factors in lincage decision, the role of soluble factors and transmembrane proteins, very
active at the time of embryo development. are taking central stage in the maintenance and in vitro expansion of hacmopoictic
stem cells (HSCs). The hierarchical model of hacmopoictic development is being questioned with reports of lincage switching
and plasticity of hacmopoictic stem cells to non-haemopoietic cells. Yet the understanding of the overall process is still very
fragmented and hypothetical. This is mainly due to the absence of appropriate markers 10 enable selection of homogencous
stem cell populations and the need to rely on retrospective functional assays. able only to determine the overall behaviour

of a population of cells. This review is intended to be an overview of the hacmopoietic system and a entical re-visitation of
issues such as plasticity and self-rencwal important for therapeutic applications of hacmopoietic stem cells.
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Progress and prospects in
hematopoietic stem cell expansion
and transplantation

The fact that mice and humans have similar hematolymphoid
systems and respond similarly to myeloablation and hemato-
mouse separated hematopoietic stem and progenitor cells to
inform our progress on human HCT. Long-term engrafting
hematopoietic stem cells (LT-HSC) and their multipotent
progeny (short-term engrafting HSC [ST-HSC] and MPP),
the lincage-committed common lymphoid progenitors (CLP)
and common myeloid progenitors (CMP). downstream pro-
genitors such as granulocye-monocyte progenitors (GMP)
and megakaryocyte-erythrocyte progenitors (MEP). and uni-
potent megakaryocyte progenitors (MKP) were all first iso-
lated in mice. and subsequently from human sources [1].
The direct transplantation of graded numbers of these mouse
stem andfor progenitor cells in syngeneic hosts revealed
many surprising and sometimes very useful findings. such
as the fact that the content of HSC/MPP within a bone marrow
(BM) transplant accounted entirely for the mdioprotective
capacity of the graft as well as the time to engrafument of
neutrophils, platelets. and red blood cells [2]. In the context
of bone marrow transplantation. therefore. the level of oligol-
ineage progenitors (largely responsible for in vivo shoet-term
colony-forming units (CFUs) and in vitro myeloerythroid
colony-forming cells (CFCs) found in a minimally radiopro-
tective dose of BM did not contribute measurably to restora-
tvon of blood cell counts or radioprotection [3]. In the
mouse, transplantation of small numbers of HSC (as few as
1) gave rise to tens of thousands of HSC and the aforemen-
tioned progenitors. while the transplantation of any progeni-
tors downstream of LT-HSC resulted in failed or minimal
self-renewal. Thus, the only progenitors of mouse hemato-
poiesis that self-renew extensively in vivo are LT-HSC [4].
Similarly, the autologous transplantation of highly enriched
human HSC resulted in more rapid engraftment of neutro-
phils and platelets than would be expected from their content
in mobilized peripheral blood und were fully functional in
protection from myeloablative doses of combination chemo-
therapy [5.6].

While it was hoped that self-renewing expansion of HSC
in vitro could be accomplished with the set of cywkines
cloned and generally available, such as steel factor (SLF),
EPO. and interleukin (IL)-1. 3. 6. and [1. in fact, no single
cytokine or combination of cytokines led to more than a
modest expansion of HSC in mouse [6.7] or man [8]. a sad
fact that was verified by clinical ransplantation experience
[9-11]. Despite the massive expansion of hematopoietic and
myeloerythroid cells that followed the optimal protocol com-
binations. the HSC content remained the same as the inpot
HSC content [12]. It is not yet clear whether the number of
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oligolineage progenitors produced from HSCs in these stud-
expansions or if some cytokine combinations could lead to
some progenitor self-renewal in vitro [I13]L

Therefore, the search for factors and pathways that could
expand HSCs in vitro as they were obviously expanded in
vivo continued. That scarch became even more significant
for several reasons: 1) the requirement for more HSCs to

[14]: 2) the looming specter that very large numbers of
HSCs of a variety of HLA haplotypes might be required to
radioprotect human populations threatened with radicactive
or chemical warfare agents: and 3) the unexpected activities
of oligolineage progenitors in situational transplants in mice
revealed i and ing propertics. Some of
these properties include 1) the ability of CMP and MEP
given in very large doses in lethally irmadisted mice to pro-
vide transient mdioprotection until the few surviving host
HSC could regenerate the hematolymphoid system [15]: 2)
the abifity of very large numbers of CLP to protect HSC-
mursine cytomegalovirus (CMV) in both syngeneic and MHC
minor antigen mismatch donor-host pairing [16]: and 3) the
ability of very large numbers of CMP/GMP to protect HSC-
spores of the fungus Aspergillies fisnigatus (obtained from
a lethal human infection) or gram-negative rod bactena
Pseudomonas aeruginosa in both syngeneic and allogencic
circumstances [17.18] If these properties of oligolincage
progenitors extrapolate to human therapies. there would be no
absolute requirement for donor-host matching. Such thera-
peutic potential underscores the importance of expanding
human HSC in order to obtain (with the appropriate cytokine
combinations. if necessary) substantial numbers of human
The ex vivo expansion of hematopoietic stem cells is the
next logical step in the ficld of hematopoietic cell trans-
plantation. Despite remarkable progress in the field of HCT,
current therapeutic Emitations inclode the availability of
donors, imprecision in immune reconstitution reflected by
ility 1o infectious pathogens or by grafi-vs-host
discase (GVHD), and relapse/persistent disease. Ex vivo
expansion of hematopoietic stem and progenitor cells offers
the potential for providing a grafi that would more rapidly
recapitulate the immune response and be free of malignant
cells. Genetic engincening is also facilitsted by ex vivo
expansion of cells, offering the potential for enhanced immu-
notherapy or respoase to pathogens. Immediate scientific
challenges to ex vivo expansion include 1) optimizing cul-
ture conditions. 2) identification of optimal human cell
populations to expand, 3) identification and cxpansion of
human long-term repopulating cells. and 4) concerns that
expansion may lead to carly sencscence or decreased func-
tional capacity after transfer. which may be related to cell
cycle at a crucial time.
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Abstract

Teeth are the most natural, noninvasive source of stem cells. Dental stem cells, which are easy, convemient, and affordable to

collect, hold promise for a range of very potential

applications. We have reviewed the ever-growing ltersture on

therapeutic
dental stem cells archived in Medline using the following key words: Regenerative dentistry. dental stem cells, dental stem cells
banking, and stem cefis from human exioliated decduous teeth. Relevant articles covering topics related to dental stem cells
were shortlisted and the facts are compiled. The objective of this review article is fo discuss the history of stem cells, different
stem cells relevant for dentistry, their isolation approaches, collection, and preservation of dental stem celis along with the curent
applications.

status of dental and medical

INTRODUCTION

Regenerative capacity of the dental pulp 1s well-known and
has been recently attnbuted to function of dental stem
cells. Dental stem cells offer a very promssing therapeutc
approach to restore structural defects and this concept s
extenswvely explored by several sesearchers, which ss evident
by th:mpdhgnmnglm:mmmthsﬁddlmmﬁmm
article a literature research covenng topcs related to dental
stem cells was made and the facts are compaled.

METHODS

A web-based research on Medhne (wwwpubmed. gov)
was done. To it our research to relevant arncles, the
search was filtered using terms review, published i the
last 10 years and dental journals. Vanous keywords used

10 41030975-5655. 149074

for rescarch were “regeneranive dennstery™ (128 arncles
found), “dental stem cells™ (111 amcles found), “dental
stem cells banking™ (2 arncles found), “stem cells from
human exfolated deciduous teeth (SHED)™ (11 arudles
found). For each heading in the review, relevant arncles
were chosen and arranged in chronological order of
publicanon date so as 1w follow the development of the
research topic. This review screened about 250 arncles
get the required knowledge update. Relevan: dara were then
compded with 2:m of providing basic informanon as well
as latest updates on dental stem cells.

HISTORY OF STEM CELLS

Seem cells also known as “progenstor or precursor” cells ane
defined as donogenic cells capable of both self-renewal and
muln-kncage differenmanon ™ In 1868, the term “stem celf”
for the first ome appeared n the works of German beologrst
Haeckel ® Wilson comed the term stem cell™ In 198 Russan
hstologsst, Alexander Maksimov, postulated exsstence of
hematopesetic stem cells at congress of hematologae socety m
Bedin ™ There term “stem cdl™ was proposed for scentfic use.

Stem cells have manifold applicanons and have contnbated
1o the esablishment of regeneranve medicine. Regeneratve
medicine 15 the process of rephcing or regenerating human

Lmdwmm“m‘LhmZOISlwﬁlmu
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Minimal criteria for defining multipotent
mesenchymal stromal cells. The International
Society for Cellular Therapy position statement

M Dominici', K Le Blanc’, I Mueller’, I Slaper-Cortenbach®, FC ini’,
DS Krause®, R] Deans’, A Keating®, D] Prockop’ and EM Horwitz'’

' Labaratory of Cell Biolagy and Advamced Cancer lh-"milg-}knd-gl)zprmu Unroersity of Madema and Reggso Emlia, Modena,
Italy, ~ Catrﬁriﬂ-ganrbu(.eﬂlmxphm-ﬂcﬂn-anfl borusury Medscine, Karnltnska Untoersity Hospatal, Karolinsks Inctitute,
Stockbolm, Smaden, U ty Children's Hospital, Department of Hematlogy and Oncology, Tackingen, Germany. *Department of Medical
Immmology, UMC Utrece, Utreche, the Netberlands, *Depariment of Bload und Marro= Transplans, UT-MD Anderran Cascer Conter, Hastom,
Texus USA, “Departwent af Laboratery Madicine, Yale Univerrity School of Medicine, New Haven, Commecticut, USA, "Athersys Inc. Clevdand,
Olsia, USA, "Department of Medical Oncalogy and Hemaology Priscess Margaret Hospital | Outario Camcer Iustitute Toromte, Outarin, Cansde,
"Canter for Gene Therapy, Tulume University Heulth Sciences Center. New Orleuns, Lowissama, USA and " Devisions of Stew Cdll
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4

The comsiderable therapentic potential of buwan multipotent mesench-  CD73 and CD90, and lack axpresnom of CD35, CD34. CDI4 or
ymal stromal calls (MSC) bas gowersted markedly mecreasing mterest €Dk CD79% or CD19 and HIA-DR surface welernle: Third,
in a wide variety of bewedical disciplines. However, moestigatars MSC must differentiate to octeoblasts; adipocytes and chondroblasts 1
report stwdies of MSC mnmy differems metbods of tsolation wnd  vitro. While these criteria wll probably reguire modification as nez
expansion, aud differens approaches tv c zimg the celle Thus it knozledge umfelds =e believe thes ol st of standard =l
is imerensimgly difficuit tv compare aed comtrast study outcomes, which  foster & wave mwiform churacterization of MSC amd facilitate the
binders progress im the fidd. To begin to address this isswe, the  exchamge of data swowg sxvetigasrs.

Mesenclymal and Tissue Stewm Cell Committer of the Intormational

Saciety far Calular Therapy propeser mimimal criteria to defive  Keywords

buwan MSC. First, MSC must be plastic-adberent when waintained ~ MSC. stew cells adberent arlls bewaeype. diffe

in stumdard cultwre conditions. Second, MSC wmust express CDIOS,

Biologic and clinical interest in MSC has risen dramari-  stated that ‘multipotent mesenchymal stromal cells’ (MSC)
cally over the last two decades, as shown by the ever-  is the currently recommended designation [1] for the
increasing number of research reams studving these cells.  plastic-adherent cells isolared from BM and other rissues
Not only are established laboratories focusing on MSCbur  thar have often been hibeled mesenchymal stem cells [2]
new investigators are rapidly being artracted to the field, The defining characteristics of MSC are inconsistent
which will undoubtedly accelerate scientific discovery and  among investigators. Many kboratories have developed
the develop of novel cellular therapies However, this  methods wo isolate and expand MSC, which invariably
soaring interest has also generated many ambiguities and  have subtle, and occasionally quite significant, differences.
inconsistencies in the field. Furthermore, investigators have suhted MSC from a

To begin w address these issues, a recent report from  variety of tissues with ably il ies (3L

_opaT

the International Society for Cellular Therapy (ISCT)  These varied tssue sources and methodologies of cell

C dence o Massimo Dy i, MD, Lab .dmmmwmswwwww
annol\lodcmandleggmﬂniﬁa.\'u[)d?mm 71 Modena 41100, Iealy. E-mail dominici it
© 2006 ISCT DOL 10,1080/ 1465 3224060085 5505
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The bone marrow niche for

haematopoietic stem

Sean J. Morrison' & David T. Scadden®

Niches are local tissue

that maintain and regulate stem cells.
mammalian stem cells and their niches, but the

cells

Haematopoiesis provides a model for
stem cell (HSC) niche remains incom -

pletely defined and beset by competing models. Recent progress has been made in elucidating the location and cellular
components of the HSC niche in the bone marrow. The niche is perivascular, created partly by mesenchymal stromal cells
and endothelial cells and often, but not always, located near trabecular bone. Outstanding questions concern the celfular
complexity of the niche, the role of the endosteum and functional heterogeneity among perivascular microenvironments.

sematopoietic stem cell (HSC) niches are present in diverse tis-
sues ing in the
{AGM) region and the yolk sac, followed by the
placents, fetal liver, spleen and bone marrow’. Postnatally, the bone mar-
row is the peimary site of HSC maintenance and sesis, but in
response 1o haematopaietic stress the niche can shift to dull

bone marrow niche the ability of stem cells™.
His colleagues at the University of Manchester concurrently sought to
define what made bone marrow 2 nurturing context for HSCs, and hae-
cell cultures could maintain primitive haematopotetic cells ex vivo™. Fur-

sites. Defining niche components and how they work in concert to regu-

Este haematopoiesis the opportunity to regeneration fol-
lowing injury or HSC transplantation and to understand how disordered
function could ibute to di In this R we focus on the

nature of the HSC niche in bone marrow because it is the subject of most
of the recent research and controversies.

Historical context
ang&:wmmmbmhay lhaz-amn:h
emphasis on defining hierarchical

th another colleague, Brian Lord, progressively reamed long bone
marrow cavities and showed that primitive cells tended to localize towards
the endosteal margins, leading to the hypothesis that bone might regulate
haematoposesis” (Fig, 1).

These early studies were followed by i vitro evidence that osteoblasts
differentiated in culture from b bone | cells could
produce haensatopoietic cytokines and support primitive haematoposetic
cells in culture”. mwummmcd‘wmu
HSC niche, but it was 1o engine strains totest
the hypothesis i vivo. Two studies followed, including 2 mouse moded in

evolutionary
organisms. similarities were used to constructancestral
u&slhatcmcndcomplamhxgﬂdnorpmsmmaxpml
monocellular “stem celle™. were formulated, and

relationships
WWWW&@WBMM

whichap that was restricted in activity to osteoblastic cells was
Mmmwdammwwm
receptor’. Along similar lines, Linkeng 153 kb, yusedap

that has since been shown 1o be restricted in bone marrow stroma to

primitive and mature osteolineage cells”, to delete the BMPria gene™.
I both modeb, the number of endosteal osteoblasts and the nurnber of

a;ammwalhempmhnmdmimbe lution of the
with cells deriving from a stemn cell equivalent’. 'l'hi:tvyml.i:r.bat

primitive ic cells (scored as stemn cells given the measures in
melthzum)mmd.l‘hadanpmﬂdh&u«-h«dqn

— that cells of the blood were related to one another, with

cific heterok

types descending from a single cell type in a “unified view of haemat-
opolesis™. In so doing, he articulated the hypothesis of tissuse stem cells.

This tookabout halfa ¢ y to define exp lly through
mummammmmmmmmm
single cells could yield descendants while preserving the

chers gave sub

multipotency of the mother cell . The tothe
-kada*mcdandwmmﬂ%md&lhw&mlm
of those cells — self-renewal and differentiation.

TﬂandM:Cuﬂod\bmedmudth\vmkonummsphm
colony-forming (CFU-S) asay now k o multi-

pazupmgnmmhtnhnlong term self- renzwingHSCs" The

mmdlhmmxhldbthﬁrmimnoﬂhnkh:
hypothesis by Ray Schofield in 1978. that the putative CFU-S
stem cedls were less robust than cells of the bone muarrow at reconstitut-
ing haematopolesis in irradiated animals, he proposed that a specialized

series of stidies that have since refined our understanding of the complex-
ity of the bone marrow microenvironment.

Studies of the niche have now more precisely determined the com-
ponents that regulate HSCs, and to some extent other haematoposetic
Wmhb&m&mymmhn
complex regubatory among cells in the bone marrow. A
perturbation in one cell type that leads to an effect in another cell type
does not necessarily require the interaction between the cells to be darect.
T&anmlh&:dvm-ﬁshw&dsmﬂsc

yasac of g in osteohlastic cells
Mu&me&sm&rhhmdnmm
Indeed of dy active parathyroed hormone receptors
noahﬁhsu"pmb&bymavdqxd in many cell types
of the bone marrow, including in the vasculature. Current data suggest

Homard Hugfs MaSedl imanue, Chaidren's Pusesch patitute. Department of Pustatres, Unmersdy of Teaas Seutirwestern MicSca Carter Dalas, Tanis 75350 USA Cartir tor Rageewatve
MucSene, Masiac o Ganeral Foagital, Farwarnd Staees Coll instiute snd the Dipartmant of Stam Catl and Segenarativs Blogy, Harvied Uniersty Casbndge. Wi oy 02138 LS8
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Neuronal Differentiation of Bone Marrow-derived Stromal Stem
Cells Involves Suppression of Discordant Phenotypes through

Gene Silencing*
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Tissue engineering involves the construction of trans-
plantable tissues in which bone marrow aspirates may
serve as an accessible source of autogenous multipoten-
tial mesenchymal stem cells. Increasing reports indicate
that the lineage restriction of adult mesenchymal stem
cells may be less established than previously believed,
and stem cell-based therapeutics await the establish.
ment of an efficient protocol capable of achieving a pre-
scribed phenotype differentiation. We have investigated
how adult mouse bone marrow-derived stromal cells

tiated neuronal cells and osteoblasts. The naive BMSCs
were found to exhibit vol: membrane cur-
rents similar to the neuronally guided BMSCx, although

teristies quickly disappeared. Our data suggest that the
loss of discordant phenotypes during BMSC differentia-
tion cannot be explained by the selection and elimina-
tion of unfit cells from the whole BMSC population. The
percent ratio of live to dead BMSCs examined did not
change during the first 8-10 days in either neurogenic
or osteogenie differentiation media, and cell detach-
ment was estimated at <1%. However, during this pe-
riod, bone-associated extracellular matrix genes were
selectively down-regulated in neuronally guided BM-
sc-.mmmmuwumw
ant phenotypes of differentiating adult stem cells is
achieved, at least in part, by silencing of superfluous
gene clusters.

Bone marrow represents an abundant source of renewing

stanceﬂsmhpolentnlbrdﬂdopm;mlomhnplehmps
(1-6). Bane marrow tr

£
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10.

have led to an understanding that the donor's bone marrow-
derived stromal cells (BMSCs)* can successfully integrate into
a wide range of highly specialized tissues of the recipient in
rwo. Transplanted BMSCs have been shown to fuse with dif
ferentiated resident cells, such as skeletal and cardiac museles
(7-13), hiver (14, 15), and neuronal cells (16-21). However,
Houghtaon et al. (22) have recently shown that the transplanted
BMSCs can develop gastric epithelial cells that contain a single
nucleus, suggesting that the formation of heterokaryons is not
necessarily a prerequisite for BMSC differentiation It must be
WMMMMWWMM
planted BMSCs can develop epithelial s
Helicobacter infection (22). Wmm:»
ing undifferentiated BMSC transplantation may thus require
Bone marrow aspirate can serve as an accesstble source of
cellular components for tissue engineering strategies  Increas.
ing reperts on in mfro differentiation protocols for adult mes-
be less stringent than previcusly believed. Experiments with
multipotent adult stem cells in rifro suggest that the microen-
vironment contributes substantially to terminal differentiation
112,14.3) Formph.BMSCssbowt&pdaﬁnlh-bp

of an efficient protocol that stably guides them to a prescribed
terminal differentiation

Both rodent and human BMSCs can be rapadly induced to
differentiate into neurons in a defined in vitro microenviran-
ment (34). Shortly after the exposure (o the neuregenic culture
condition, BMSCs begin to develop characteristic neuron-like
morphologies, such as processes resembling axons and den-
dntes (neurites). These cells also express genes and proteins
memdbmdwﬁumﬂaﬂ;Wemdlh
adult mouse BMSC model underg ogenic
umymm&ﬁummhdn:dﬂehm
lecular m regulating the in ritro trans-differentiation

'm-mmdmm bﬂmdﬂnﬁlm—d
cells; RT, reverse TEA, hyla
mmwﬂdﬂwwmw-ﬂ
basic p
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Mesenchymal stem cells: Biology and potential clinical uses

Robert J. Deans and Annemarie B. Moseley
Osirss Therapentics, Baltmore, Md, US4
(Received 3 May 1999; revised 26 March 2000; accepted 2§ Masch 2000)

There has been an increasing interest in recent years in the stromal cell system functioning in the
support of hbematopoiesis. The stromad cell system has been propesed to comsist of marrow mesen-
chymal stem cells that are capable of self-renewal and differentiation into various connective tissue
lineages. Recent efforts demonstrated that the multiple mesenchymal lineages can be clonally de-
rived from a single mesenchymal stem cell, supporting the proposed paradigm. Dexter demon-
strated in 1982 that an adherent stromal-like culture was able to support maintenance of hemato-
poietic stem as well as early B lvmphopocisis. Recent data from in vitro models demonstrating the
essential role of stromal support in hematopoiesis shaped the view that cell-cell interactions in the
marrow microeavironment are critical for sormal hematopoieic function and differentiation.
Muaintenance of the hematopoietic stem cell population has been wsed to incremse the efficiency of
hematopoietic stem cell gene tramsfer. High-dose chemotherapy and frequently cause stromal dam-
age with resulting hematopoietic defects. Data from preclinical transplantation studies suggested
that stroaml cell infusions not oaly prevent the occurrence of graft failure. but they have an immo-
nomodulatory effect. Preclinical and early clinical safety studies are paving the way for farther ap-
plications of mesenchymal stem cells in the feld of transplantation with respect to hematoposetic
support. immunoregulation, and graft facilitation. © 2000 Intermational Society for Experimental

Hematology. Published by Elsevier Science Inc.

Keywords: Stroma— [ ramsplantation—Hematopoiesis—Mesenchy mal stem cell

Stromal cell system

There has been an increasing interest in recent years in the
stromal cell system, which includes the marrow-derived
stromal cell that supports hematopoiesis, as well as the mes-
enchymal stem cell and its progeny, connective tissue cells
such as osteocytes, chondrocytes, temocytes. adipocytes,
and smooth muscle cells. The stromal cell system, first de-
scribed by Maurcen Owen [1] in 1985, has been the subject
of investigation in the ficlds of connective tissuc engincer-
ing, cell transplantation, hematopoictic stem cell transplan-
tation. and gene therapy.

‘What constitutes stroma?

There arc three main cellular systems m the bone mamrow:
hematopoictic, endothelial, and stromal (with stromal cells
loosely referring to the nonhematopoictic cells of mesen-
chymal ongin). The stromal cell system as proposed by
Owen was based on an analogy with the hematopoictic sys-
tem. in which mesenchymal stem cells reside within the
marrow, mamtain a level of self-renewal, and give nse to

Offprint requests to: Robent J. Deans, PhD.. Owrs Therapeutics, Inc
2001 Al Street. Baltimore, MD 21231 E-mad: rdeansiiosiristx com

cells that can differentiate into various connective tissue lin-
cages, including the ostcogenic hincage as described by
Friedenstemn [2] m 1980 as well as stromal tissues [3]. Four
main ccll types comprising the postnatal marrow stromal
tissuc arc known to support hematopoicsss: macrophages.
adipocytes. ostcogenic cells. and “reticular cells. ™ This is m
coatrast to the in vitro adherent layer denved from long-
term in vitro bone mamow culture [4] and consisting of fi-
broblastic cells, macrophages. adipocytes, endothelial celis,
and smooth muscle cells. The latter arc not present in the
extravascular space of the bone marrow and appear only in
arteriolar walls.

Within the in vivo stromal environment, alkaline phos-
phatase positive (ALP”) reticular cells assoctate closely
with hematoposctic cells [5]. These ALP” reticular cells are
thought to onginate from cells that were destined to differ-
cntiate into osteoblasts but arc capable of forming stroma
The presence of adipocytes in the postnatal stroma is depen-
dent on a number of factors: 1) stage of skeletal develop-
ment, because adipogencsis progresses from the diaphyses
to the epiphyses: 2) age, because the number of adipocytes
increases with age; and 3) the level of hematopoiesss. be-

cause adipogenesis appears to correlate indirectly with he-
matopoictic ccll mass, which usually is reflected in the

0301-472X00 §S-see front manter. Copyright © 2000 Internaticnal Society for Expenmental Hematology. Published by Elsevier Scacnce Inc.
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Neo-vascularization and bone formation mediated by fetal mesenchymal stem
cell tissue-engineered bone grafts in critical-size femoral defects

Zhi-Yong Zhang*®, Swee-Hin Teoh*™¢, Mark SK. Chong®, Eddy SM. Lee®, Lay-Geok Tan®,

Citra N. Mattar“, Nicholas M. Fisk®, Mahesh Choolani¥, Jerry Chan®*

*Mechanical Exgineering, Facuity of Engineeriag. Natisnal L y of Sin

® Centre for B pp ur«mmﬁmmqmw
y of Singapore Tissue Engineering Prog 1 of SaRan 12210
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ARTICLE INFO ABSTRACT

Article Mstory: Tissue-engineered bone grafis (TEBC) require highly osteogenic cell sources for use in fracture repair
Received 17 July 2005 applications. Compared to other sources of mesenchymal stem cells (MSC). human fetal MSC (h8MSC)
Accepted 1 Sepiesther 2008 have recently been shown to be more proliferative and osteogensc. We studsed the functional perfor-
Awsiichle. cnling: 5 Octshes 2009 mance of BMSC-mediated TEBC in 7 mm rat femoral critical-sized booe defects (CSD). Dynamically-

cultured and osteogemically-p d hiMSC seeded onto poly-c<aprolactone th-caloum
Kywonds: mwmwmmwummwmmu-
:mwzunans more new bore formation (433 = 10.5 vs. 21.0 = 74 mm’, p < 0.05), with greater compact and woven
W bone, and 2 9.8 » increase in stiffness (3.9 = 1.7 vx 0.4 = 0.3 mNm/degree, p < 0.05) compared to aceliular
Rar femur scaffolds, such that only animals transplanted with TEBC underwent full fracture repair of the (SD.
Critical size defect Although hMSC survived for <4 weeks, by 4 weeks they were associated with 2 319 Langer vasculature

mkmxh&&nm{h)-llluﬁ:lﬁm’p QMmemn*h

L Introduction of autologous bone grafts has led to the use of alternatives such as
allografts. Aside from the risks of immune rejection and disease
Fracture injuries represent an increasing clinical burden, with transmission, allografts have been associated with reduced cellu-
=15 million fractures annually in the United States alone, of which larity and vascularity compared to autologous grafts, and conse-
around 10% are complicated by non-union despite the body's innate quently, poorer bone healing This in um prompted the
fracture repair mechanisms [1). development of synthetic implants, which can be fashioned o
The usual strategy to prevent or treat fracture non-unson IS different shapes and sizes, but thus far have been hampered by
autologous bone grafting. delivering bone chips from a secondary their poor speed of healing and inability to remoded in tandem with
site into the fracture, where they promote homing of bone-forming the natural healing process [ 1] There is thus an urgent and unmet
stem cells [2] and thus participation in the healing process. clinical need for alternative approaches.
However, significant donor site morbidity such as chronic pain, Bone tissue engineering (BTE) provides an alternative way to
hypersensitivity, infection and paraesthesia occur in up to a third of develop an off-the-shelf engineered bone graft, which like allo- and
patients. In addition, the limited supply and unpredictable efficacy  synthetic grafts, is not only available in different shapes and sizes,
but also pessesses simdlar ability to stimulate rapid bone healing
Successful implementation of an effective BTE strategy requires the
* Cornesponding amhoc. Tel: -65 6772 2672; fax: <65 6779 £33 integrated contribution from scaffold, stem cell and dynamic
E-mail address jerrychan®nus edu sg (J (han). culture technologies.

Ol42-9612/S - see fromt macter © 2009 Bsevier Lrd. All rights reserved.
dod: 10,3016 biomagerials 2009.09.078
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The osteogenic differentiation of adult bone marrow and perinatal umbilical
mesenchymal stem cells and matrix remodelling in three-dimensional
collagen scaffolds
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ARTICLE INFO ABSTRACT
Article hstory: mewumakﬁmhw(um)wawmﬁmh
Received § July 2009 skeletal regeneration. Perinatal MSC from Wh. ’s Jelly of the umbilical coed (UC-MSC) are expected to
Accepted 16 September 2009 possess enhanced differentiation capacities due to partial expression of pluripotency markers. For bone
Avallable coline 7 October 2009 =
mmnuwmﬂp-m‘-‘ of stem celljbs 1l bybods con-
© g % Vivo g tissue via matrix ‘ﬁgndﬂ!mh
Meyw—" Lo study compares the cell-mediated remodeliing of three- dmensional collagen Ulll gebs during osteogenic
e i’ y ring differentiation of both cell types. When activated through collagen contact and subjected to osteogenic
Collagen scaffold dﬁmmm(ﬂh&mnlﬁ(mwdqﬂ-mdmnuxm(u)
Matrix remodelling proteins 2s shown by hastology, i mmumm
Exeracellular matrix Wmmmﬁmbﬁhaﬂmbt&” of
Metaloproteinaes wmammwmpmmmdmm
m(uxmn&mmmdmhMmmm
and coatraction. These results indicate that UC-MSC and BM-MSC display all features
mhmmmh“deEﬂdﬁnnMdmm
suggesting different mechanisms for bone formation and sgnificant mpact for bone Bssue
© 2009 Blsevier Ltd. All nghts reserved.
1 Introduction abundant proteins in the osteocyte environment and which are

Large bone defects are a major clinical problem, because in up to
40% of patients autologous bone grafts are not available [1] Thus,
there is pressing need for effective tissue engineered solutions.
Bone tissue engineering requires porous biodegradable scaffolds
combined with a non-immunogenic cell source with osteogenic
potential

Three-dimensional (3D) scaffolds provide support for cells 1o
attach, grow and differentiate, and define the spatial shape of the
tissue engineered transplant. A variety of biomaterials have been
Investigated for stem cells in the context of bone tissue engineering
|2} A promising biomaterial for bone tissue engineering applica-
tions Is a combination of collagen | and I1l, which are the most

* Corresponding author. Tel® -49 241 S080622: Lo +49 241 8082439,
E-muoll address: speuss-stein@ulaachende (S, Newss).
' Both authors contriduted equally to this work.

0142-9612)S - see from macter © 2005 Elsevier Lud. All rights reserved.
ot 10.1016() blamaterils 2009.09.059

13.

osteoinductive [3-5| Collagen | fibres have great tensile strength
and are broadly used for osteochondrocytic tissue engineering
applications [26.7]. Collagen I as 2 quantitatively minor fibrillar
collagen assembles into fibres with collagen 1, thereby regulating
the structures and properties of the fibres, thus enhancing the
structural stability and the rate of resorption. The collagen gels used
in the present study are composed of 90% collagen | and 10X
collagen L Combinations of collagen I and 1l are basically used for
WMWI&IOLMMmmm
antigenic properties as an implant material the smooth micro-
geometry and transmurale permeability as well as easy application,
make them important for tissue engineering

In recent years, mesenchymal stem cells (MSC) were shown to
be an artractive cell source for tissue engineering [4,1112] They can
be easily tsolated from bone marrow (BM) and expanded through
several passages while retaining their multipotent differentiation
capacity [4.13] Under permissive stimulation, MSC undergo osteo-
genic differentiation via a well-defined pathway |14} acquiring
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Abstract Stem cell research is one of the most rapidly expanding field of medicine which provides significant opportu-
nities for therapeutic and regenerative applications. Different types of stem cells have been isolated investigating their
accessibility. control of the differentiation pathway and additional immunomodulatory properties. Bulk of the literature
focus has been on the study and potential applications of adult stem cells (ASC) because of their low immunogenicity and
reduced ethical considerations. This review paper summarizes the basic available literature on different types of ASC with
special focus on stem cells from dental and orofacial origin. ASC have been isolated from different sources. however,
isolation of ASC from orofacial tissues has provided a novel promising alternative. These cells offer a great potential in the
future of therapeutic and regenerative medicine because of their remarkable availability at low cost while allowing
minimally invasive isolation procedures. Furthermore, their immunomodulatory and anti-inflammatory potential is of
particular interest. However, there are conflicting reports in the literature regarding their particular biology and full clinical
potentials. Sound knowledge and higher control over proliferation and differentiation mechanisms are prerequisites for
clinical applications of these cells. Therefore, further standardized basic and translational studies are required to increase
the reproducibility and reduce the controversies of studies, which in tum facilitste comparison of related literature and
enhance further development in the field.

Keywords Orofacial stem cells - Adult stem cell - Regenerative medicine - Stem cell therapy

1 Introduction to stem cells, types and potential
applications

The stem cell engineering is a rapidly growing field in the
area of regenerative medicine. Stem cells are being used
extensively for understanding development and progres-
sion of diseases. Currently. stem cell therapy is one of the
bravest and promising moves for successful treatment of
various medical conditions. This field is rapidly expanding
as different clinical trials reveal their tremendous
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therapeutic potentials. Stem cells have been investigated as
eases such as: cerebral ischemia. parkinson’s discase., alz-
heimer’s discase. retinal disease. diabetes type | and 2.
myogemic disease [1]. It is also applied for neuronal, car-
diovascular and bone regeneration [1-3]

Although various stem cells have been isolated and
defined. they share common general features which make
them distinctive among other mammalian cells. The main
interesting key feature of stem cells is their undifferentiated
nature with a2 potential to cither retain their stemness
through self-renewal (symmetric division) or give rise to
differentiated daughter cells (ssymmetric division) [4]. In
genersl, stem cells stay in a quiescent state inside adult
tissue, where upon stimulation they enter the cell cycle for
division [5. 6]. Two types of cell division mechanism

Q) Springer
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Donor sex and age influence the chondrogenic potential of human femoral

bone marrow stem cells
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SUMMARY

Article history:
Received 24 July 2009
Accepted 4 Japuary 2000

Obyective: Damaged articular cartilage does not heal well and can progress to osteoarthrtis (OA) Human
bone marrow stem cells (BMC) are promising cells for artscular cartilage repair, yet age- and sex-related
differences in their chondrogenesis have not been clearly identified. The purpose of this study is to test
whether the chondrogenic potential of human femoral BMC varies based on the sex andjor age of the
donor.
Design: BMC were ssolated from 21 m&-s(l&-&ya-sdd(;n))mdm&m*s(m-ﬂyn}m
orthopaedic procedures. Cumulative population doubling ((PD) was measured and
Mwmmmmnnmumammwm
1 (TCFR1). Pellet area was measured, and chondrogenic differentiation was determuned by Tolusdine blue
and Safranin O-Fast green histologacal grading using the Bern score and by glycosamneglycan (CAC)
content.
Resuits: No difference in CPD was observed due to donor sex or age. The increase in pellet area with
addition of TCFB1 and the Bern score ssgnaficantly decreased with increasing donor age in male BMC, but
not in female BMC. A significant reduction in CAC content per pellet was also observed wath increasing
donor age in male BMC. This was not observed in female BMC.
Condusions: This study showed an age-related deciine in chondrosd differ wath TCFi1 stmu-
ation in male BMC, but not in female BMC. Understanding the mechanssms for these differences will
contribute to improved clinscal use of autologous BMC for articular cartilage repair, and may lead to the
development of customized age- or sex-based treatments to delay or prevent the onset of OA.

© 2010 Ostecarthritis Research Socety International. Publeshed by Elsevier Ltd. All nghts reserved.

Introduction

improve articular cartilage repair, as it may delay, or even prevent
the onset of debilitating OA_

Articular cartilage is an avascular tissue with limited intrinsic
healing capacity. Due to its inability to heal effictenty, focal carti-
lage injuries of the knee have an increased risk of progressing to
osteoarthritis (0A), 2 leading cause of disability'. Current treatment
modalities for articular cartilage repair include debridement,
osteochondral grafting, autologous chondrocyte implantation, and
microfracture”™. While good to excellent clinical cutcome scores
have been reported for each technique, the repaired cartilage is
biomechanically dissimilar to the surrounding native cartilage_This
can lead to degradation of the cartilage over time, which would set
the stage for the progression of OA. Thus, there is an urgent need to
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Microfracture s minimally invasive and the simplest of the
treatment techniques, as it involves penetrating the subchondral
bone to access repair celis from the bone marrow to infiltrate the
defect. Microfracture is, however, inconsistent*-5_ A high degree of
variability in the amount of repair cartilage rhar fills the defect has
been reported, indicating that there may be a subpopulation of
patients that do not produce sufficient repair tissue after micro-
fracture, leading to early fallure®. Age has also been shown to affect
the clinical outcome of microfracture, with younger patients (<40
years old (v.0.)) showing better clinical outcome scores®. Since bone
marrow cedls are the main repair cells recruited to the defect during
microfracture, it suggests an important and continued rode for the
autogenous application of bone marrow stem cells (BMC) in artic-
ular cartilage repair. The varability seen in chinical outcome
measures suggests that BMC from different individuals could differ
in thelr capacity for chondrogenic differentiation

- see front munier © 2010 Ostecastiuicis Research Society Intemational. Published by Elsevier Lot All cights reserved.
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Tummmmmmmaﬁ(hmmzwwzamdmh
many degenerative bone and joint d Previous studies have established that age negatively affects the proliferation status and
the osteogenic and chondrogenic differentiation potential of mesenchymal stem cells. The aim of this study was to assess the age-

related maintenance of function and differentiation potential of hASCs in vitro. RASCs were isolated from patients of
four different age groups: (1) >20 years (n = 7), (2) >50 years (n = 7). (3) >60 years ( = 7), and (4) >70 years (m = 7). The hASCs
were characterized according to the ber of fibrobl lony forming unit (CFU-F), proliferation rate, B

time (PDT). :ndqmﬂedpmxdadm and osteogenic St to younger cells,

aged hASCs had dec d prolit; d ch and
AMmhwdﬁm&&mﬂmd*w*aMhmbmndpﬂhamu

mm:;.unmmmﬂaﬁzmn&nad on hASCs viability, proliferation status, and multslineage
potential when q:xanm

differentiation

1. Introduction

Mesenchymal stem/stromal cells (MSCs) hold great promise
as a novel therapeutic option for use in tissue regeneration.
Because of their i differentiation capacity, MSCs
are considered as a potential therapeutic tool for treating a
wide range of pathologies, especially bone and cartilage dis-
orders such as osteoarthritis, osteoporosis, and osteonecrosis
[1-3). Numerous predinical and clinical studies, using the
ability of MSCs to repair bone and i have shown
promising results in musculoskeletal regeneration of chon-
dral and osteochendral lesions [4-7]. This lends hope for
MSCs to be potentially used in daily clinical practice.

potential, MSCs have an immunomodulatory effect that

16.
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is dependent on cell-cell contact or mediated through the
secretion of immunosuppressive molecules [8, 9]. The ability
of MSCs to secrete membrane derived vesidles (MVs), rich
in 1 wide range of growth factors, antiapoptotic factors, and
anti-inflammatory molecules, is currently considered as a
novel molecular mechanism with significant therapeutic
potential [10, 11]. Multipotent cells have been isolated from
the umbilical cord [12, 13}. Traditionally, human MSCs are
isolated from an aspirate of bone marrow harvested from the
iliac crest or the acetabulum However, the most common
and effective way of acquiring the cells is from adipose tissue
(14, 15]. Adipose derived mesenchymal stem cells (ASCs)
are easily obtained from patients during surgery or through
minimally invasive procedures. Results from 2 number of
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Age-Related Decline in the Osteogenic Potential of
Human Bone Marrow Cells Cultured in
Three-Dimensional Collagen Sponges

Stefan M. Mueller' and Julie Glowacki'~>*
'Department of Orthopedic Surgery, Brigham and Women's Hospital, and Harvard Medical School,
Boston, Massachusetts

*skeletal Biology Research Center, Massachusetts General Hospital and Harvard School of Dental
Medicine, Boston, Massachusetts

Abstract Studies with human and animal culture systems indicate that a sub-population of bone marrow stromal
cells has the potential to differentiate into ostecblasts. There are conflicting reports on the efiects of age on human
marrow-derived osteogenic cells. In this study, we used a three dimensional (3D) culture system and quantitative RT-
PCR methods to test the hypothesis that the osteogenic potential of human bone marrow stromal cells decreases with
age. Marrow was obtained from 39 men aged 37 to 86 years, during the course of total hip anhroplasty. Low-density
mononuclear cells were seeded onto 3D collagen sponges and cultured for 3 weeks. Histological sections of sponges
were stained for alkaline phosphatase activity and were scored as positive or negative. In the group < 50 years, 7 of 11
samples (63%) were positive, whereas only 5 of 19 (26%) of the samples in the group > 60 years were positive
(p=0.0504). As revealed by RT-PCR, there was no expression of alkaline phosphatase or collagen type | mRNA before
culture, however there were strong signals after 3 weeks, an indication of ostecblast diffesentiation in vitro. We
periormed a quantitative, competitive RT-PCR assay with 8 samples (age range 3880} and showed that the group < 50
years had 3-fold more mRNA foe alkaline than the group > 60 years ([p=0.021). There was a significant
decrease with age (r=—0.78, p=0.028). These molecular and histoenzymatic data indicate that the osteogenic
potential of human bone marrow cells decreases with age. |. Cell. Biochem. 82: 583590, 2001.  © 2001 Wiley-Liss, lnc.

Key words: bone marrow; aging: osteogenesis: in vitro; three-dimensional

Both in vivo and in vitro animal studies
indicate that a sub-population of marrow stro-
mal cells has the potential to differentiate to
hard and soft connective tissue cells, including
osteoblasts, ch and adipocytes [Frie-
denstein, 1976, Owen, 1985]. More recently,
studies with human marrow also indicate that
marrow cells can give rise to these different
tissues [Beresford, 1989. Long et al, 1990,
Vilamitjana-Amedee et al., 1993, Cheng et al_,
1994, Gronthos et al_, 1994, Rickard et al_, 1996,
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Pittenger et al., 1999]. Culture conditions are
important for promoting differentiation of
osteoblasts from marrow; standard ostecblasto-
genic medium contains dexamethasone, f-gly-
cerophosphate, and vitamin C [Leboy et al,
1991, Beresford et al., 1994]. Alkaline phospha-
tase activity has become a useful index of the
early commitment of cells to the osteoblast
lineage [Ashton et al |, 1980].

Studies with animal bone marrow cells
[Perkins et al, 1982 Tsuji et al . 1990, Liang
etal 1992 Roholletal, 1994 Kahnetal 1995,
Bergman et al, 1996, Frenkel et al, 1997]
suggest that there is an age-related decrease in
consistent for human cells. Shigeno and Ashton
found a higher number of proliferative precur-
sor cells in younger than in older subjects
[Shigeno and Ashton, 1995]. In a study of
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Membranous versus Endochondral Bone:
Implications for Craniofacial Reconstruction

James E. Zins, MLI), and Linton A. Whitaker, M.L.

Philadriphir, Fa

Large volumes of bone are frequently required
in eraninfacial reconstruction. Clinical observa-
tion suggests that membranous bone u
less resorption than endochondral bone when
grafied in the craniofacial region. Peer' noted
thar unlike endochondral bone grafis, membra-
nous bone mamiained 1ts volume in sofi tssue,
and Smith and Abramson® demonstrated thar
membranous bone underwent less resorption than
endochondral boane in the mabbat. In this repor
we confirm Smith and Abramson’s findings in
the rabbit, extend the experimental study o a
monkey model, and gquantitate differences in
bone formation using Muorescent microscopy and
point-counting techniques.

MaTeriaLs axp MeTHODS
Rabbut

Identical-sized blocks of endochondral amd
membranous bone measuring 10 X 5 X 3 mm
were taken from the ihae crest and zvgomartic
arch of 15 adult white New Zealand rabbits. The
endochondral grafis consisted of mixed cortical-
cancellous bone (one cortical and one cancellous
layer), and the membranous grafis consisved of
full-thickness zvgomatic arch. After removing the
periosteumn, the bone blocks were aurografied to
the snout of each of the 15 rabbias. Grafis were
placed in a subperiosteal pocket with good bone-
to-bone contact. Endochondral grafts were placed
with the endosteal surface against recipient bone
and cortical surface against soft tissue. No fixation
was used 1o immobilize the grafis.

In odd-numbered animals, the membramous
graft was placed closest to the nasal tip and the
iliac crest grafi proximal to this. ln even-num-
bered animals, the order was reversed (Fig, 1),

Reccrved Bor pubdscatsen (hoober 18, 12 revised Jamuary 20, 1563
e
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The animals were injected with vital stains a
the following intervals: wetracychine (30 mg/kg
IV) ar 2 weeks, alizarin complexone (M) mg/kg
V) an 4 weeks, caleein blue (20 me/kg [V) a1 B
weeks, and xylenol orange (20 mg/kg IV) a 12
weeks

Five animals were sacrificed ar 5, 10, and 20
weeks, respectively. At sacrifice, the skulls and
grafts were sirnpped of all soft tisue. The snout
was separated from the rest of the skull and the
fused grafis and snout removed en bloc. Grafi
wolumes were calculated in millimeters by direct
caliper measurement of the graft’s length, width,
and height.

After measurements were carried gut, the spec-
imiens were divided in half. One-hall was placed
in formalin for H&E preparation, and the second
halfl was placed in 70% ethanol for fuorescent
studies. For Muorescent mictoscopic examinarion,
undecalcified specimens were fixed o W%
ethanol and then embedded in a 2% carbosy
methyl cellulose solution. The embedded speci-
mens were frozen in liguid nitrogen and equila-
brated to —25°C in a freezer overnight. Undecal-
cified sections were cut to a thickness of 5 pm
using the Jung model K cryostar microtome.
Sections were collected with adhesive tape (No.
B10, 3M Company, St Paul, Minn.). rinsed in
Tris buffer, and dehydrared sequentially in 3%,
0%, 95%, and absolute aleohol. Specimens were
mounted in cuparal and examined usng the
Muorescent microscope with no further staining.

Volume measurements in all groups were com-
pared when appropriaie by application of the
Spudent’s ¢ west. Changes in graft dimensions
(length, width, and height) were compared using
the paired f test
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Early Secondary Bone
Grafting of Alveolar Cleft

Defects
A Comparison between Chin and Rib Grafts

Wilfred A. Borstlap', Kiki L. W. M. Heidbsechef', Hans
Peter M. Freibofer', Anne Marie Kuijpers-Jagtman’
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Introduction

An imporzant part in the treatment of children with clefts in
dmcpnmqpahmud\tmonsuucmnofch:ahtohrpro

use
datvbonc also.Thea:‘no‘

chin as compared to rib grafts.
Marerial and Methods
During the persod 1981 1o 1988, 61 patents with a com-

plete unilateral dleft were operated on for early secondary
reconstruction of the alveolar process. The boy ~ girl ratio

55

conclusion that if

region 1o beadge the this graft is peeferable to a
nb graft.

Key words

Cleft palate

is 7 w 3. The mean age was 9.5 yeary (range 80-13.1
vears), The graft tssue chosen was b in 39 cases and chin
bone in 22 cases. All paticars were operated on by expen-
audmﬁkfﬂm
The result of the bone procedure was assessed on
thcbuno(&ndmdudnbpdobnml‘occxb
ative and anmeal follow-up
ndngrapllsmavﬂdsk T‘thﬂdnofdrdreohrbom
in the cleft region after the bone grafting procedure was
to the length of the root of the teeth adjacent to
the cleft. Together with previous exposures the per-
centage bone loss could be determined. The minimum fol-
low-up period was one year.
The oreatment schedule for patients with unifareral cleft lip
ment soon after birth. At 3 to 6 months of age the lip is
closed primarily, using a Millard procedure in most cases.
At the age of one year the soft palate is repaired by the von
Langenbeck

Bdu:nmmmnd&ako&m(&m?ym
of age) orthodontic transverse maxallary expansion is often
nccmdmcormahualcmesbmofdnkxaw
nto the there are supernumerary m the

gven up 10 5 days

m3m?gy&x:tndﬁxakuté:mhafzrh
operation. For an iodoform-
mhrmpdkanmmemdnp&dm
to protect it as well as 1o prevent formation of a hacmato-
ma. This pressure pack & sutured to the teeth. If retention
of the expanded maxilla s needed, 2 custom-made palatal
bar with extensions along the entire wpper arch is used also.
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Alveolar Bone Marrow as a Cell Source for Regenerative Medicine:
Differences Between Alveolar and Iliac Bone Marrow Stromal Cells
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Masahiro N > Masahiro Sait MWYM"MDM‘
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ABSTRACT: We isolated and expanded BMSCs from human alveolar/jaw bone at a high success rate (T0% ).

These cells had potent osteogenic potential in vitro and in vive, although their chondrogenic and adipogenic
potential was less than that of iliac cells.

Introduction: Human bonc marrow stromal ceils (BMSCs) have ostcogenic. chondrogenic, and adipogenic
potential, but marrow aspiration from iliac crest is an invasive procedure. Alveolar BMSCs may be more
uscful for regencrative medicine, because the marrow can be aspirated from alveolar bone with minimal pain
Materials and Methods: In this study. alveolar bone marrow samples were obtamed from 41 paticats, 6-66
years of age, during the course of oral v. BMSCs were sceded and maintained in culture with 10% FBS
andbastﬁbmbhﬂp’omhhcwl’ ln BMSCswa’cmdnccdtociﬂutnmlchomcobhﬂsdnm-
drocytes, or adipocytes in a
Mdcmmeasmausdumc(o.léml)olaspma.alvcohrBMSCsupmdcdatam
ratio of 29/41 (70% ). The success rate decreased with increasing donor age. perhaps because of age-dependent
decreases in the number and proliferative capacity of BMSCs. The expanded BMSCs differentiated mnto
osteoblasts under osteogenic conditions in 21-28 days: the mRNA levels of osteocalcin, ostcopontin, and bone
sialoprotein, with the calcium level, in alveolar BMSC cultures were similar to those in ihac cultures.
However. unlike iliac BMSC. alveolar BMSC showed poor chondrogenic or adipogenic potential. and similar
differences were observed between canine alveolar and ihac BMSCs. Subsequently, human alveolar BMSCs
attached to B-tricakium phosphate were transplanted into immunodeficient mice. In ncw bone
formed with osteoblasts and osteocytes that expressed human vimentin, human osteocalan, and human
GAPDH. These findings suggest that BMSCs have distinctive features depending on their in vivo location and
that alveolar BMSCs will be uscful in cell therapy for bone discases.

J Bone Miner Res 2005:20:399-409. Published online on November 29, 2004: doi: 10.1359/JBMR.041117

Key words: bone marrow stromal cells, alveolar bone, osteogenesis, mesenchymal stem cells

INTRODUCTION

ONE MARROW STROMAL CELLS (BMSCs) can differenn-

ate into a varety of tissues—bone, cartilage. tendon,
muscle. adipose tissue, and neuronal tissue—and their
transplaniation promotes regeneration of vanious tssues.” ™
BMSCs have been isolated from various bones. including
the ilium, femur, tibia, and spine.™ but whether their
proliferative and differentiation potentials depend on their

Drs Kato and Tsuji own stock m Two Cells Co., Lid. All other
authors have no conflict of mterest

n vivo location is unknown. Furthermore, marrow aspira-
tion from these bomes is an mvasive procedure. Considering
these facts, we decided to try collecting BMSCs from alveo-
lar bone during the course of dental surgery, because most
voung adults undergo wisdom tooth extraction. We exam-
ined whether BMSCs could be expanded ex vivo from a
small volume of alveolsr bone marrow aspirates, and we
also examined the effects of age. sex, disease history, and
the volume of aspirates obtained from patients on ex vivo
expansion of alveolar BMSCs. Furthermore, we

the proliferative and differentiation potentials of alveolar
BMSCs with those of ihac BMSCs. using human and camine
DIATOW aspirates.

“Japan Science and Technology Ci

. Gradaate School of

mmmu-m

. Tokyo. Japas: Dq-n-endbe-al-dw
Japam: "Ik

v, Graduate School of

of Ol and Maxillofaci

Biomedical Science, Hroshima University, Hiroshima, Japan: ‘l‘r of Operative Dy ,f'*~ School of Boomedical
Science, Hiroshima University, mmm’&wawr stry, Graduate School of Biomed 'Sc':n.lﬁu
shima University, Hiroshima, Japan: “Department of Medicine and Molecular Sca Graduate School of Biomedacal S

shima Umiversity, limsl-n.l..l
Japan: *Department of r

and Endod

Surgery, Graduate School of Moedicne, Umiversty of Tok ﬁ

Dental C Yokosuka-city,

wa:.
MMIMMIMWMTM Higasiu. Hiroshima, Japanc "TwoCelan.LlLlﬁmsh—.

56



BONE

—
www.elsevier com locaze boae

Booe 38 (2006) 758 - 7oK

Skeletal site-specific characterization of orofacial and iliac crest
human bone marrow stromal cells in same individuals

Sunday O. Akintoye **, Thanh Lam *, Songtao Shi °, Jaime Brahim °,
Michael T. Collins ®, Pamela G. Robey ®

* Deparmment of Oral Medicine, U v of Pennsyfvants Schou! of Dental Medicine, The Robert Schatmer Center Roos 209 240 South 20ck Soret.
Philadelphis, PA 19104, U
" Craniofschal and Skelesal D Brunch, National Instinte of Dental and Crantofacial Research/Nattonal Ie of Health, Bethesda, MD 20892, US4

h/Nasimal fe

¢ Climical Center, National Instinate of Densal and Cranicficial R of Healtk, Bethesdia, MD 2892 USA

Received 2 August 2005; revised 17 October 2005, accepted 26 October 2005
Available coline 3 January 2006

Abstract

Autologous grafts from axsl and sppendiculsr bones commonly used to repair orofaczal bone defects offen resull m unfavorable cutcome. Thas
climscal observation, along with the fact that many booe abnonmalities are lmited to cramwofacisl bones, suggests that there are sigmificant
differences in bone metabobism in orofacial, axial and appendicular bones. It s plusable that these differences are dictated by sitespecificaty of
embryological progenitor cells and ogeogenic properties of ressdent muitipotent human bone mamow stromal cells (BBMSCs). This study
mvestigated skeletal site-speaific phenotypic and functional differences between arofacal (maxalla and mandsbie) and xxal (thac crest) REMSCs
in vitro 2nd 1n viva. Primary cultures of maalls, mandible and iliac crest hRBMSCs were establshed with and without osteogenic mducers. Site-
specific characterzzation inclided colony forming efficiency. cell proliferstion, life span before senescence. relative presence of surface markers,
adipogenesis, osteogenesis and transplantation in mmmunocompromised mace o compare bone regenerative capacity. Compared with il crest
cells, orofacial ABMSCs (OF-MSCs) probferated more rapidly with delayed sensscence, expressed higher lkevels of alkaline phosphatase and
demonstrated more calcium accumulation in vitro. Cells solated from the three skeletal sates were varably posstive for STRO 1, a murker of
hBMSCs. OF-MSCs formed more bone m vivo, whale iliac crest hREMSCs formed more compacted bone that included hematoponetic tissue and
were more respoasive in vitro and m vivo o osteogenic and adipogenic inductions. These dats demonstrate that hBEMSCs from the same
individuals differ in vitro and m vivo m a skeletal site-specific fashion and identified orofaczal marrow stromal cells as umque cell populations
Further understanding of sste-specific properties of hBMSCs and their impact on site-specific bone diseases and regeneration are needed.
Published by Elsevier Inc.

Kevwords: Bone marrow stromal cells; Ovofacial; Site-specific; Life span; Regenemtion

Introduction

Autologous bone grafis used to stimulate new bone
formation at sites of orofacial osscous defects are commonly
and appendicular bones. Bridging orofacial defects with grafis
obtained from an orofacial donor site are usually more
anatomic skeletal site-specific differences affect graft integra-

* Corresponding author Fax: +1 215 §73 78353,
Email address: akmtoyeiadental upenn odu (S.0. Akintoye).

8756-32828 - sec front matter. Published by Elsevier Inc
doi: 10. 1016} bone 2005.10.027

21.

tion [18,3037]. Added evidence that orofacial bone develop-
ment differs from that of axial and sppendicular bone
formation 5 suggested by the existence of skeletal diseases
such as cherubism [42] and hyperperathyroid jaw tumor
syndrome [41], which affect only jaw bones. In addition
craniofacial fibrous dysplasia is histologically and radiologi-
cally distinct from fibrous dysplasia mn axial and appendicular
bones [1,35]. The existence of site-specific variation in bone
cell responses has been suggested based on skeletal site-
dependent differences in the production of Insulin-like Growth
Factor (IGF) system by cultuwred human bone
cells at various skeletal sites [24]. It s also noteworthy that the
basic anatomy of axial and sppendiculsr skeletons has been
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To isolate high-quality human postnatal stem cells from accessible
resources is an important goal for stem-cell research. In this study
we found that exfoliated human deciduous tooth contains multi-
potent stem cells [stem cells from human gxfoliated deciduous
teeth (SHED)]. SHED were identified to be 2 population of highly
proliferative, donogenic cells capable of differentiating into a
variety of cell types including neural cells, adipocytes, and odon-
toblasts. After in vivo transplantation, SHED were found to be able
to induce bone formation, generate dentin, and survive in mouse
brain along with expression of neural markers. Here we show that
a naturally exfolisted human organ contains a population of stem
cells that are completely different from previously identified stem
cells. SHED are not only derived from a very accessible tissue
resource but are also capable of providing encugh cells for poten-
tial clinical Thus, exfoliated teeth may be an unex-
pected unique resource for stem-cell therapies incduding autolo-
gous stem-cell transplantation and tissue engineering.

odontoblast | bone regeneration | neural differentiation | adipocyte
dental pulp stem cell

ostnatal stem cells have been isolated from a variety of

tissues including but not limited to bone marrow, brain, skin,
hair follicles. skeetal muscle, and dental pulp (1-7). Recently,
the extraordinary plasticity of postnatal stem cells has been
suggested, in which neural stem cells may contribute to blood and
skeletal muscle (8, 9). and bone marrow stem celis may contrib-
ute to muscle, liver, and neuronal tissue (10-13). Recent emerg-
ing evidence suggests that cell-fusion events may account for
some of these observations (14, ISLl(smvtopmfnnha
insight into the characteristics of postmatal stem cells and
examine their full developmental potential i vivo (16).

The transition from deciduous teeth to sdult permanent teeth
is a very unique and dynamic process in which the development
and eruption of permanent teeth coordinate with the resorption
of the roots of deciduous teeth. It may take >7 years in humans
to complete the ordered replacement of 20 deciduous teeth (17).
In this study we solated a distinctive population of multipotent
stem cells from the remnant pulp of exfoliated deciduous teeth.
The significance of this study is that it provides evidence
indicating that a naturally occurring exfoliated deciduous tooth
is similar in some ways to 2n umbilical cord, containing stem cells
that may offer & unique stem-cell resource for potential dinical
applications.

Materials and Methods

Subjects and Cell Culture. Normal exfoliated human deciduous
incisors were collected from 7- to 8-year-old children under
approved guidelines set by the National Institutes of Health
Office of Human Subjects Research. The was separated
from a remnant crown and then digested in a solution of 3 mg/ml
collagenase type I (Worthington Biochem. Freehold, NJ) and 4
mg/ml dispase (Roche Molecular Biochemicals) for 1 b at 37°C.
Smgkcellmmabuerccuhmdmamgﬂum&ma
reported (7). techniques resulted in a population that we

Www pnas org,'agi/ dol, 10.1073/ pras 0937635100
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have termed glem cells from juman gdoliated deciduous teeth
(SHED).

Conditions for the induction of calcium sccumulstion were as
reported (7). and recombinant human BMP-4 (R & D Systems)
was used to induce osteogenic differentistion. Calcium accumu-
lation was detected by 2% Alizarin red S (pH 4.2) staining The
calcium concentration was measured by using a commercially
avatlable kit (calcium kit 587-A. Sigma). The induction of
adipogenesis was performed as reported (18). For neural dif-
ferentiation, Neurobasal A (GIKO/BRL). B27 supplement
(GIBCO/BRL). 1% penicillin, 20 ng/ml epidermal growth
factor (BD Bioscience). and 40 ng/ml fibroblast growth factor
(FGF) (BD Bioscience) were used to culture cells attsched to
0.1% gelatin-coated dishes (StemCell Technologies, Vancou-
ver). For sphere-like cell-cluster formation, 35 rat serum and
B27 were added.

Antibodies. Rabbit mn‘bodie‘ included snti-HSP90 and basic
FGF (bFGF) (Santa Cruz ): anti-core-binding
factor, runt domain a subunit 1 (CBFAl) (Oncogene Re-
search Products. Cambridge, MA): anti-endostatin, human-
specific mitochondria, and glutamic acid decarbox
(GAD) (Chemicon): and anti-alkaline phosphatsse (ALP)
(LF-47). bone si in (LF-120). matrix extracellular
pbosph.dycoptom'n (MEPE) (LF-155). and dentin sizlo-

cin (DSPP) (LF-151) (National Institute of Den-
tal and Craniofacial Research /National Institutes of Health).
Goat antibodies included anti-MAP2 and Tau (Santa Cruz
Biotechnology). Mouse antibodies included anti-STRO-1
and CD146 (C(9); ghal fibrillary acidic protein (GFAP),
nestin, neurofilament M (NFM), seuronal nuclei (NeuN), and
2'.3"-cyclic nucleotide-3’-phosphodiesterase (CNPase)
(Chemicon): and anti-SlIl-tubulin (Promegs). Rabbit and
murine isotype-matched negative control antibodies were also
used (Caltag Laboratories, Burlingame, CA).

Transplantation. Approximately 2.0 ¥ 10f SHED were mixed with
40 mg of hydroxyspatite/tricalcium phosphate (HA/TCP) ce-
ramic powder (Zimmer. Warsaw, IN) and then s.C.
into immunocompromised mice (NIH-bg-nu-xid. Harlan-
—Dawley) as described (19).
SHED were injected into the brain of imm
mice according to specifications of an approved small-animal
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Abstract

Objective The objectives of this study are to isolate, cultivate,
and characterize stem cells from the pulp of canous deciduous
teeth (SCCD) and compare them to those retrieved from
sound deciduous teeth (SHED—stem cells from human exfo-
liated deciduous teeth).

Marerial and methods Cells were obtamed of dental pulp col-
lected from sound (#=10) and carious (#=10) deciduous hu-
man teeth. Rate of 1solation, proliferation assay (0. 1. 3, 5, and
7 days), STRO-1, mesenchymal (CD29, CD73, and CD90) and
hematopoictic surface marker expression (CD14, CD34,
CD45, HLA-DR), and differentiation capacity were evaluated.
Resuls Isolation success rates were 70 and 80 % from the
carious and sound groups, respectively. SCCD and SHED
presented similar proliferation rate. There were no statistical
differences between the groups for the tested surface markers.
The cells from sound and carious deciduous tecth were posi-
tive for CD29, CD73, and CD90 and negative for CD14,
CD34, CD45, and HLA-DR and were capable of differentiat-
Conclusion SCCD demonstrated a similar pattemn of prolifer-
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ability as those obtained from sound deciduous teeth. These
SCCD represent a feasible source of stem cells.

Clinical relevance Decayed deciduous teeth have been usual-
ly discanded once the palp tissue could be damaged and the
activity of stem cells compromised. These findings show that
stem cells from carious deciduous teeth can be applicable
source for cell-based therapics in tissue regeneration.

Proliferation - Differentiats

Introduction

Populations of mesenchymal human stem cells have been iso-
lated from the pulp of permanent (dental pulp stem cells—
DPSCs) [1] and deciduous sound tecth (stem cells from hu-
man exfoliated deciduous teeth—SHED) [2]. Although these
groups of cells share similar charactenistics, SHED shows
than DPSCs [3]. Morcover. deciduous tecth are more attrac-
tive because they physiologically exfoliate and pulp tissue 1s
usually discarded [4. 5| Thus, sound deciduous teeth, espe-
cially those in advanced exfoliation process [6], are consid-
ered a feasible stem cell source.

The use of dental pulp stem cells from sound teeth is suc-
cessfully reported in several strategies of regencration in animal
models, like treatment of musculsr dystrophy [7]. comeal re-
construction [8]. and repair of the central nervous system [9].
Morcover, DPSC and SHED are focus of dental researches and
have showed promising results for pulp regeneration [10. 1]
and bone repair in animal [12] and human [13] models.

Recent studies have shown conflicting results reganding the
differentiation and profiferation potentials of stem cells obtained
from the pulp of permanent tecth with decp canous lesions,
which can be associated with the pulp inflammation stage
[14-17] The questions remains whether stem cells are modified

€} Springer
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Abstract

Stem cells from human exfoliated decduous teeth
{SHED) have been isolated and characterized as multi-
potent cells. However, it 5 not known whether SHED
can generate a dental pulp-like tissue in vivo. The
purpose of this study was to evaluate morphologic
characteristics of the tissue formed when SHED seeded
in biodegradable scaffolds prepared within human
tooth slices are transplanted into immunodeficent
mice. We observed that the resulting tissue presented
architecture and cellulanty that dosely resembie those
of a physiologic dental pulp. Ultrastructural analysis
with transmission electron microscopy and immunohis-
tochemistry for dentin sialoprotein suggested that
SHED differentiated into odontoblast-fike cells in vivo.
Notably, SHED also differentiated into endothelial-like
cells, as demonstrated by B-galactosidase staming of
cells lining the walls of blcod-containing vessels in
tissues engineered with SHED stably transduced with
LacZ This work suggests that exfoliated decducus
teeth constitute 3 viable source of stem cells for dental
pulp tissue engineering. {J Endod 2008;34:962-969)
Key Words
Angiogenesss, endodontics, multipotency, odontoblast,
scaffold
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egenerstive medicine offers exciting opportunities t replace or restore tissues of

the body sfter disease and trauma_ Tissue engineering approaches sim to fabricate
new replacement body tissues. and such approaches commoaly imvolve seeding of cells
at various stages of differentiation within scaffolds. which can then be implmted (1).
The complexity of architecture and function of many tisspes, however, provides signif-
icant challenges to engineering replacement tissues resembling their pivsiologic coun-
terparts. Use of siem cells, either of embryoaic or postratal derivation. for tissue engi-
msm“n&smmha’hbnd‘

tissue architecture. However, ethical constraints associsted with wse of
embryonic stem cedls (ESCs) and bmitations of readily accessible sources of mtologous
postnatal stem cells with muitipotentiality pose significant challenges for use of stem
cells in tissue engineering. Furthermore. the requirement for good vascubarization of
any tissue construct is of paramount importance to its vieality.

The discovery of stem cells in the pulp of permanent teeth (2) and also in decid-
uous teeth (3) raised the mtnauing possibility of wsing dental pelp stem cells for tssue
engineering (4—6). The dentsl pulp stem cells have been shown 1o be capable of
self-renewal and differentiation (7). These stem cefls can be isobsted from
patients with refatively minimal morbidity, especially when they are retrieved noninva-
sively from the pulps of exfoliated deciduous teeth (3). The first successful atempt 1o
engineer complex whole tooth structures wsed single-cell suspensions dissoctated from
porcine third molar toth buds and suggested the existence of dental pulp stem cells in
this tissue (8). Others have successfully used 2 similar approach for the bicengineering
of organs for regenerative therapies (9). The concept of using stem cells for dental
tissue engineering wis explored by Sharpe and Young (10). They and others demoa-
strated that it is possible 1o engineer murine teeth by wsing adult stem cells of nondental
or dental origin (10-12). Recently, mesenchymal stem cells isobated from the root
apical papilla of human teeth were shown to be capable of mediating tooth regeneration
with recovery of tooth strength and appesrance (13).

Stem cells from human exfolisted deciduous teeth (SHED) kave become am =t
tractive alternative for dental tissue engineering (3). The use of SHED might bring
advantages for tissue over the use of stem cells from adult human teeth 35
follows: (1) SHED were reported to have higher proliferstion rate and increase cell
population doublings as compared with stem cefls from permanent teeth (3). This
meght faciitate the expansion of these cedls i vitro before replantanoa. (2) SHED cells
are retrieved from a tissue that is “disposable™ and readily accessible in young patients,
e, exfoliated deciduous teeth ( 3) We have previoush proposed that dental pelp tissue
mﬂmc&cﬂdkﬂyuﬂhwpﬁmmh*ﬁ
pulp necrosis in immature permanent incisors 2s consequence of trauma (14). Such
treatment could potentiafly allow for the completion of vertical and kateral root devel-
opment and perhaps improve the long-term outcome of these teeth. The fact that these
patients are in mixed dentition. and therefore their deciduous molars are at varioes
degrees of exfoliation. makes SHED 2 timely and opportune stem cell source for the
engineering of dental pulps in immature permanent teeth.

Although the coacept of engineering whole tooth stractures offers exciting poten-
tial, significant clinical challenges still remain, and engineering or regeneration of
component tissues of the tooth might be 2 more realistic shorter-term goal In partic-
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Dentinal repair in the postnatal organism occurs through the
activity of spedialized cells, odontoblasts, that are thought to be
maintained by an as yet undefined precursor population associated
with pulp tissue. In this study, we isolated a donogenic, rapidly
proliferative population of cells from adult human dental pulp.
These DPSCs were then compared with human bone marrow
stromal cells (BMSCs), known precursors of osteoblasts.

they share a similar immunophenotype in vitro, functional studies
showed that DPSCs produced only sporadic, but densely calcified
nodules, and did not form adipocytes, whereas BMSCs routinely
calcified throughout the adherent cell layer with dusters of lipid-
laden adipocytes. When DPSCs were transplanted into immuno-
compromised mice, they generated a dentin-fike structure lined
with human odontoblast-like cells that surrounded a pulp-like
interstitial tissue. In contrast, BMSCs formed lamellar bone con-
taining osteocytes and surface-fining osteoblasts, surrounding a
fibrous vascular tissue with active hematopoiesis and adipocytes.
This study isolates postnatal human DPSCs that have the ability to
form a dentin/pulp-fike complex.

odontoblast | dentin | in wive transplantation

uring tooth formation, interactions between epithelial and
dental papilla cells promote tooth morphogenesis by stim-
ulating 3 subpopulation of mesenchymal cells 1o differentiate
into odontoblasts, which in turn form primary dentin. Morpho-
logically, odontoblasts are columnar polarized cells with eccen-
trac nuclei and long cellular processes aligned a1 the outer edges
of dentin (1). After tooth eruption, reparative dentin is formed
by odoatoblasts in to mechanical erosion or
qgt;:.andlhmugh dentinal degradation caused by bacteria
(2). odontoblasts are thought to arise from the prolifer-
ation and differentiation of a precursor population, residing
somewhere within the pulp tissue (3). Despite extensive knowl-
edge of tooth development, and of the various specialized
tooth-assoctated cell little is known about the charscter-
istics and properties of their respective precursor cell popula-
tions in the postnatal organism.
To date, the identification and isolation of an odontogenic
rogenitor tion from adult deatal pulp tissue has never
endonc t is known that in certain conditions, cultures of pulp
cells derived from early developing dental root tissue and pulp
tissue can develop an odontoblast-like appearance with the
capacity to form mineralized nodules i virro (4). a trait normally
attributed to cultures of bone or bone marrow cells (5. 6). More
is known about the characteristics of multipotent bone marrow
stromal cells (BMSCs) and their potential to develop into
osteoblasts. chondrocytes, adipocytes, e fibrous-
mmaudperhammmadeandneumlmmtsﬂ-l’) They
are characterized by their high proliferative capacity ex vivo.
whereas maintaining their abdity to differentiate into multiple
stromal cell lineages. The tissue-specific differentiation of BM-
SCs seems to be dependent on their state of differentiation and
commitment, and the microenvironment in which they are
located. By analogy, we speculated that adult dental pulp tissue
might also contain a population of multipotential stem cells.

25.
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In the present study. doao’:mcndmghhpmﬂmcds
were derived from disaggregated adult human
dental pulp, which we have termed DPSCs, and compared with
BMSCs, cells with known stem cell character (13). We have
previously shown that human bone is generated after wenogeneic
transplantation of BMSCs with hydroxyapatite / tricalcium phos-
phk(HAﬂtP)nammveh:k('?).Welhmm

that solated ex vivo-expanded human
muddakobecapabkdmgmnnngadcu/m&tmm-
ture in vivo under similar conditions.

Materials and Methods

Subjects and Cell Culture. Normal human impacted third molars
were collected from adults (19-29 years of age) at the Dental
GmtdlthammllmnmmofDmnlderudml
R ch under ap d guidelines set by the National Insti-
tutes of Health Oiﬁec of Human Subjects Research. Tooth
surfaces were cleaned and cut around the cementum-enamel
junction by using sterilized dental fissure burs to reveal the pulp
chamber. The pulp tissue was gently separated from the crown
and root and then digested in a solution of 3 mg/ml collagenase
type | (Worthington Biochem. Freebold NJ) and 4 mg/ml
dispase (Boehringer Mannheim) for 1 h at 37°C. Single-cell
suspensions were obtained by passing the cells through 3 70-um
strainer (Falcon). Bone marrow cells. processed from marrow
aspirates of normal human adult volunteers (20-35 years of age).
were purchased from Poietic Technologies (Gaithersburg, MD)
and then washed in growth medium Single-cell suspensions
(0.01 to 1 % 10°/well) of dental pulp and bone marrow were
seeded into 6-well plates (Costar) with alpha modification of
Eaﬂc‘sudhm(GlK‘O/BRL)nmzmnkdwnm FCS
(Equitech-Bio, Kerrville, TX) /100 L-ascorbic acid 2-phos-
phate (Wako Pure Chemicals, Osaka)/2 mM L-glutamine /100
units/ml penicilling/ 100 pg/ml streptomycia (Biofluids, Rock-
ville, MD). and then incubated at 37°C in 3%¢ CO:. To assess
colony-forming efficiency. day 14 cultures were fixed with 4%
formalin and then stained with 0.1% toluidine biue. Aggregates
of =50 cells were scored as colonies. Conditions for the induc-
tion of calcified bone matrix deposition in vitro were as
(GmeMlmmdsubmdhmms(ﬁ:ﬁps—
sage) of DPSCs and BMSCs was assessed by

(BrdUrd) incorporation for 24 h by using 2 Zymed BrdUrd
staining kit (Vector Laboratories).

Immunochistochemistry. Primary DPSCs and BMSCs were subcul-
tared into S-chamber slides (2 x 10° cells /well) (Nunc). The
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Multilineage Differentiation Potential of Stem Cells Derived
from Human Dental Pulp after Cryopreservation

WEIBO ZHANG, D.DS.. Ph.D.' X. FRANK WALBOOMERS, Ph.D..'
SONGTAO SHL D.D.S., Ph.D.> MINGWEN FAN, D.DS.. PhD.*
and JOHN A. JANSEN, D.D.S., Ph.D. '

ABSTRACT

The current study aimed to prove that human dental pulp stem cells (hDPSCs) isolated from the pulp of
third molars can show multilineage differentiation after cryopreservation. First, hDPSC were isolated via
enzymatic and frozen in liquid nitrogen until use. After defrosting, cells were analyzed for
proliferative potential and the expression of the stem cell marker STRO-1. Subsequently. cells were
cultured in neurogenic, osteogenic/odontogenic, adipogenic, myogenic, and chondrogenic inductive media,
and analyzed on basis of morphology, immunochistochemistry, and reverse transcriptase-polymerase
chain reaction (RT-PCR) for specific marker genes. All data were replicated, and the results of the
primary cells were compared to similar tests with an additional primary dental pulp stem cell strain,
obtained from the National Institutes of Health (NIH). Results showed that our cell population could be
maintained for at least 25 passages. The existence of stemv/ progenitor cells in both cell strains was proven
by the STRO-1 staining. Under the influence of the 5 different media, both cell strains were capable to
advance into all 5 differentiation pathways. Still differences between both strains were found. In general,
our primary culture performed better in myogenic differentiation, while the externally obtained cells
were superior in the odontogenic/osteogenic and chondrogenic differentiation pathways. In conclusion,
the pulp tissue of the third molar may serve as a suitable source of multipotent stem cells for future tissue
engineering strategies and cell-based therapies, even after cryopreservation.

INTRODUCTION

DULT STEM CELLS (ASCs) situated in differentiated tis-

sues have the potential to produce the specialized cell
types to maintain and repair the tissve they reside in. ASCs
have been isolated from many tissues' such as bone mar-
row, > brain.* skin.® muscle.® and fat tissve.” Previously. it
was generally accepted that the differentiation potential of
ASCs was lineage restricted. This hypothesis currently fa-
ces challenge as more and more evidence demonstrates that
ASCs have the potential to cross lincage boundanes. and
also are able to differentiate into specific cells of tissues

beyond their origin. For instance., it has been confirmed that
bone marrow stem cells have the ability to differentiate into
neurons.” osteoblasts.” adipocytes.” and myoblasts '’ Stem
cells that have been isolated from other differentiated ts-
sues such as brain.'’ muscle.”” and fat tissue." also show
similar multilincage potential. Currently. there is no well
accepted definition of this propernty of ASCs: and it has
been termed plasticity,'® trans-differentiation.'s or un-
orthodox differentiation.'® This finding incresses the po-
tential use of organ- or tissue-specific stem cells, because it
suggests that stem cells can regenerate multiple tissues in
different locations.
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ABSTRACT

In this study, we characterized the self-renewal
capability, multi-lineage differentiation capacity,
and clonogenic efficiency of human dental pulp
stem cells (DPSCs). DPSCs were capable of
forming ectopic dentin and associated pulp tissue
in vivo. Sromal-like cells were reestablished in
culture from primary DPSC transplants and re-
transplanted into immunocompromised mice o
generate a dentin-pulp-like tissue, demonstrating
their self-renewal capability. DPSCs were also
found to be capable of differentiating into
adipocytes and neural-like cells. The odontogenic
potential of 12 individual single-colony-derived
DPSC strains was determined. Two-thirds of the
single-colony-derived DPSC strains generated
abundant ectopic dentin in vivo, while only a
limited amount of dentin was detected in the
remaining one-third. These results indicate that
single-colony-derived DPSC strains differ from
each other with respect to their rate of
odontogenesis. Taken together, these results
demonstrate that DPSCs possess stem-cell-like
qualities, including self-renewal capability and
multi-lineage differenniation

KEY WORDS: stem cell, odontoblasts, dentin_ fn
vivo transplantation.
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Stem Cell s of
Human Dental Pulp Stem Cells

INTRODUCTION

tem cells are generally defined as clonogenic cells capable of both self-

renewal and mult-lineage differentiaton. Post-natal stem cells have been
isolated from vanous tissues, including bone marrow, neural tissue, skin,
retina, and dental epithelium (Harada er ol | 1999, Fuchs and Segre, 2000;
Bianco er al, 2001; Blau er af , 2001). Recently, we have identified a
population of putative post-natal stem ceils in human dental pulp, dental
pulp stem cells (DPSCs). The most striking feature of DPSCs is their ability
to regenerate 2 dentin-pulp-like complex that is composed of muneralized
matrix with tubules lined with odontoblasts, and fibrous tissue containing
blood vessels in an arrangement similar to the dentin-pulp complex found in
normal human teeth (Gronthos er al |, 2000).

Previous studies have demonstrated that, like osteoblasts, pulp cells
express bone markers such as bone sialoprotein, alkaline phosphatase, type |
collagen, and osteocalcin (Kuo er al | 1992; Tsukamoto er al | 1992,
Nakashima er al, 1994; Butler ez al, 1997, Shiba er af , 1998; Buurma er
al., 1999; Buchaille er al., 2000). Their differentiation is regulated by
vanous potent regulators of bone formation, including members of the
TGFB superfamily and cytokines (Kettunen er af | 1998, Shiba er af , 1998;
Onishi er af | 1999). The similanity of the gene expression profiles between
DPSCs and precursors of osteoblasts, bone marrow stromal stem cells
(BMSSCs), has recently been reported (Shi er af | 2001).

BMSSCs have been defined, by in virro and in vivo studies, as
pluripotential adult stem cells (Prockop, 1997; Bianco er al, 2001). They
possess the capacity to differentiate into different kinds of cells such as
ostecblasts, chondrocytes, adipocytes, muscle cells, and neural cells (Ann
et al | 1998; Fuchs and Segre, 2000; Bianco er af, 2001). In contrast, DPSCs
have not yet been extensively studied in terms of their stem cell properties.
Here, we demonstrate that human DPSCs represent a novel adult stem cell
population that p the properties of high proliferative potential, the
capacity of self-renewal, and multi-lincage differentiation.

MATERIALS & METHODS

Subjects and Cell Culture

Noermal humaen thind molars were collected from adults (19-29 yrs of 2ge) o the Dental
Climic of the Natiosal Institute of Dental and Cramiofacsal Research under approved
madelines set by the National Instiuges of Health Office of Human Sobpects Research.
For multi-colony- and single-coloay-derived cell cultures, human DPSCs and
BMSSCs were solated and cultured as previously reported (Kiuznetsov er ol | 197,
Groathos et al, 2000). For the culise of re-solsted DPSCs, three-month-old DSPC
transplungs were mnced and then disested in 2 solution of 3 me'ml. collagenase type |

531

63



The Hidden Treasure in Apical Papilla: The Potential Role
in Pulp/Dentin Regeneration and BioRoot Engineering

George T-]. Huang, DDS, MSD. DSc.* Wataru Sono;ama, DDS, PbD” Yi Liu, DDS. PbD.*
He Liu, DDS, PbD,' Songlin Wang, DDS, PbD,” and Songtao Sbi, DDS, PbDr

Abstract

Some dinical case reports have shown that immature
permanent teeth with periradicular periodontitis or ab-
scess can undergo apexogenesis after conservative
endodontic treatment. A call for 3 paradigm shift and
new protocol for the dinical management of these
cases has been brought to attention. Concomitantly, a
new population of mesenchymal stem cells residing in
the apical papilla of permanent immature teeth recently
has been discovered and was termad 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
celis when treating immature teeth may allow contin-
uous formation of the root to completion. This article
reviews current findings on the isolation and charac-
terization of these stem cells. The potential role of these
stem cells in the following respects will be discussed:
(1) their contribution in continued root maturation in
lar periodontitis or abscess and (2) their potential uti-

lzation for pulp/dentin regeneration and bioroot
engineering. (/ Endod 2008:34:645-651)
Key Words

Apexogenesis, apical papilla, bioroot engineering, den-
tal pulp stem cells, immature teeth, periodontal iiga-
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number of recent clinical case reports have revealed the possibilites that many
that trditionally would receive apexification may be treated for apexogenesis.

A call for 2 paradigm shift and new protocol for the dlinical management of these cases
has been made by the suthors (1-3). A recent scientific finding, which may explain in
part why apevogenesis cin occer in these infected immature teeth_ s the
discovery and isolation of 2 new popukstion of mesenchymal stem cells (MSCs) residing

in the apical papilkz of incompletely developed teeth (4, 5). These cells are termed stem
cellslmnlhq:ﬂpqﬂ(suﬂ :ﬂtam-om-&als

meﬂhmuupﬁs&c&(m)hm
discovered earfier (6), they also behave differently in 2 number of aspects that were
assessed by histologic, immunohistochemical, cellular, and molecular anafyses. Evi-
m;m»w&wumwbk&md
primary odontoblasts that are responsible for the formation of root dentin, whereas
DPSCs are likely the soarce of replacement odontoblasts. Conservation of these stem
cells when treating immature teeth may allow continpous formation of the root to its
completion. The goal of this review is to introduce the background of these recently
described stem cells, their isolation, and charactenization. The potential role of these
stem cells in the contribution of the continued root maturation in endodontically treated
immature teeth with periradicular periodontitis or abscess and in antotransplanted
teeth are discussed. The passibility of using SCAP and other types of pulp stem cells for
pulp/dentin and the combination of SCAP and periodontal ligament stem
cells (PDISCs) for bioroot engineering shown by Sonovama et 2l (4) in 2 swine model
as a potential future dlinical approach to replace dental implanss will be thoroughly
described and analyzed.

Dental Papilia, Apical Papilla, and Pulp in Developing Teeth

It is well known that dental papilks is derived from the ectomesenchyme induced
by the overlaying dental lamina during tooth development (7. 8) This developing organ
evolves into dental palp afier being encased by the dentin tissue produced by odoato-
blasts that come from this organ. The apical portion of the dental papilla during the
stage of root development has not been described much in the lteratare. Most infor-
mation woth comes from studies using animal models. Re-
cently, we described the physical and histologic charsceristics of the dental papilla
located at the apex of developing human permanent teeth and termed this tissue apical
papilia (5). The tissue is loosely attached to the apex of the developing root and cin be
easily detached with 2 pair of tweezers (Fig. 1). Apical papila is apical to the epithelisl
diaphragm. and there is an apical cell-rich zone lying between the apical papilla
and the pulp. Importantly, there are sem/progenitor celfls located in both dental pulp
and the apécal papilka, but they have somewhat different characteristics (4. 5). Because
of the apical location of the apical papilla. this tissue may be benefited by its coltsteral
circulation, which enables it to survive during the process of pelp pecrosis.

The Discovery of Mullipoteat SCAP
Stem-cell biology has become an important field for the understanding of tissue

regeneration. In general stem cells are defined by having two major properties. First,
they are capable of self-renewsl. Second, when they divide, some danghter cells give rise

Stem Cells for Puip Denen Regraerscn md BloRoot fngoeennz 649

64



Survival of the Apical Papilla and Its Resident
Stem Cells in a Case of Advanced Pulpal Necrosis

and Apical Periodontitis

Vanessa Chbrepa, DDS, MS,*” Brandon Pitcber, DDS.” Michael A. Henry, DDS, PbD,”

and Anibal Diogenes. DDS, PbD’

Introduction: Apical papilla represents a source of an
enriched mesenchymal stem cell (MSC) population
(stem cells of the apical papilla [SCAPs]) that modulates
root development and may partidpate in regenerative
endodontic procedures in immature teeth with pulp ne-
aosis. The characteristics and phenotype of this tissee in
the presence of inflammation are largely unknown. The
purpose of this study was to characterize 2 human apical
papilla sample that was isolated from an immature
part of the apical papilla (apical papilla clinical sample
[CS]) was collected from an immature mandibular pre-
mlapmnslydaquudmd\wbmaﬂm
cal pericdontitis during an procedure.
Harvested cells from this tissue (SCAP (S) were
{IPAPCs) and normal SCAP (SCAP-RP8Y) in flow cytom-
etry and quantitative osteogenesis experiments. Part of
the issue was further processed for immunchistochem-
pulp sections from normal immature teeth as well as in-
Similar to SCAP-RP89, 96.6% of the SCAP (S coex-
pressed the MSC markers (D73, (D90, and (D105,
whereas only 66.3% of IPAPCs coexpressed all markers.
The SCAP CS showed a significantly greater mineraliza-
tion potential than both SCAP-RPE9 and IPAPCs. Finally,
immunohistochemical analysis revealed moderate infil-
tration of cells expressing the inflammatory markers
(D45/68 in the apical papilla CS and prominent (D24,
(D105, and von Willebrand factor expression. Condclu-
sions: Under inflammatory conditions, human apical
papilla was found moderately inflamed with retained
and angiogenesis potential. (/ Endod 2016, :1-7)

Key Words
Agical papll sl apical pericdtis o grives scical ik .
regenerative endodontics, stem cell, stem cells of the apical papilla

. qud‘k papilla con- Swmlicancc
ssis
friomgn l""’“"‘: The apical pagilia may survive despite interse
in jon with the infiammatory infiltrate following pulp necrosis. in
“.' helid oot this report, SCAPs maintained their stemness and
"I"IIR'S ible for expressad inCreased osteogenic and angiogenasis.
et el ¢ (1). Sem potential. Regenerative strategies should focus on
cells of the 2vi i promoting the confinued survival, recruitment. and
(SCAPS) hulhan hown differensiation of these calls 10 achieve predictable
1o have great liferats guided endodontic repair and regenerasion.
and differentiation poten-

tial in addition to high motility (2). Studies kave highlighted the potential role of SCAPs
and the apical papill in the coatinuation of root development and regeneration of the
pulp-dentin complex (1. 3). Notably, in 2 pilot experiment. surgically remosing the
apical papilta resulted in the arrest of root development even in the presence of
imtact pulp (1) lingadhlhlhsinwdhmhl!iﬁuh
tiate into odontoblastlike cells and lead to de noco dental pulp regeneration in
Mhhpsmhmmﬂﬂhghﬂdhwm
in immature teeth as 2 source of stem cells that contribute 1 and regukue root devel-
opment.

In regenerative endodoatic procedures (REPs), evoked bleeding from the pertap-
ical tissues kas been shown 10 Jead 1 2 significant influx of mesenchymal stem cells
(MSCs) in the mot canal system of both immature and mature teeth (1 5). Using
this step as 3 method to introduce stem cells into the ot canals & 2 significant
concept in regenerative endodontics because it provides access w0 the most readily
available sources of MSCs (ie, apical papilla. periodontal ligament slveolsr bome.
and inflamed periapical tissues) for potential dental pulp regeneration (6). In immz-
mm&wmmammdm-&mmm
the tooth apex (2. 7). Even with the odontogenic differenttation potential of SCAPs, REPs
do not always result in the formation of dentin and pulplike tisswe (%-10). The root
canal microenvironment inclading pelp status and infection control regimens seems
to affect the regeneration phenotype (8. 11-16). REPs in teeth with pulp necross
and harboring bacteriz in the root canal sysem hwe been associated with
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Toward biomimetic materials in bone regeneration:
Functional behavior of mesenchymal stem cells on a broad
spectrum of extracellular matrix components
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Abstract: Bone defect treatments can be augmented by mes-
enchymal stem cell (MSC) based therapies. MSC interaction
with the extracellular matrix (ECM) of the surrounding tissue
regulates thar !uml behavior. Understanding of these
specific r ¥ is essential for the thera-
mmmdl&mmm these interac-
tions are presently only partially understood. This study
examined in paraliel, for the first time, the effects on the
functional behaviar of MSCs of 13 ECM components from
bone, cartilage and hematoma compared to a control protein,
and hence draws conclusions for rational biomaterial design.
ECM components specifically modulated MSC adhesion,

grati proliferati and genic differentiation, for

tion. Subsaquently, the integrin expression pattern of MSCs
was determined and related to the cell behavior on specific
ECM components. Finally, on this basis, peptide sequences
are reported for the potential stimulation of MSC functions.
Based on the results of this study, ECM component coatings
could be designed to specifically guide cell functions. © 2010
Wilay Periodicals, Inc. J Blomed Maser Res Part A S5 T174-112¢, 2000

Key Words: mesenchymal stem cells, MSC functional behavior,

INTRODUCTION
Nonunions represent a major challenge in successful bone
defect treatment” Especially in laurge bone defects, bio-
materials are required that ideally fill the defect and
provide optimal mechanical stability, as well as osteo-
inductive and -conductive stimuli Although autogenic bone
remains the “gold standard® of bone graft material, alterna-
tives are needed to overcame the problems of limited
biological availability and donor site morbidity.”
Mesenchymal stem cells (MSCs) are fundamental to
bone defect healing” Because of their capacity for migra-
tion, proliferation and multilineage differentiation® MSCs
hold great promise for treating bone defects through cell-
based therapeutic approaches. Indeed, several studies have
already shown the regenerstive capacity of transplanted
MSCs in bone, after either systemic or local injection or
seeding on biomaterials® However, although thess
approaches are generally successful, they are only applicable
to small defects. One reason is the patient MSC availability,
since bone marrow containg oaly asbout 0.001%-0.01%
nucleated cells® Although this problem can be circumvented
by ex vivo cell expansion, the procedure is still time-con-

suming Thus, a2 secondary operation for the patient is
inevitable, which is especially demanding on patients of
advanced age or suffering multiple trauma Another reason
is the lack of nutrition for seeded MSCs in the interior of
large biomaterials depending entirely on passive diffusion in
the absence of vascularity.

Biomaterial surfaces represent the local micro-environ-
ment for cells, regulating cell attachment, migration, proli-
feration, differentiation, and secretion of paracrine factors,
and thereby acting on the healing outcome One way to
improve performance in comparison to existing biomaterfals
is surface or bulk modification with bicactive malecules
such as native, full-length extracellular matrix (ECM) com-
ponents, as well as short peptide sequences derived from
these” Optimally modified biomaterials could imitate the
natural ECM [“biomimetic™), and thus induce tissue-specific
interacticns with cell receptors, such as integrins, and eficit
specific cellular responses (eg. proliferation) in vivo. Thus,
through appropriate modifications, biomimetic materfals
have the potential to become readily available off the shelf.

The natural ECM of bone and cartilage is composed of 2
great variety of molecules including members of the

Additional Supporting information may ba found in the onfine version of this articie.
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Articles

Investigation of multipotent postnatal stem cells from

human periodontal ligament

Byoung-Moc Seo, Masako Miwva, Stan Gronthos, Peter Mark Sartold, Sorn Satoull, jame Braferm, Manan Young, Pamela Gehron Robey,

Cun-Yu Wang, Songtao Shi

Summary

Background Periodontal diseases that lead to the destruction of

penodoatal ligament

tissues—including
(PDL), cementum, and bone—are a major cause of tooth loss in adults and are 3 substantial public-health burden
worldwide. PDL is a specialised connective tissue that connects cementum and alveslar bone to maintain and support

could be used to regenerate periodontal tissue.

Methods PDL tissue was obtained from 25 surgically extracted human third molars and used to isolate PDL stem cells

(PDLSCs) by
northern

single-colony selection and magnetic activated cell sorting. Immunohistochemical staining, RT-PCR, and

and western blot amalyses were used to identify putative stemr-cell markers. Human PDLISCs were
transplanted into immunocompromised mice (n=12) and rats (ne6) to asess capacity for tissue regeneration and
periodontal

repair.

Findings PDLSCs expressed the mesenchymal stem-cell markers STRO-1 and CD146/MUCIS. Under defined culture
transphinted into immunocompromised rodents, PDLSCs showed the cpacity to generate 2 cementum/PDLEke

structure and contribute to periodontal tissue repair.

Interpretation Our findings suggest that PDL contains stem cells that have the potential to generate cementum /PDL-
like tissue in vivo. Transplantation of these cells, which can be obtained from an easily accessible tsue resource and
expanded ex vivo, might hold promise as a therapeutic approach for reconstruction of tissues destroyed by periodontal
disenses.

Introduction

The periodontal ligament (PDL) is a soft connective tissue
embedded between the cementum (2 thin Lyer of
muneralised tissue covering the roots of the teeth) and the
nner wall of the alveolar bone socket, to sustain and help
constrain teeth within the aw. PDL not only has
an important role in supporting teeth, but also
contributes to tooth nutrition, homoenstasis, and repair of
damaged tissue™ PDL contains heterogeneous cell
populations* that can differentiate into esther cementum-
forming cells (cementoblasts) or bone-forming cells
m&m)"meMPDLm&

bonenaloptmandrspongbbunﬂndamvﬁcnu
such as parathyroid hormone, insulin-like growth fictor 1,
bone protein 2, and transforming growth
factor B1.°*™* The presence of multiple cell types within
PDL has led to speculation that this tssue might contain
progenitor cells that maintain tissue homeeostasis and re
genenation of periodontal tissue *™* However, to date,
there is no direct evidence that a ive stem-cell
population exists within PDL

Periodontal diseases are infectious diseases that are
characterised by destruction of periodontium
{supporting tissue for tooth) including PDL, cementum,

¥
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alveolar bone, and gingiva  Periodontal di are the
main cuse of tooth loss and are 3 substantial public
health burden worldwide ™™ The reconstruction of
i 2 major goal of periodontal therapy. On the basis of
recent advances in postmatal stemecell biology, we
postulated that PDL might contun multipotent stem
cells that could be used to genmerate cementum and
periodontal ligament in vivo. We report the isolatson and
characterisation of 2 unique stem-cell population from
PDL tissue.

Methods
Samples and cell culture
Normal § third molars (n=25) were collected from

16 individuals aged 19-29 years at the Dental Chnic of the
Natiomal Institute of Dental and Craniofacial Research,
Institutes of Health Office of Human Subjects Research
PDL was gently separated from the surface of the root and
then digested in 2 solution of 3 mg/ml colligerase
type | (Worthington Biochemn, Freehold, NJ, USA) and
4 mg/ml dispase (Roche, Mannheim, Germuany) for 1 h
at 37C. PDL samples from different individuals were
pooled and singlecell susp were obtained by
passing the cells through a2 70 pm strainer (Fakon, BD
Labware, Franklin Lakes, NJ, USA).
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& Plasticity of stem cells derived from adult
periodontal ligament

Background: The neural crest contains pluripotent cells that can give rise to neurons and glial cells of
the peripheral nervous system, endocrine cells, connective tissue cells, muscle cells and pigment cells
during embryonic development. Stem cells derived from the neural crest may still reside in neural crest
derivatives the periodontal ligament (PDL). However, the of PDL-derived stem
cells has not been investigated. Aim: To identify subpopulations of stem cells from the adult PDL and
study their pluripotency. Human PDLs were harvested from impacted wisdom teeth (patients aged
19-22 years). Results: This study demonstrated that subpopulations of PDL cells expressed

stem cell markers (Oct4, Sox2, Nanog and KIf4) and a subset of neural crest markers (Nestin, Slug, p75
and Sox10). Such PDL cell subpopulations exhibited the potential to differentiate into neurogenic,
cardiomyogenic, chondrogenic and osteogenic lineages. Furthermore, preliminary evidence suggesting
insulin production of PDL cells might be indicative of the generation of cells of the endodermal lineage.

32.

the neural crest. Our observations open the door to prospective

Conclusion: These findings suggest that the PDL may contain pluripotent stem cells that originate from
autologous therapeutic

for a variety of conditions.

KEYWORDS: adult stem cells neural crest periodontal ligament pluripotent

stem cells

In spite of its origin from the ectoderm at the
dorsal region of the | tube, the | crese
(NC) contains pluripotent cells that contribute
to the development of a wide variety of organs
and tissues in the body after extensive migration.
Depending on their fimal location, NC cells can
give rise to neurons and glial cells of the periph-
eral nervous system, endocrine cells, connective
tissue cells (e.g., ligament, cartilage and bone),
muscle cells and pigment cells (12, Based on
regional characteristics and functions, the NC
can be divided into four domains: cranial, trunk,
vagal and sacral, and cardiac. Previous studies
have demonstrated that there may be an intrin-
sic disparity in the capability of cell differen-
tiation among the NC regions, with the cranial
NC region exhibiting 2 higher level of plasticey
[1-3). Stem cells derived from the NC may sill
reside in various types of NC derivatives and
help tissue regeneration or repair throughout
adulthood [«-12].

The periodontal ligament (PDL), which is
derived from the cranial NC, is a2 soft connec-
tive tissue embedded between the tooth root
and the alveolar bone socket. It contains het-
eroge cell populations including fibrob-
Lasts, endothelial czl!s epithelial cell rests of
Malassez, osteoblasts and cementoblases (13).
Owing to the remarkable capability of PDL

cells for renewal, it has been speculated thas
different cell types wathin the PDL may org-
nate from progenitors already residing therein
(1013} Recent studies have shown that the PDL
contains multipotent stem cells chat are able o
ages (301415 More recently, Ihi or al were able o
swine PDL fbroblasts by gene transfection of
a human telomerase reverse transcriptase (6]
How:wr.phnpo&nqofhxmnml.al!sha
not yet been &

Potential applications of pluripotent stem
cells (e.g, embryonic stem cells [ESCs]) inchude
apies to treat diseases such as Parkinson’s and
Alzheimer’s, spinal cord injury, heart disease,
diabetes and osteoarthritis. The transerip-
tion factors Oce4, Nanog and Sox2 have been
shown t be the key genes that hie at the core
nﬁhcg:mncamrymulvdmm
ing plurip yofh ESCs 17-19). Recent
studies also demonstrared that pluripotent stem
cells can be induced by introducing these key
ESC genes into human dermal fibroblasts
[20-23). Therefore, the objective of our study was
to identify subpopulations of stem cells from the
adule PDL with the gene expressions of ESC and
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Efficacy of Periodontal Stem Cell Transplantation
in the Treatment of Advanced Periodontitis

Joo-Young Park *{' Soung Hoo Jeon.*1' and Pill-Hoon Choung*1

*“Department of Oral and Maxillofacial Sergery and Dental Research Institute
School of Dentistry, Seoul National University, Seoul. Republic of Korea
Tooth Bicengineering National Research Laboratory, BK21. School of Dentistry.
Seoul National University, Seoul. Republic of Korea

Peniodontatis 15 the most common cause for tooth loss in aduls and advanced types affect 10-15% of
adulis worldwide. The aftempts 1o save tooth and regenerate the periodontal apparates including cementum.
periodontal lzgament, and alveolar bone reach 10 the dental tussue-denved stem cell therapy. Although there
hwhunwdpﬂﬂmm&kwﬂhwmdmwuwm
mng 1o be regenerated and dental stem cell therapy for the state has never been 1 Three kinds of
dental ssue-derived adult stem cells (aDSCs) were obtaned from the extracied immature molars of beagie
dogs (n=8). and ex vivo expanded penodontal ligament sem cells (PDLSCs), dental pulp stem cells
(DPSCs), and penapical follicular stem cells (PAFSCs) were transplanted info the apscal involvement defect
As for the lack of cementum-specific markers, anti-human cementum protem | (thCEMPI) antsbody was
fabricated and the aDSCs and the regenerated tssues were immunostained with anti-CEMP] antibody. An-
tologows PDLSCs showed the best regenerating capacity of peniodontal bgament, alveolar bone, and cemen-
tum as well as peripheral nerve and blood vessel, which were evaluated by conventional and mmune histol-
ogy, 3D mecro-CT, and clincal mdex. The thCEMP] was expressed strongest in PDLSCs and in the
regenerated periodontal higament space. We suggest here the PDLSCs as the most favorable candadate for
the chnscal application among the three dental stem cells and can be used for treatment of advanced penod-
ontiiss where woth removal was indscated n the clmacal cases.

Key words: Dental mesenchymal stem cell: Adult stem cell therapy: Advanced periodontitis;

Tooth; Cementum

INTRODUCTION

Oral diseases are included among the World Health
Organization (WHO) definition of chronic diseases. and
the associations between oral health status and chronic
systemic discases have been observed recently (48.49)
Among them, periodontitis is a periodontal tissue infec-
ticus disease and the most common cause for woth loss
in adults. This common disease is characterized by clini-
cal attachment loss, alveolar bone resorption, periodon-
tal pocketing. and gingival inflammation (20). Many
researchers have tried to regenerate the periodontal ap-
paratus, including cementum, periodontal igament, and
alveolar bone. but the regenerative treatment of peri-
odontal discase has been a major challenge in clinical
periodontics (57).

Conventional regencration therapies such as guided

tissue regeneration (GTR). topical application of enamel
matrix derivative (EMD), or various growth factors can
partially regencrate periodontal tissues (8.10.11.14,15,
27.30). The results in clinical applications vary greatly,
depending on the different characteristics of the defects
or amount of remaining surrounding alveolar bone and
PDL. The strategy of periodontal tissue regeneration
therapies is to control inflammation and stimulate stem
progenitors to regenerate new periodontal tissues. How-
ever, the residual stem cells are limited in those patients
with periodontitis because of long-term inflammation
and limited cell source (38). Especially among many
kinds of peniodontal defects, apical involvement is
known as one of the most challenging states to be regen-
erated and no satisfactory therapeutic approach is agreed
except for tooth extraction (1658-60).

The aim of this study was to cvaluate the effective-
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In Vitro and In Vivo Characteristics of Stem Cells Derived
from the Periodontal Ligament of Human Deciduous
and Permanent Teeth

Ja Seon Song. D.D.S., Ph.D.! Seong-Oh Kim, DD.S. Ph.D.' Seung-Hye Km DDS_ MS.'

Hyung-Jun Choi, D.D.S., Ph.D.! Heung-Kyu Son, D.DS., Ph.D.' Han-Sung Jung, Ph.D.?
Chang-Sung Kim, D.D.S., Ph.D.? and Jae-Ho Lee, DDS., PhD’

In many studies, adult stem cells have been found in human periodontal igament (PDL), but in most cases they
were found in the teeth. The aim of the present study was to characterize stem cells from the PDL of
deciduous teeth (dPDLSCs) and compare them with those from the PDL of permanent teeth (pPDLSCs). Stem
cell markers were examined by a flow cytometric analysis. The results of i vitro differentiation into adipogenic
and osteogenic lineages were analyzed by histochemical staining and quantitative reverse transcription—poly-
mmdummxbmmm;ﬂwmﬂsdmmmmmbyhmdogtﬂm
immunohistochemical staining, and quantitative RT-PCR. There were no si differences in the prolif-
enumnw,mﬂqcbdsu'ihmmumdstmcdlmkassﬂlassuo-lma)l% or m itro
differentiation. The pPDLSC transplants made more ty cementum/PDL-like tissues and expressed more
m/?mmmm(cmwconagmxmmwmmmhmrw these results

suggest that pPDLSCs are better candidates for use in reconstructing periodontium.

Introduction

HERE ARE SEVERAL KINDS OF adult stem cells in teeth and

tooth-related tssues such as dmhl pulp stem cells
(DPSCs)," stem cells from the apical * dental follicle
precursor cells,” periodontal ligament stem cells (PDLSCs)*
and stem cels from human exfolistked deciduous teeth
(SHED).* Most of these originate from permanent teeth or
related tissues; however, SHED originate from the dental
pulp of deciduous teeth.

Because deciduous teeth differ from permanent teeth with
respect to their morphology, constituents, and life cyde, it s
reasonable to assume that cells originating from deciduous
and permanent teeth will behave . Some investi-
gators have reported that SHED differ from DPSCs with
regard to their proliferation rate (that of the former beng
greater than that of the latter) and the differentiation pattern
(unlike DPSCs, SHED are unable to reconstitute a complete
dentin /pulp-like complex in 0io).” 1t was recently reported
that the ligament (PDL) of deciduous teeth also
contains adult stem cells ™ and it was found that the pro-
liferation rate and potential to differentiate into adipogenic
and osteogenic lineages of these stem cells were superior to

those from permanent teeth” However, i oo transplants-
tion has not vet been studied in this cell type.

There have been many attempts to use PDLSCs for tissue
neconstruction, not only o destroyed periodontium
in animal and human models,” ' but alo for other apph-
cations such as the formation of bone around prosthetic
implants,” and even plastic reconstruction ** However, the
application of stem cells from the PDL of deciduous teeth to

Stem cells obtained from decduows eth have some ad-
vantages a3 3 source of stem cells in negenerative medicine. This
5 not becasse decduces teeth can be obtained easily and
noninvasively; rather, it is because the proliferation and differ-
entiation activities are higher for cells isolsted from patents at a
younger age " PDLSCs obtained from the deciduous teeth can
be and later in the lifetime of the donor they
Mhdaamdm&hmm
iodontum destroyed by periodontal diseases. In addition, on
dedaved replantation of avulsed teeth or on auto/allo-trans-
plantation of teeth thawed from & tooth bank, PDL tissues en-

gineered with those PDLSCs would be helpful for preventing

,On.lSmxtlmdlCam'C
I Bology. De
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Periodontal tissue
engineering with stem cells
from the periodontal
ligament of human retained
deciduous teeth

JiK Liu Y Lu W, Yang F. YuJ Wang X, Ma O, Yang Z Wen L Xuan K.
Periodontal tisswe emgineering with stem cells from the periodontal ligament of
huenian retained deciduous teeth. J Periodont Res 2012; doi- 101111 j 1600~
07635 201201509 x. © 2012 John Wiley & Somx A'S

Background and Objective: Peniodontal hgament stem cells from human perma-
nent teeth (PePDLSCs) have been investigated extensively in periodontal tssue
engineening and regeneration. However, bitle knowledge is avalable on the pen-
odontal higament stem cells from human retained deaduous teeth (DePDLSCs)
This study evaluated the potential of DePDLSCs in penodontal tissee regenera-
tion.

Material and Methods: DePDLSCs were solated and purified by hmited dilution.
The characteristics of DePDLSCs were evaluated and compared with PePDLSCs
both in vitro and in vivo.

Resddes: DePDLSCs presented a higher proliferation rate and colony-forming
capacity than PePDLSCS ir vitro. Dunng the osteogenxe indection, alkaline
phosphatase (ALP) activity, mineraloed matrix formation and expression of
mineralzation-related genes, mcluding runt-related transeription factor 2
(RUNXD), ALP, collagen type | (COLY) and osteocalcin (OCN) were signaficantly
enbanced in DePDLSCs compared with PePDLSCs. Furthermore, DePDLSC cell
sheets showed a stronger synthesis of collagen type | in the extracellular matrix
than did PePDLSC cell sheets. After in vive transplantation, DePDLSC cell sheets
recombined with human dentin blocks were able 10 generate new cementum.
penodontal hgament-like tissues.

Conciusion: Our findings suggest that DePDLSCs can be used as a pronmusing
candadate for periodontal tissue engineering.

© I Jole Wiky & Soes £°S
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main function of the PDL is to serve as
a supporting tssue by connecting teeth

The dental attachment apparatus con-
sists of two mineralized tissues -

cementum and alveolar bone — with an
mterposed fibrous, cellular and vascu-
lar solt connective tissue termed the
penodontal ligament (PDL) (1). The

35.

1o alveolar bone (2). However. pen-
odontal diseases affect more than 10%
of adults and are the main cuse of
tooth loss (3-5). Regeneration of a

71

bealthy periodoatium that has been
destroved by periodontal disease s the
major goal of perodontal therapy.
Recent advances in stem cell biology
and tissue engineering have presented
opportunities for periodontal therapy
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Expression of embryonic stem cell markers and osteogenic
differentiation potential in cells derived from periodontal
granulation tissue
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Abstract

The aim of this study was to identify if cells obtained from periodontal granulation tissue possess embryonic stem cell properties
and csteogenic capacities in vitro. Periodontal granulation tissse was removed from one furcation and one infrabony defect
(FGTUIGTC-furcation/infrabony defect derived granulation tissue cells) of six patients. The extracted tissues were treated with
collagenase/dispase solution, cultured and passaged twice, while a fraction of them was bacteriologically amalyzed. Upon
reaching confluence, total RNA was extracted, followed by cDNA synthesis and real-time PCR analysis. Gene expression levels of
collagen type 1, alkaline phosphatase (ALP), and the embryonic stem cell markers Nanog, Oct-4, Rex-1 and Sox-2 were
measured, calibrated against the housekeeping gene GAPDH. Further, osteogenic differentiation was induced. Mineralized
mnuhmmmmﬁmdhmkmsmﬁﬂmmmmdd«mﬂy The total bacterial load
amounted to 9.4 % 14.6 x 10° counts/mg of tissue for IGTC, and 11.1 6.1 x 10° counts/of tissue for FGTC. Among the
embryonic stem cell markers (FGTC/IGTC), Nanog was most highly expressed (3.48 = 1.2/5.85+5.7), followed by Oc-4
(L79£0.69/2.85+25), Sox-2 (0.66+£0.3/1.26=1.4) and Rex-1 (0.06 =0.0/0.04 =0.0). The osteogenic differentiation
process was positive in both FGTC and IGTC, judged by increased von Kossa staining, and elevated ALP activity and gene
expression. This study provides evidence that infected periodontal granulation tissue harbors cells expressing embryonic stem

cell markers, and exhibiting osteogenic capacities when in culture in vitro.

Keywords: ALP; embryonic; periodontal granulation tissue; stem cell; bacteria: in vitro

Introduction

Periodontitis is an infectious disesse leading to loss of
supporting connective tissue and alveclar bone around teeth.
The aim of regenerative periodontal therapy is the complete
reconstitution of the lost periodontal structures, ie. the new
formation of root cementum, periodontal ligament and
alveolar bone (Sculean et al, 2007). Ideally, in vitro-expanded
cells in sufficient quantities and possessing the potential to
regenerate periodontal structures could be used with
appropriate biomaterials to engineer living tissues in vitro
for transplantation into defect sites (Chen and
Jin, 2010). Alternatively, it is possible to transform existing
tissue harboring cells with stem-cell capacities by treatment

with adequate differentiation factors.
Embryonic stem cell therapies have been proposed as a
ising appeoach in > ficine. Tvoical

Corresponding author: & mail patnck schmidn@zzm uzh.ch
These authors contributed equally to #his work.

Cail Bici Int 38 (2014) 179-186 © 2013 Imternational Federation for Call Biciogy

markers for identification of embeyonic stem cells include
Oct-4 (Boiani et al, 2004), Rex-1 (Ben-Shushan et al | 1998),
NANOG (Zhang et al, 2009; Bais et al, 2012) and Sox-2
{Avilion et al, 2003), as they have been accountable for the
pluripotent capacity of these special cells.

Several types of adult stem cells have been isolated from the
oral cavity, including dental pulp stem cells (Gronthos et al
2000), stem cells from the human exfolisted deciduous teeth
(Miura et o, 2003), periodontal Egament stem cells (Seo
et al, 2004), dental follicle progenitor stem cells (Morsczeck
etal, 2005) and stem cells from the apical papills (Sonoyama
et al, 2006). The use of dental pulp stem cells for the
regeneration of the dentine-pulp complex may be a
biological principles have been proved in various studies;
however, further investigations are required to investigate the
potential clinical application in humans (Caton et o, 2011).
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Dental follicle stem cells and tissue engineering

Masaki J. Honda'?, Mari Imaizumi'’, Shuhei Tsuchiya'’ and Christian Morsczeck™
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Abstract: Aduit stem cells are multipotent and can
be induced experimentally to differentiate into various
cell lineages. Such cells are therefore a key part of
achieving the promise of tissue regeneration. The most
studied stem cells are those of the hematopoietic and
mesenchymal lineages. Recently, mesenchymal stem
cells were demonstrated in dental tissues, including
dental pulp, periodontal ligament. and dental follicle.
The dental follicle is a loose connective tissue that
surrounds the developing tooth. Dental follicle stem cells
could therefore be a cell source for mesenchymal stem
cells. Indeed, dental follicle is present in impacted
teeth, which are commonly extracted and disposed of
as medical waste in dental practice. Dental follicle stem
cells can be isolated and grown under defined tissue
culture conditions, and recent characterization of these
stem cells has increased their potential for use in tissue
engineering applications, including periodontal and
bone regeneration. This review describes current
knowledge and recent developments in dental follicle
stem cells and their application. (J Oral Sci 52, 541-552,
2010)

Keywords: bone regencration: dental follicle: stem
cells; tissue engincering: periodontal

regencration.
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Introduction

New approaches in tissue engincering are being
developed to reconstruct and restore the function of
damaged or diseased tissues and organs (1). The term
“tissue engineering” was comed in 1993 by Langer and
Vacanti (1) to describe the process by which tissues and
organs are regenerated by cell transplantation with or
without a scaffold. Almost 20 years later. tissue engincering
has not advanced as hoped, despite many important
achievements.

In dentistry, interest in tissuc engineering research has
reason for this is that dentists are familiar with tissue
regeneration techniques. such as those that use tertiary
dentin in dental pulp and periodontium in guided tissue
regeneration, which is now common in dental hospitals (2-
3). Farthermore. the development of techniques to generate
whole teeth is ongoing (4-7). A key factor in perfecting
this technology within the context of modem tissue
engincering is the use of adult stem cells.

Stem cells are defined by their capacity to generate
daughter cells with different and more restricted properties.
In human postnatal dental tissue. five different sources of
mesenchymal stem cells (MSCs) have been already
identified: dental pulp (3-9), peniodontal ligament (10).
exfolisted deciduous teeth (11), dental follicle (DF) (12),
and root apical papilla (13). These dental stem cells are
derived from the neural crest, and thus have a different
origin from boae marrow-derived MSCs, which are derived
from mesoderm. On the other hand epithelial stem cells
have not been identified in postnatal dental tissues.
However. we recently demonstrated that the epithelial rest
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Abstract

Periosteum is a thin fibrous layer that covers most
bones. It resides in a dynamic mechanically loaded
environment and provides a niche for pluripotent cells
and a source for molecular factors that modulate cell
behaviour. Elucidating periosteum regenerative poten-
tial has become a hot topic in orthopaedics. This review
discusses the state of the art of osteochondral tissue
engineering rested on periosteum derived progenitor
cells (PDPCs) and suggests upcoming research direc-
tions. Periosteal cells isolation, characterization and
migration in the site of injury, as well as their differen-
tiation, are analysed. Moreover, the role of cell mecha-
nosensing and its contribution to matrix organization,
bone microarchitecture and bone stenght is examined.
In this regard the role of periostin and its upregulation
under mechanical stress in order to preserve POPC sur-
vival and bone tissue integrity is contemplated. The re-
view also summarized the role of the periosteum in the
field of dentistry and maxillofacial reconstruction. The
involvement of microRNAs in ostecblast differentiation
and in endogenous tissue repair s explored as well. F-
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Seeideg  WISC | www wignetcom

74

nally the novel concept of a guided bone regeneration
based on the use of periosteumn itself as a smart mate-
rial and the realization of constructs able to mimic the
extraceliular matrix features s talked out. Additionally,
since periosteum can differentiate into insulin produc-
ing celis it could be a suitable source in allogenic trans-
plantations. That innovative applications would take
advantage from investigations aimed to assess PDPC
immune privilege.

© 2014 Baishideng Publishing Groop Inc. Al rights reserved.

Key words: Periosteumn; Mesenchymal stem cells; Mi-
croRNA; Bone tissue engineering; Bone tum-over

Core tip: Periosteun provides a niche for pluripotent
cells. Bluddating periosteum regenerative potential s
2 hot topic in orthopaedics. This review discusses the
state of the art of osteochondral tissue engineering
rested on periosteum derived cells and suggests up-
coming research directions aimed to the development
of new standards of care for the maintenance of bone
mass both in post-trauma healing process and in physi-
ological turn-over.

Feretts C, Mattiol-Belmonte M. Persosteum denved stem celis
for regenerative modicine proposals: Boosting current knowl-
odge. Worid J Stem Cells 2014; 6(3) 266-277 Avaslable from
URL: hitp:/'www. wjznet com/] 948-02 10/ full v6/13/266 htm
DOI: higp:/dx doe ceg/ 10 4252 /wysc v6.13 266

INTRODUCTION

The ficdd of Tissue Engmneenny and Regenerative Meds
cne (TERM) has burgeoned in the last decade. The
term “Repencrative Medicine™ was first found m 2 1992
Kamer of o/ paper as “a new branch of medicine that

July 26, 2034 | Volume 6 | beswe 3 |
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Skeletal Cell Fate Decisions Within Periosteum and Bone Marrow
During Bone Regeneration

Céline Colnot

ABSTRACT: Bone repair requires the mobilization of adult skeletal stem cells/progenitors to allow depo-
sition of cartilage and bone at the injury site. These stem itors arc belicved to come from multiple
sources including the bone marrow and the periosteum. The goal of this study was to establish the cellular
contributions of bone marrow and periostcum to bone healing in vivo and to assess the cffect of the tissuc
cnvironment on cell differentiation within bone marrow and periosteum. Results show that peniosteal injurics
bcdbycndmlnndlﬂomﬁmum.wbcmasbmcmmmmbulbvmmmmﬁam

indicating that distinct cellular occur within these tissucs during repair. Next. lincage analyses were
used to track the fate of cells derived from bone marrow, nndcmlmmasnbcanpamncmo(
the bone marrow. Skeletal progenitor cells were found to be recruited and concurreatly from pen
osteum and/or bone marrow/endosteum dumlgboocr:pnr Periosteum and marrow/cndosteum

gave risc to osteoblasts, whereas the
that intrinsic and environmental si

genic and chondrogenic

was the major source of chondrocytes. Fmally. results show
modulate cell fate decisions within these tissues. In conclusion. this
stndysbcdshghlmmthcwnguso(*clculstuncclhﬁpmgcmmdm':ig
lhatpcrm:um.cndostcnm.andbmcmnmwmmampoobo(stcm
tials that vary with the tissuc cnvironment.

c regencration and indicates
progemitors with distinct ostco-

J Bone Miner Res 2009:24:274-282. Published online on October 13, 2008; doi: 10.1359/JBMR.081003

Key words: periosteum, bone marrow, bone graft, in vivo cell lineage, bone repair

INTRODUCTION

ONE REGENERATION IS largely dependent on a success-

ful inflammatory response, revascularization of the
injury site, secretion of osteogenic and chondrogenic fac-
tors, and remodeling of the extracellular matrix within the
damaged and new bone tissues." ™' Less is known about
the origins of cells that produce bone and cartilage at the
injury site. Several potential sources of skeletal stem cells/
progenitors have been identified that may participate in
bone repair. Cells may be delivered through the vascula-
ture”™™ and may be recruited from bone itself"*'*) or
tissues immediately adjacent to bone, such as fat, tendon,
and muscle.*5'7 Several lines of evidence suggest that the
periosteum and the bone marrow are the main local sour-
ces of skeletal stemcellslpmgmmlotbouempm Me-
chanical disruption of permznmalmnem
delays healing, """ presumably by removing the local
source of cells. Although cells isolated from the periosteum
or bone marrow can differentiate into chondrocytes andior
osteoblasts in vitro /"4 i vivo studies on the chon-
mwmwzmwdmmm
marrow are limited ' Therefore. we still lack direct

The author states that she has no conflicts of interest.

evidence showing the cellular contribution of periosteum
and bone marrow to bone healing.

The difficulty in separating the role of various sources of
cells during skeletal regeneration arises in part from the
intricate structure of bone and the multiple tissues in-
volved. In the majority of bone injuries. cortical boae s
Moreover, when the physical barrier between bone com-
partments is disrupted, the healing response in one tissue
may impinge on the response in the adjacent tissue through
the diffusion of cells and growth factors. The goal of this
study was to assess the extent to which periosteum and boae
marrow contribute 1o osteogenic and chondrogenic line-
ages during boae repair and the extent to which the en-
vironment influences cell fate decisions in these tissues
In vivo cell lineage analyses were developed to track
cells derived from periosteum, bone marrow, and endos-
teum, a specific compartment of the bone marrow lining
the inner surface of bone. Bone grafis were collected from
genetically labeled mice (Rosa26) and transplanted into
wildtype hosts. Because the integrity of the periosteum,
endosteum, and/or bone marrow was preserved during
transplantation. labeled cells were recruited from their
original niche and the fate of these cells was followed
during bone healing Results show that cells derived from
the three tissues coatribute differently to healing by
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Human gingiva-derived mesenchymal stem cells are superior to bone
marrow-derived mesenchymal stem cells for cell therapy in regenerative
medicine
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Mesenchymal stem cells (MSCs) are capable of self | and diffe mto muitipie ceil in-

cages. Presently, bone marrow is considered as 2 prime source of MSCs; bowever, there are some draw-
hxhadhﬂnmnmdd!mllsc:hmﬂm ummmmum
gingival tissoe-derived MSCs have several advantages over bone d MSC< Cingival MSCs
nmmmmmmmummmmmm&

Human mesenchymal stem cells

tor. Importantly, gingy 'MSC: play stable phology and do not loose MSC characteristic at hagher

I:mnurwi passages. In addition, gingival MSCs mai i karyotype and telomerase activity in boag-term cul-

R ”m tures, and are not tumarigenic. Thus, we reveal that human gingiva is 2 better source of MSCs than bone

Tissue engincering and large ber of functionally competent clinical grade MSCs can be generated in short dura-
tion for cell therapy in regenerative medicine and tissue engineening.

© 2010 Elsewier Inc. All nghts reserved.

Introduction hematopoletic and other cells in initial few passages resulting in

Human adult mesenchymal stem cells (MSCs) are non-hemato-
potetic, adherent fibroblast-like cells with intrinsic ability of self-re-
newal and potential for multilineage differentiation | 1-3]. In vitro-
derived MSCs express a panel of characteristic surface markers such
as Thy-1 (CD90), SH-2/endoglin (CD105), SH-3/4 (CD73), p-1-inte-
£rin (CD29), and CD44; and are negative for hematopoietic markers
such as CD34, CD14, and CD45. MSCs differentiate in vitro primarily
into the cells of mesenchyme lineage such as bone, cartilage, and
adipose tissue [4-7|. MSCs are immunoprevileged and display
immunomodulatory progerties boch in vitro and in vive [89].

MSCs are isolated from bone marrow (BM) and other tissues
including umbilical cord blood, adipose tissue, and amniotic fluid
suggesting that MSC niche may not be restricted to BM [10-12].
In spite of various sources, to date, BM is considered as a2 main
source of MSCs for cell therapy. However, the major drawback of
BM Is extremely low yield of MSCs ranging from 0.001 to 0.01%
This poses the limitation of availability, and also harvesting large
volume of human BM is relatively difficult [13]. BM-MSCs contain

Abbrey : BM, bone CFU-F, colony-Sorming unit-8beubiast: CT,
gingival tissue; TBMX, yi metint MSCs, stem celis]
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cellular heterogeneity. BM-MSCs have highly variable and limited
self-renewal capacity and differentiation potential and also exhibic
a variable morphology and replicative senescence during in vitro
serial propagation [14-16]. Moreover, to prolong the Iifespan and
differentiation potential of BM-MSCs specific growth factors are
needed [17]. Thus, the number of biologically competent MSCs de-
rived from BM is limited for cell therapy. A variety of clinical appli-
cations need large number of functionally competent MSCs with
stable phenotype to achieve successful results.

In this study, we characterized in detall the human gingival tis-
sue-derived stem cells for MSCs properties and compared with
BM-MSCs. We demonstrate that human gingiva-derived MSCs are
more superior to BM-MSCs. Gingival MSCs are easy to isolate, uni-
formly homogenous, proliferate faster than BM-MSCs and display
stable phenotype and maintain normal karyotype and telomerase
activity in long-term cultures, and are not tumorigenic. Thus, large
number of funcrionaily competent clinical grade MSCs can be gen-
erated in short duration from bhuman gingiva for cell therapy in
regenerative medicine.

Materials and methods

Human clinical samples. Human gingival tissues and BM were
obtained from healthy volunteers after approval of ethics
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Mesenchymal Stem Cells Derived from Human Gingiva Are
Capable of Immunomodulatory Functions and Ameliorate
Inflammation-Related Tissue Destruction in Experimental

Colitis’

Qunzhou Zhang,* Shihong Shi.* Yi Liu,* Jettic Uyanne,* Yufang Shi," Songtao Shi,*

and Anh D. Le**

Aside from the well-established self-renewal and multipotent differentiation properties, mesenchymal stem cells exhibit both
immunomodulatory and anti-inflammatory roles in several experimental autoimmune and inflammatory diseases. In this stedy.
we isolated a new population of stem cells from human gingiva, a tissue source easily accessible from the oral cavity, mamely,
gingiva-derived mesenchymal stem cells (GMSCs), which exhibited cdonogenicity, self-renewal, and multipotent differentistion
capacities. Most importantly, GMSCs were capable of immunomodulatory functions, specifically suppressed peripheral blood
lymphocyte proliferation, induced expression of 2 wide panel of immunosuppressive factors including 1L-10, IDO, inducible NO
synthase (INOS), and cyclooxygenase 2 (COX-2) in response to the inflammatory cytokine, IFN-y. Cell-based therapy using
systemic infusion of GMSCs in experimental colitis significantly ameliorated both clinical and histopathological severity of
the colonic inflammation, restored the injured gastrointestinal mucosal tissues, reversed diarrbea and weight loss, and
suppressed the overall disease activity in mice. The therapeutic effect of GMSCs was mediated, in part, by the suppression
of inflammatory infiltrates and inflammatory cytokines/mediators and the increased infiltration of regulatory T cells and the
expression of anti-inflammatory cytokine IL-10 at the colonic sites. Taken together, GMSCs can function as an immuno-
modulatory and anti-inflammatory component of the immune system in vivo and is a promising cell source for cell-based
treatment in experimental inflammatory diseases. The Journal of Immunology. 2009, 183: 7787-7798.

esenchymal stem cells (MSCs)” kave the capacity to
self-renew and differentiate into different cell lineages.
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commonly express specific genes for embeyonic stem cells, such =
Octamer<$ (Oct-4) and stage-specific embryome Ag 4 (SSEAY)
(20, 21). and share 2 lar exp profile of cell serface
molecules, such as Swro-1, SH2 (CD10S), SH4 (CD73), CD9Y%0,
CDI146. CD29, but typically lack b . stem cell mark-
ers. such as CD34 and CD4S (22). Ar the functional level
MSCs display chemotactic properties similar to immune cells in
response o ussve msult and inflammation. thes exhibiting tro-
pism for the sites of mmjury (23-25) via production of anti.
inflammatory cytokines and antiapoptotsic molecules. These
umique characteristics of MSCs make them airactive candidaies
for the development of novel allogeneic cell-based therapeutic

gies in har ing inflammation in the répair or regener-

derived mesenchysal @em cdl, BMSC, boac sserow-derived hymal scm
cell, Oct-4, octiemes 3. SSEA-4, sugespecific cobeyonic Ag 4, BTERT, husun s
vene 1l , DAPL 4 6-Sumalioo-2-phetry Bsdole: LPL. lipopoo-
hnlnp:l’b\lv. s v ated por -2, L-MT, l-sich
yhL-trypooph . indecible NO syetuse, L-NAME, N-aitvo-L-ary

ation of a variety of damaged tissues (26)
A growmng body of evidence has & d that bone
de “MSC:(BMSC:)anmw

ester; CON-Z cychmmypesase 2. Ds&m--ﬂr«-n—.l!b.-l-m
bowel discae. MPO, : DPSC. desul pulp siem cell: PDLSC. pesi-
odoneal ligament sice cell HGF, hpnkapn‘hu CFUF, CFU fiwodiss
HATCP, Mydroaypatisefiricalcium phosghate GFAP, glal Sheillary acidic peotcin,
Teeg, regulatory T ool BASC, hussss adlipose-devivedd stess ceil

o of e

Copyrggha © 2009 by The Assvican A e O022-1 TETONSI00

www i L onefcyiido 10, 4099 10902318

77

dasplay prof fulstory and ants-inflammatory capabsl-
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some molecular differences are observed. Thus, in this review, we have attempted to define trophic activity, as well 25

phenotypic characterization of ASCs, 25 crucal factors for therapeutic usage

1. Introduction

Stem cells reside in almost all tissues within the human body
where they exhibit various potential. These cells reveal self-
renewal capacity, long-term viability, and ability to undergo
multiple lineage differentiation in an appropriate microen-
vironment. They are of great importance for application in
regenerative medicine because they control homeostasis,
regeneration, and healing [1-3]. The stem cells should be
accessible in large quantities, and the procedure of collec-
tion and harvesting of them should be non or minimally
invasive, so then they can be used in regenerative medicine
approaches. In addition, the differentiation of stem cells
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along multilineage pathways can be carried out In a
reproducible manner. Then, the transplantation of them to
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totbongn.chanﬁanonofstmcdsuth
embryonic stem cells (ES cells) [4], fetal stem cells [5], and
adult (postnatal) stem cells |2, 6]. Although embeyonic stem
cells display enormous potential related to their pluripotency,
many restrictions as well as ethical concerns are hindering
to generate an alternative source of pluri stem cells
has emerged. The efforts succeeded in 2006, when Takahashi
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Abstract: Mesenchymal stem cells (MSGs) have been isolated from a variety of tissues using
different methods. Active research have confirmed that the most accessible site to collect them is
the adipose tissue; which has a significantly higher concentration of MSCs. Moreover; harvesting
from adipose tissue is less invasive; there are no ethical limitations and a lower risk of severe
complications. These adipose-derived stem cells (ASCs) are also able to increase at higher rates
and showing telomerase activity, which acts by maintaining the DNA stability during cell divisions.
Adipose-derived stem cells secret molecules that show important function in other cells vitality and
mechanisms associated with the immune system, central nervous system, the heart and several
muscles. They release cytokines involved in profanti-inflammatory, angiogenic and hematopoietic
processes. Adipose-derived stem cells also have immunosuppressive properties and have been
reported to be “immune privileged” since they show negative or low expression of human leukocyte
antigens. Translational medicine and basic research projects can take advantage of bioprinting.
This technology allows precise control for both scafiolds and cells. The properties of cell adhesion,
migration, maturation, proliferation, mimicry of cell microenvironment, and differentiation should
be promoted by the printed biomaterial used in tissue engineering. Self-renewal and potency are
presented by MSCs, which implies in an open-source for 3D bioprinting and regenerative medicine.
Considering these features and necessities, ASCs can be applied in the designing of tissue engineering
products. Understanding the heterogeneity of ASCs and optimizing their properties can contribute to
making the best therapeutic use of these cells and opening new paths to make tissue engineering
even more useful

1. Introduction

The defining characteristics of mesenchymal stem cells (MSCs) are their capacity to self-renew
and their multipotency to differentiate into more than one cell type and remain in this state for
long periods [1]. Furthermore, MSCs produce growth factors and cytokines that are involved in
immunomodulation and regeneration. This immunomodulatory capacity of MSCs enables them to be
used in cell therapies, espedally in autoimmune diseases, host grafting and organ transplantation [2]

Materizls 2000, 13, 3210; dot 103550 mal 3145210 wwwmdpl comfoumal/materials
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Mesenchymal stem cells {MSCs) are adult stem cells that were matally isolated from bone marsow. However, subsequent research
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from the mesoderm. These cels actively proliferate, giving rise to new cells in some ©
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MSCs are
Isolation and induction of these cells could provad

m others.

2 new th
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g damaged or lost adult tsoes. However,
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are obtained. This paper summarizes data on the biological properties of MSCs and dascusses current and potential dinscal

applications.

1. Introduction

A stem cell is an undifferentiated cell with the capacity for
multilineage differentiation and self-renewal without senes-
oence.‘l'oupokntsmncdk(zypota)cangl\vmtoaﬁlﬂ
viable and pluripotent stem cells (embryonic stem
{ES) cells) can differentiate into any cell type within in the
human body. By contrast, trophoblasts are multipotent stem
cells that can differentiate into some (e.g., stem
cells (MSCs), hematopoietic stem cells (HSCs) ), but not all,
cell types.

replacement cells during normal cell turnover and tissue
regeneration following injury [1-3]. The epidermis, hair,
HSCs, and the gastrointestinal tract all present good exam-
ples of tissues with niches that contribute stem cells during
normal cellular turnover [3). The exact locations of these
stem cell niches are poorly understood, but there is growing
evidence a close relationship with pericytes [1,
4, 5| (Figure 1). MSCs have been isolated from adipose
tissue (6], tendon (7], periodontal ligament [8], synovial
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membranes 9], trabecular bone [10], bone marrow [11],
embryonic tissues [ 12], the nervous system |13}, skin [14),
periosteum (9], and muscle [15). These adult stem cells were
once thought to be committed cell lines that could give
rise to only one type of cell, but are now known to have
a much greater level of plasticity (16, 17]. Despite the vast
variety of source tissues, MSCs show some common char-
acteristics that support the hypothesis of a common origin
(1, 181 Mmmwmdnpem
culture, multipotent differentiation, extensive

capacity, and a common surface marker profile (eg., CD34-,
CD45- (HSC markers), CD31- (endothelial cell marker),
CD44', CD90", and CD105" (Table 1)). However, there is
no surface marker that uniquely defines MSCs.

The same general approaches are used to isolate all kinds
of MSCs, including the wse of Dulbecco’s Modified Eagle
Medium (DMEM) to dissolve collagenase, digestion times
limited to a maximum of | hour at 37°C, isolation of stem
cells as soon as possible following euthanasia, and the use
of culture medium at temperatures not lower than room

temperature [1].
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The use of synthetic osteoplastic materials not always provides the required amount of
the bone tissue. Transplantation of tissue-engineering constructs containing osteogenic
precursor cells can be an altemative high-technology implantation method. Here we
present the results of a pilot clinical study demonstrating safety of this method, acce-
lerated healing of the operation wound. formation of young bone tissue after trans-
plantation, and the possibility of mounting implants after 3 months in case of sufficient
amount of the bone for primary fixation.

Key Words: oral surgery; multipotent mesenchymal stromal cells from the adipose
tissue; tissue engineering: sinus lifting: osteoplastics

Reconstruction of the bone tissue is an actual prob-
lem of modern surgical dentistry and oral surgery.
The search for new and improvement of known
materials for replacement of bone tissue defects and
stimulation of bone growth is now in progress [1.2,
12]. The use of bone materials or bone substitutes
is based on the assumption that they promote the
formation of a new bone at the site of implantation.
Autogenous bone transplants are considered as
golden standard for reconstructive craniomaxillofa-
cial surgery [4]. However, obtaining a sufficient
amount of automaterial and the presence of an ad-
ditional operation field considerably limit the use
of these methods [7]. The existing methods for
bone tissue reconstruction do not provide complete
recovery and stimulation of bone regeneration. In
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Agency of Medical Technologies: ‘ReMeTeks Company; “Medico-

Genetic R h Center, R Academy of Medical Scences,
Maoscow. Address for ¢ spondence: recoption@ chils. e A A
Kulakov

most cases they perform an osteoconductive func-
uon [3.9].

Regeneration of the bone tissue is the most
studied field in ussue engineering. Equivalents of
the bone tissue can be obtained by targeted osteo-
genic differentiation of multipotent mesenchymal
stromal cells (MMSC) of the bone marrow (BM) or
adipose tissue [6.11.13]. MMSC predifferentiated
towards osteogenic lincage are applied on biocom-
patible materials maintaining osteoinduction and
possessing sufficient osteoconductive properties
[6]. The resultant tissue-engineering construct is
transplanted into the bone defect area

Creation of tissue equivalents of the bone tis-
sue is now beyond the scope of experimental stu-
dies. Numerous experimental and clinical studies
demonstrated the possibility of effective reconstruc-
tion of the bone tissue using various biodegradable
materials and MMSC [5.8.14].

A clinical study of reconstruction of bone de-
fects and maxillary and mandibulary bone deficit

DO07 48ER/08/ 14540522 © 2008 S Modia Inc
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Scence and ¢ ce advance together and the stem cell field is no exception. With the
promise of cures for conditions as diverse as cancer, 3 I dege: Son, organ
replacement and addiction, long-term preservation of dental stem cells is 2 growth market.
The discovery nearly twenty years ago, of viable, muitipotent, stem celis in dental pulp
from both baby and aduit teeth initiated, and drives, this market The dental stem cell
preservation services, “tooth banks", focus on the collection of a child's baby teeth, as they
are shed naturally, and storage of the stem cells from within the pulp for therapeutic use in
[ater years should the child require them. This review focuses on the procedures related to
these stem cell storage services and may serve as an introduction for many to the practice
of “tooth banking".

Dentists have been changing lives for hundreds of years -

(R

r ‘m ng p

to eat normally, returning

Stem cell collection from bone marrow, blood, fetal material
and umbilical cords present unique practical and conflicting

faces to their original splendor - but modern dentists are not
only changing lives, they are saving them.

Over the last decade a service once solely the purview of
hospital clinics, is becoming more and more popular in the
dental office. The collection of stem cells for long-term storage
for therapeutic use is a service now provided by dentists. More
accurately, the dentist collects teeth and “tooth banking”
services extract and preserve the stem cells within the pulp
for the future benefit of the patient (Fig. 1).

E-mail address: bzestin@pacific edu.
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ethical challenges [12] However, the discovery of postmatal
stem cell populations in the tooth pulp by Gronthos and Shi
[3,4), around two decades ago, opened up new horizons to stem
cell research and propelled the dental profession further into
the exciting field of regenerative medicine Post-natal stem
cells are present in pulp from deciducus teeth (baby or milk
teeth) lost - or exfoliated - by all children during the first 6-12
years of development and are also commonly available from
orthodontic extraction of third molars (wisdom teeth) in adults.

Hcense (http/

82



47.

Hindawy

‘The Scientific World Joarnal

Valume 2020, Article ID 2145160, 8 pages
hirps/dot org/10. 1 155/2000/21 46160

Hind <
Research Article
Global Prevalence of Periodontal Disease and Lack of
Its Surveillance
Muhammad Nazir (), Asim Al-Ansari, Khalifa Al-Khalifa, Muhanad Alhareky,
Balgis Gaffar 3, and Khalid Almas
Depar of Pre Dental Sciences, College of Dentistry, Imam Abdulrshman Bin Faisal University,
Darmmuarn, Sawdi Arabia
Correspondence should be add d to Mubammad Nazir; mananr@iau edu sa
Received 26 February 2020; Revised 23 April 2020; Accepted 28 April 2020; Published 28 May 2020
Academic Editor: Samir Nammour
Copyright © 2020 Muhammad Nazir et al. This is an open access article distributed under the Creative G Attributi
License, which permits unrestricted wse, distribution, and reproduction in any meds provided the original work is
properly cited.
Background. Periodontal disease is 2 public health problem and is strongly associated with sy ic dis b

mmuumwmumwudwmmmm
adults, and older population and (2) in Jow-, middle-, and high-income countries. Methods. This ecological study included data of
nﬁmﬂ&mﬁthﬂM&msd&MManhWle&hd

Tram:mN«d:(Q’IT‘NcodzO:no" 1 =bleeding on p % 2 = calculus; 3= periodontal pocket (PD) 4-5mm; 4=PD
(6+ mm). Age- and income-refated disease & mmuﬂn&dm&e#ﬁamw'ﬂht}\
of adults and 9.7% of clder p 212% of adolescents kad no p | di (P = 0.005). Nearly 18.5% of adolescents

mmamdmms;dousmummmwsnmuw 503% of adolescents, 44.6%
of adults, and 31.9% older persons demonstrated the occurrence of calcudus (P = o.olLOnthga.Izrthdkrpennuhdlh:
highest of PD 4-5mm and PD 6+ mm than adults and adolescents (P <0.001). The dastrsbation of

(G’l’Ncpd:3+ﬂnadnhs£&rd:vnhandymb- (28.7%), Imv:rmdde (10%), upper-middle- (425%). and high-
income countries (43.7%) (P = 0.04). Hi , 1o ditfer mp dontitis (CPITN code 3 + 4) were observed in
adolescents and older persans in low- to high-i Conciusions. Within the imitaticas of data, this study found that

from high-income countries.

1. Introduction

Periodontal disease which comprises gingivitis and
periodontitis is a common oral infection that affects the
tissues that surround and support teeth [1]. The condition
often presents as gingivitis which is characterized by
bleeding, swollen gums, and pain, and if left untreated, it
progresses to periodontitis which involves the loss of
periodontal attachment and supporting bone [2].
According to the Global Burden of Disease Study (2016),
severe periodontal disease was the 11" most prevalent
condition in the world [3]. The prevalence of periodontal
disease was reported to range from 20% to 50% around the
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inoldes p and in population

world [4). It is one of the major causes of tooth loss which
can compromise mastication, esthetics, self-confidence,
and quality of life [5, 6]. Globally, periodontal diseases
accounted for 3.5 million years lived with disability (YLD)
in 2016 [3]. During the period from 1990 to 2010, there
was a 57.3% increase in the global burden of periodontal
disease [7]. In 2010, worldwide loss of productivity due to
severe periodontitis was estimated to be USS$54 billion per
year [8]. The global prevalence of periodontal disease is
expected to increase in coming years due to growth in the
aging population and increased retention of natural teeth
due to a significant reduction in tooth loss in the older
population [9].
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regeneration: a network meta-analysis of
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Abstract

Background: Periodontal tissue regeneration (PTR) is the ultimate goal of periodontal therapy
therapy is considered a promising strategy for achieving FTR. However, there is still no conclusive comparison that
distinguishes clear hierarchies among different kinds of stem cells

Methods: A systematic re
EMBASE, and Web of Science up to February 2020. Preclinical studies assessing five types of stem celis for PTR were
included; the five types of stem cells included periodontal ligament-denved stem cells (PDLSCs), bone marrow
derived stem cells (BMSCs), adipose tissue-derived stem cells (ADSCs), dental pulp-derived s
gingival-derived stem cells (GMSCs). The primary outcomes w
variables: newly formed alveolar bone (NB), newly formed cementum (NC), and newly formed periodontal hie
(NPDL). We performed pairwise meta-analyses using a random-effects model and then performed a random-effects
NMA wusing 2@ multivaniate meta-analysis model

Results: Sixty predinical studies assessing five different stem cell-based therapies were identified. The NMA showed
that in terms of NB, PDLSCs (standardized mean difference 1.87, 95% credible interval 124 to 2
1.17 to 2.59), and DPSCs (1.69, 0.64 to 2.75) were statistically more efficacious than cell carmiers (C
PDLSCs were superior to GMSCs (149, 0.04 1o 2.94). For NC, POLSCs

and ADSCs (155, 0.18 to 291) were superior to For NPDL PDL 9,
2.26) were more efficacious than CCs, and PDLSCs (126, 0.11 to 242) were superior 1o GMSCs
treatment hierarchies also demonstrated that the two highest-ranked interventions were PDLSCs and BN

Currently, stem cell

view and network meta-analysis (NMA) was performed using MEDLINE (via PubMed

cells (DPSCs), and

With continuous

three histological indicat

1 184

), BMSCs {188

s). In adaition,

Conclusion: PDLSCs and BMSCs were the most effective and well-documented stem cells for FTR am
kinds of stem cells evaluatad in this study, and there was no statistical sgnificance between them. To tra

stemn cell therapies for PTR successfully in the clinic, future studies should utilize robust experimental design
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ABSTRACT
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regenerate the compiex system of tocth-supporting app (ie, the pericdontal Egament, alveolar
bone and root cementum) after loss{damage due to pericdentitis have made some progress recently and
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L Introduction

Periodontitis is a common and widespread disease in the oral
and maxillofacial region that causes the destruction of the tooth-
supporting tssues including alveolar bone, the periodontal liga-
ment (PDL) and root cementum. If left untreated, periodonuitis will
result in progressive periodontal attachment and bone loss that may
eventually lead to early tooth loss | 1]. As a consequence, periodontal
disease is one of the most important concemns for dentists, patients
and the public dental healthcare system. Of note, conventional
treatment strategies, either non-surgical or surgical therapy. fall to
restore true periodontal supporting structures damaged through
periodontal disease [2| The significant burden of periodontal

.G di author. Dep of Period gy and Ol Medicine,
mdsmw mmmm Xran 730032, Shaand,
PR China Ted/Qx: +86 29 84776056,

E-mall educn [F-M Chen)
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0l42-59612S - see front matter © 2012 Elsevier Lid. ANl rghts reserved.
dod: 10.2016() hiomagerials 2012 .06.048
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disease and its negative impact on patient quality of life indicate the
need for more effective management of this condition [3.4]
Following disease control interventions such as tooth cleaning/
scaling, root planning and periodontal debridement, several
procedures have thus far been attempeed to achieve periodontal
regeneration, including bone graft placement, guided tissue/bone
regeneration (GTR/GBR) and the use of various growth factors and/
or host modulating agents (eg. Emdogain®™ and parathyroid

three quite diverse and unique tissues (e.g., cementum PDL and
bone) and a triphasic interface between these different tissues to
guarantee the restoration of their complex structure (78] Unfor-
tunately, current regenerative procedures that are used either alone
or in combination have limited success in achieving this ambitious
purpose, especiaily in advanced periodontal defects [3]

Recent insights into the reparative capability of the perio-
dontium in conjunction with advances in stem cell biclogy and
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Stem cells and periodontal regeneration
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ABSTRACT

Periodonriris is an inflimmarory disease which manifests clinically as loss of supporting periodontal tissves including
periodontal ligament and alveolar bone. For decades periodontists have sought ways to repair the damage which occurs
during periodontitis. This has included the use of a range of surgical procedures, the use of a variety of grafring marerials
and ﬁfmthmdwmmTommmwmstbbw

gebutdxmcally unperedictable. Recently, reports have begun to emerge demonstrating thar populations of adulr stem
oellsres:dtmlhepenodonulbgamenlofhumnsmdodnuamm:k.msoptmd!myﬁmwctll-basedtheupusfm
periodontal regeneration. For this to become a reality a thorough understanding of adult human stem cells is needed. This
review provides an overview of adult human stem cells and their potential use in periodontal regeneration.

Key words: Mesenchymal stem cells, persodontal higament stem cells, penodontal regeneration.

Abbremations and acromyms: BMP « bone morphogenetc proteinsg; BMP-7 « bone morphogenetic protem-7; BMSSCs « bone marrow
stromal stem cells; EGF » epsdermal growth factor; ePTFE » expanded polytetraflooroethylene; ES » embryonic stem; FGF « fibroblase
growth factor; IGF « msulin-hike growth factor; HA/TCP « hydroxyapatite/tricalcum phosphate ceramic; MHC » major hstocompat-
hality; MSCs « mesenchymal stem cells; PDGF » platelet-denved growth factor; PDLSCs » penodontal ligament stem cells.

(Accepted for publication § December 2007.)

dental nissues and their potential application in regen-
REROIRICRON erative periodontal therapy. Current regenerative pro-
Periodontitis is a disease of the periodontium charac- cedures, in parncular guided tissue regeneration, are
terized by irreversible loss of connecnive tissue artach- critically assessed. Furthermore, potennial chinical imphi-
ment and supporting alveolar bone.! These changes cations of dental stem cells as well as the challenges for
often lead to an aesthetically and funcrionally compro- further research are also highlighted.
mised dentition. For many decades, peniodontists have
been interested in regenerating nissues destroyed by
periodontitis. Periodontal regeneration can be defined  Definition and types of stem cells
as the complete restoration of the lost tissues to their The term “stem cell™ first appeared in the literarure
original architecrure and function by recapirulanng the during the 19th century. Like many other terms m
cmcinlwoundbmlingcvcntsassociamdmththar biology, the concept of a stem cell has expanded
development.” Conventional open flap debridement greatly with identificanon of novel sites and funcrions.
falls short of regenerating ussues destroyed by the A “stem cell” refers o a clonogenic, undifferentiated
disease,™* and current regenerative procedures offer a cell thar is capable of self-renewal and multi-lincage
limited potential towards artaining complete peniodon- differentiation."* In other words, a stem cell is capable
tal restoration.™ Recently, the isolation of adulr stem of propagating and generaring additional stem cells,
cells from human periodontal ligament has Fu-smmd while some of s progeny can differennate and
new opportunities for tissue engineering."™"' s commit to maturanion along muluple lincages giving
in order for such therapies to be successful, a thorough rise to a range of specialized cell rypes. Depending on
understanding of stem cells and their role in regener- mnermsic signals modulated by exinnsic factors in the
anng periodontal nssues is required. stem cell niche, these cells may either undergo
The aim of this review is to discuss the current state prolonged self-renewal or differentiation.™ A plun-
of our understanding of adult human stem cells in potent stem cell can give nise to cell types from all three

e < 2008 Austratan Dertad Assocaton
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Treatment of periodontal intrabony defects @

using autologous periodontal ligament
stem cells: a randomized clinical trial
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Abstract

Background: Penodontitis, which progressively destroys tooth-supporting structures, is one of the moss
widespread infectious diseases and the leading cause of tooth loss in aduits. Evidence from prediinical triak and
small-scale pilot clinical studies indicates that stem cells derived from periodontal ligament tissues are 3 promsing
therapy for the regeneration of lost/damaged periodontal tissue. This study assessed the safety and feasibility of
using autologous periodontal figament stem cells (PDLSCs) as an adjuvant to grafting materiak in guided tissue
regeneration (GTH) to treat periodontal intrabony defects. Our data provide primary clinical evidence for the efficacy
of cell transplantation n regenerative dentistry.

Methods: We conductad a single-center, randomized trial that used autologous PDLSCs in combination with
bovine-derived bone mineral materials to treat periodontal intrabony defects. Enrolled patients were randomly
assigned to either the Cell group (treatment with GTR and PDLSC sheets in combination with Bio-oss ) of the
Control group (treatment with GTR and Bio-oss” without stem celis). During a 12-month follow-up study, we
evaluated the frequency and extent of adverse events. For the assessment of treatment efficacy, the primary
outcome was based on the magnitude of alveolar bone regeneration following the surgical procedure.

Results: A total of 30 periodontitis patients aged 18 to &5 years (48 testing testh with periodontal intrabony
defects) who satisfied our indlusion and exdusion criteria were ennalled in the study and randomly assigned to the
Cell group or the Control group. A total of 21 teeth were treated in the Control group and 20 teeth were treated in
the Cell group. All patients received surgery and a clinical evaluation No dinical safety problems that could be
attributed to the investigational PDLSCs were identified. Each group showed a significant increase in the dveolar
bone height {decrease in the bone-defect depth) aver time (p < 0.001). However, no statistically significant
differences were detected between the Cell group and the Control group (p > 0.05)

Conclusions: This study demonstrates that using autologous PDLSCs to treat periodontal intrabony defects is ssfe
and does not produce significant adverse effects. The efficacy of cell-based periodontal therapy requires further
validation by muiticenter, randomized contralled studies with an increased sampie size.

(Contirued on next page}
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A systematic review of the

effect of surgical debridement vs.
non-surgical debridement for the
treatment of chronic periodontitis

Hestz- Mayfield L. J. A, Trombeili L, Hetez F, Nevdlenum I, Moles D: A systematic review of the
effect of swgical debridernent vs. mon-surgical debridement for the trestment of chronic period-
onriris J Clhin Periodonrol 2002; 29( Suppl. 3): 92-102. « Blackwell Munksgaard, 2002

Abstract

Objective: To systematically review the evidence of effectiveness of surgical vs.
non-surgical therapy for the treatment of chronic periodontal disease.
Methodss A search was conducted for randomized controlled trials of at least
12months duration comparing surgical with non-surgical treatment of chronic
periodontal discase. Data sources included the National Library of Medicine
computerised bibliographic database MEDLINE. and the Cochrane Oral
Health Group (COHG) Specialist Trials Register. Screening. data abstraction
and quality assessment were conducted independently by multiple reviewers
(LLH, FH., LT.). The primary outcome measures evaluated were gain in
clinical attachment level (CAL) and reduction in probing pocket depth (PPD).
Results: The search provided 589 abstracts of which six randomized controlled
trials were included. Meta-analysis evaluation of these studies indicated that
12 months following treatment, surgical therapy resulted in 0.6 mm more PPD
reduction (WMD 0.58 mm; 95% CI 038, 0.79) and 0.2 mm more CAL gain
(WMD 0.19 mm: 95% CI 0.04. 0.35) than non-surgical therapy in deep pockets
(>6mm). In 46 mm pockets scaling and root planing resulted in 0.4 mm more
attachment gain (WMD —037 mm: 95% CI —0.49, —0.26) and 0.4 mm less
probing depth reduction {(WMD 0.35 mm: 95%. CI 023, 0.47) than surgical
therapy. In shallow pockets (1-3 mm) non-surgical therapy resuited in 0.5 mm less
attachment loss (WMD —0.51 mm: 95% CI —0.74. —0.29) than surgical therapy.
Conchnions: Both scaling and root planing alone and scaling and root planing
combined with flap procedure are effective methods for the treatment of
chronic periodontitis in terms of attachment level gain and reduction in
gingival inflammation. In the treatment of deep pockets open flap debridement
results in greater PPD reduction and clinical attachment gain

Capyright ¢ Blackwell Mankyguard 2002
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atc review

Chronic periodontitis is defined as an
inflammatory disease of the supporting
tissues of the teeth caused by groups of
specific microorganisms, resulting in
progressive destruction of the periodon-
tal ligament and alveolar bone with
pocket formation. recession or both

(1999 International Workshop for a
Classification of Periodontal Diseases).
Chronic penio dontitis affects most of
the adult ion and may be
further classified on the basis of extent
and sevenity. Furthermore, chronic pen-
odontitis may be associated with modi-

89

fying factors such as systermic diseases,
cigarette smoking. and local factors.
C 2 TS y

ross-sectionalepidemiological
ies indicate that about 10-15% of the
adult population have “advanced perni-
odontitis’, while about 80 have
‘moderate periodontitis”. and 10%.of the



Hindawt Publishing Corparatioa

Stem Cells Internatsonal

Valume 2016, Article 1D 6205910, 7 puges
hitpe//dx.dot ceg/ 10.1155/2016/6205910

Clinical Study

Hindawi

Phase I/II Trial of Autologous Bone Marrow
Stem Cell Transplantation with a Three-Dimensional
Woven-Fabric Scaffold for Periodontitis

Shunsuke Baba,’ Yoichi Yamada,'* Akira Komuro,' Yoritaka Yotsui,*
Makoto Umeda,’ Kimishige Shimuzutani,’ and Sayaka Nakamura™

Wa]&dblylmdqy Osaks Dental University, 1-5-17 Oternae Chuo- kx, Osaks 540-0008, Japar:
*Department of Oral and Maxillofacial Surgery, Aichi Medical University School of Medicine, 11 Yazakolarimata,

Nagakute, Aichi 480-1195, Japan

'Department of Oral Radiology, Osaka Dental University, 1-5-17 Otemae Chuo-ku, Osaka 540-0008, Japan

‘Department of Periodontology. Osaka Dental University, 8-1 Ki
*Department of Biochemistry, School of Dentistry, Aichi Gakuin U
d to Yoichi Yamada: yyamadag@aichi-med-uacip

C A

L

e should be add

b

cho Hirakata, Osakas 573-1121, fapan

ity, 1-100 K. <y, Chikusa-ku, Nagoya 464-8650, Japan

Recerved 20 Angust 2016; Revised 2 October 2006 Accepted 17 October 2016

Copyright © 2016 Shunsuke Baba et al. This is an open access article distributed under the Creative G Ancbuotion License,
which permits icted use, distribution, and reproduction in any medium, provided the original work is propesly ated.
Regenerative medicine is emerging 2s a promising option, but the p 12l of autologous stem cells has not been investigated

wﬁm@dtmdwmhﬁsﬁdmﬂp“whnﬁyﬂ&ydnmm
therapy based on the surgical i tion of autologous chymal stem cells (MSCs) with 2 biodegradable three-dimensional
(3D) fabric composi xalbldmdplxdnmhﬂanm(?ﬂ?l'knmwuhm'bmdam
m&m&ﬁ:u.mmﬂ:dmphngmuﬂm&lﬁm pl

du xm&audnlmmmmwmdwmdm—nﬂcgdu’s
NMWMMMMMMM(MLMMMMMM&
em‘nﬂcwupwnd(p<0.ml)kﬂqhmm%dbmﬁ%mmmmﬂhm
showed a trend after the surgery. No dinical safety attributable to the investigational MSCs were identified.
This dinical trial suggests that the stem cell therapy using MSCs-PRP/3D woven-fabric composite scaffold may constitute 2 novel

safe and effective regenerative treatment option for periodontitis.

1. Introduction

Periodontitis is a highly prevalent disease well known to
reduce the quality of life of middle-aged and older people [1].
This common chronic inflammatory disease is caused by the
formation of a bacterial biofilm on the tissues supporting the
mouth and teeth, leading to the progressive destruction of
the tissues and the loss of the affected teeth. The formation
of intrabony defects is a frequent complication of periodon-
titis, which is generally treated by functional periodontal
regeneration involving restoration of the alveolar bone and
new cementum [2]. Conventional nonsurgical periodontal
treatment and/or open flap debridement can reduce pocket

54.

90

and inflammation. However, the functional regenera-
tion of the lost periodontal tissue and the normal structure
are insufficient [3].

Historically, §-tricalcium phosphate (8-TCP) and ceram-
fcs were used for regenerative approach, but these grafi-
ing procedures resulted in the formation of long junc-
tional epithelium [4]. Systematic reviews revealed that bone
replacement grafts (induding autogenous bones and dem-
ineralized freeze-dried bone allografts) and guided tissue
regeneration (GTR) [5] are effective methods for periodontal
regeneration [4]. On the other hand, ongoing trials are
exploring new treatments to accelerate the regeneration of
periodontal tissue. The consensus is that biclogics, such as
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Abstract: Periodontitis affects around 15 per cent of human adult populations. While
periodontal treatment aimed at removing the bacterial cause of the disease is generally very
successful, the ability predictably to regenerate the damaged tissues remains a major unmet
objective for new treatment strategies. Existing treatments include the use of space-
maintaining barrier membranes (guided tissue regeneration), use of graft materials, and
application of bioactive molecules to induce regeneration, but their overall effects are relatively
modest and restricted in application. The periodontal ligament is rich in mesenchymal stem
cells, and the understanding of the signalling molecules that may reguiate their differentation
has increased enormously in recent vears. Applying these principles for the development of
mnmaxgin&nngmepesbrpamdontﬂwamnmlmfunherumkw
detetmmdxeeﬁcxyo(memexpermennlpechmmlnm pharmaco-
logical application of growth factors such as bone morphogenetic proteins (BMPs) or Wnts, use
of autologous stem cell reimplantation strategies, and development of improved biomaterial
scaffolds. This article describes the background to this problem, addresses the current status of

periodontal regeneration, including the

biology, and discusses the potential for

background
some of these experimental therapies to achieve the goal of clinically predictable periodontal

regeneration.

Keywords: periodontal, regeneration, tissue engineering, stem cells, growth factors

1 INTRODUCTION

Periodontal disease is one of the most common
afflictions of man_ It is an inflammatory condition of
the supporting tissues of the teeth that results in
progressive destruction of the tooth attachment and its
surrounding bone. Inflammation of the gingival tissues
is initiated by accumulation of dental plaque on the
tooth surface and is almost universally prevalent to
some degree in human populations. The destructive
form of periodontal disease, periodontitis, occurs
when the superficial inflammation around the gingival
tissues progresses to cause irreversible destruction of

*Corresponding author: Departrment of Periodontology, Kings
Coliege London, Floor 21, Tower Wing Guys Hospital. London
SEI SRT, UK

email: francis hughes@kcLac.uk

bane of the jaws, the periodontal ligament, and the
superficial gingivae (gums). Progressive periodantitis
is seen in most adult human populations, with a
prevalence of around 15 per cent. In general, the rate of
progression of the disease is slow, but it can vary
due to the action of a range of aetiologic factors,
and the presence of some specific bacteria in the
dental plaque. Current treatment strategies for period-
ontal disease revolve specifically around the removal
and long-term control of dental plaque accumulation,
both by the dental professional and through self-care
measures (oral hygiene) by the affected patient. These
treatment strategies are generally very successful in
occur, but the regeneration of the lost tissues remains
an important goal and major challenge for the clinical
periodontist.

Proc. IMechE Vol. 224 Part H: |. Engineering in Medicine
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Umbilical cord mesenchymal stem cells
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derived extracellular vesicles can safely
ameliorate the progression of chronic

kidney diseases

Wael Nassar'”'®, Mervat El-Ansary’, Dina Sabry®, Mostafa A. Mostafa®, Tarek Fayad®, Esam Kotb”,
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Abstract

grade UV CKD patients.

Background: Bio-products from stemy/progenitor cells, such as extraceliular vesides, are liksly 2 new promising
approach for reprogramming resident cells in both acute and chronic kidney disease. Forty (XD patients stage Il
and IV (2GFR 15-60 mg/mi) have been divided into two groups; twenty patients as reatment group “A” and
twenty patients as a matching placebo group “B”. Twa doses of MSC-derived extracetiular vesicles had been
administered to patients of group “A”. Blood urea, serum creatinine, urinary albumin ceatinine ratio (UACH) and
estimated glomerular filtration rate {2GFR) have been used to assess kadney functions and TNF-g, TGF-81 and IL-10
have been used to assess the amelioration of the inflammatory immune activity.

Results: Participants in group A exhibited signficant improvement of eGFR, serum creatinine fevel, blood urea and
UACR. Patients of the treatment group “A” also exhibited significant increase in plasma levels of TGF-§1, and IL-10
and significant decrease in plasma levels of TNF-a. Participants of the control group 8 did not show significant
improvement in any of the previcusly mentioned parameters at any time point of the study period.

Condlusion: Adminstration of cell-free cord-blood mesenchymal stem cells denved extraceliular vesicles ((FLB-
MSCs-EVs) & safe and can ameliorate the inflammatory immune reaction and improve the overall kidney function in

Keywords: Chronic kidney disease, Extracellular vesicles, Mesenchymal stem cells, Microvesicles

Background

Mesenchymal stromal cells (MSCs) could reverse acute and
chronic kidney injury [1]. The majority of the transplanted
MSCs are trapped by the liver, lung and spleen whereas
only less than 1 % is localized at targeted tissue supporting
the notion that the efficacy of MSCs in treating diseases is
independent of engrafiment and differentiation [2]. Extra-
cellular vesicles (EVs) derived from MSCs have recenty
exploited in regenerative medicine to repair damaged
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tissues. These membranous structures deliver bicactive
molecules, such as proteins, mRNAs, micro-RNAs, bio-
transfer genetic information [3-5]. It has also been reported
that MSCs-EVS can protect AKI in ischemia reperfusion in-
jury (IRD) in animal models [6]. In addition to multipotent
capabilities of MSC-derived EVs, i has been shown to
modulate both innate and adaptive immune responses and
mediate immune suppressive effects through suppression
of T-cell proliferation and enhancement of proliferation of
the regulatory T lymphocytes (CD4-CD25-FOXP3 T-reg)
|7, 8]. Few studies addressed the potential benefit of MSC
in treatment of chronic kidney disease (CKD) [9, 10]. The
effect of MSCs-EVs both in the acute and chronic models
was attributed to their paracrine action rather than a trans-
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Abstract: Scaling and root planing (SRP) is of limited value in many cases, so adjunctive treatment was
applied to augment its outcome. Adipose-derived stem/stromal cells (ADSCs) were investigated in
periodontal regeneration with promising results. However, they have safety concerns. The exosomes
(Exo.), which are extracellular vesicles mediating the action of stem/stromal cells, represent a new
approach to overcome these concerns. Ligature-induced periodontitis was induced in 50 rats for
14 days, and they were divided into control (5 healthy rats for histologic comparison), SRP group,
ADSCs group, and Exo. group, with evaluation intervals at 2 days, and 2 and 4 weeks, including
5 rats in each interval for each group. The specimens were evaluated for histologic description (H&E),
histochemical study (Masson trichrome), and histomorphometric study, to evaluate the area % of
newly formed tissues. The Exo. group revealed the best results in all intervals with significantly
higher area % of newly formed tissues, followed by ADSCs and, finally, SRP. Both Exo. and ADSCs
showed organized newly formed tissues with the Exo. group obtaining comparable histologic
results to the normal, healthy tissues by 4 weeks. Adipose-derived stem/stromal cells and their Exo.
represent a promising adjunctive treatment to SRP.

therapy; rats; histologic study

1. Introduction

Periodontitis is a chronic immune inflammatory disease of supporting tooth structures initiated
by dysbiotic polymicrobial dental biofilm in a susceptible host [I]. The disease progression
leads to attachment loss with the destruction of periodontal tissues and, finally, tooth loss [2].
Also, the periodontal diseases may impact many systemic conditions, including diabetes mellitus,
cardiovascular disorders, and autoimmune diseases, e.g., rheumatoid arthritis [3]

Regeneration is defined as the reproduction or reconstitution of a lost or injured part of the
body, in such a way that the architecture and function of the lost or injured tissues are completely
restored. However, few techniques can be regarded as regenerative methods in periodontics, induding
biologics [4]. To achieve periodontal regeneration, a complex process of migration, proliferation,
and function of different cells, in coordinated manner, should be enhanced [5]

Biowmlecules 2018, 8, 167, dok 103390 /blomS040167 www.mdpl com/powmal /beomolecules
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Abstract

Ng Y-L, Mann V, Rahbaran S, Lewsey J, Guiabivala K
Qutcome of primary root canal treatment: systematic review of
the literature - Part 1. Effects of study characteristics on
probability of success. International Endodontic Journal,
40, 921-833, 2007.

Aims The aims of this study were (i) to conduct a
comprehensive systematic review of the literature on
the outcome of primary (initial or first time) root canal
reatment: (ii) to investigate the influence of some
study characteristics on the estimated pooled success
rates.

Methodology Longitudinal clinical studies investi-
gating outcome of primary root canal treatment,
published up to the end of 2002, were identified
electronically (MEDLINE and Cochrane database
19662002 December, week 4). Four journals (Inter-
national Endodontic Journal. journal of Endodontics.
Oral Surgery Oral Medicine Oral Pathology Endodontics
Radiology and Dental Traumatology & Endodontics),
bibliographies of all relevant papers and review articles
were hand-searched. Three reviewers (Y-LN. SR and
KG) independently assessed. selected the studies based
on specified inclusion criteria, and extracted the data
onto & pre-designed proforma. The study inclusion
criteria were: longitudinal clinical studies investigating
root canal treatment outcome: only primary root canal
treatment carried out on the teeth studied: sample size

Correspondence: Dr Y.L Ng. Unit of Endodontalogy. UCL
Ea Dental [ UCL. 256 Grays Inn Road. London
WCIX SLD. UK (Tel: 020 7915 1233; faxc 020 7915 2371
email: pag@eastman ucl ac.uk).
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given: at least 6-month postoperative review: sucoess
based on clinical and/or radiographic criteria (strict.
absence of apical radiclucency: loose. reduction in size
of radiolucency): overall success rate given or could be
calcalated from the raw data. The findings by individual
study were summarined and the pooled success rates by
each potential influencing factor were calculated for this
part of the study.

Results Of the 119 articddes identified. 63 studies
published from 1922 to 2002, fulfilling the inclusion
criteria were selected for the review: six were random-
ized trials seven were cohort studies and 48 were
retrospective studies. The reported mean success rates
ranged from 31% to 96% based on strict criteria or
from 60% to 100r% based on lose criteria. with
substantial heterogeneity in the estimates of pooled
success rates. Apart from the radiographic criteria of
success. none of the other study characteristics could
explain this heterogeneity. Twenty-four factors (patient
and operative) had been investigated in various com-
binations in the studies reviewed. The influence of
preoperative pulpal and perapical status of the teeth on
treatment outcome were most frequently explored. but
the influence of treatment technique was poorly
investigated.
Conclusions The estimated weighted pooled success
rates of treatments completed at least | year prior to
review, ranged between 68% and 85% when strict
criteria were used. The reported success rates had not
improved over the last four (or five} decades The
quality of evidence for weatment factors affecting
primary root canal trestment outcome is sab-optimal
there was substantial variation in the study—designs. It

Intarsasional Endodontic Jouwnal, 48, 321-588, 2007
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Abstract

A randomized controlled phase /Il dinical trial was designed to evaluate the safecy and efficacy of encapsufated human umbilical cord
mesenchymal stem cells in 2 plasma-derived biomaterial for regenerative endodontic procedures (REPs) in mature permanent teeth
with apical lesions. The trial induded 36 patients with mature incisors, canines, or mandibular premolars showing pulp necrosis and
apical periodontitis. Pati were randomly and equally allocated between experimental (REP) or conventional root canal treatment
(ENDQ) groups. On the first visit, cavity access and mechanical preparation of the root canal were performed. Calcium hydroxide
or REP. Clinical follow-up examinations were performed at 6 and 12 mo. Categorical variables were evaluated by Fisher’s exact test
Quantitative variables were compared using the Mann-Whitney test. The evolution over time of the percentage of perfusion units and
the dimensions of lesion and cortical compromise were explored. After the |12.mo follow-up, no adverse events were reported, and
the patients showed [00% dinical efficacy in both groups. Interestingly, in the REP group, the perfusion unit percentage measured by
laser Doppler flor yr an increase from 60.6% to 78.1% between baseline and | 2.mo follow-up. Sensitivity tests revealed
an increase of the positive pulp response in the REP group at | 2-mo follow-up (from 6% to 56% on the cold test. from 0% to 28% on
the hot test. and from 17% to 50% on the electrical test). We present the first clinical safety and efficacy evidence of the endodontic

mdmwﬂdmmmmc&mmdham

wal The i ative approach, based on

bioclogical principles that promote dentin-pulp regeneration, pr
(Clinical Trials gov NCT03 102879).

2 promising alter for the tr of periapical pathology

Introduction

The operating philosophy of endodontic treatment is to instru-
ment, disinfect, and obturate the tooth by filling the root canals
with inert materials and decreasing the space available for
microbial reinfection (He et al. 2017). A systematic review of
63 articles published between 1922 and 2002 alarmingly con-
cluded that success rates of primary root canal treatment have
not improved over the past 5 decades, ranging between 68%
and 85% (Ng et al_ 2007). Therefore, current efforts are focused
on different approaches to endodontic treatment, for example,
revitalization of dental pulp to restore health inside the canal
and promote the resolution of apical infection (Prescott et al.
2008: Sun et al. 2011; Huang and Garcia-Godoy 2014; Del
Fabbro et al. 2016; Alwaii et al. 2017).

Regenerative endodontic procedures (REPs) have been
defined as biologically based procedures designed to replace
damaged structures, including dentin and root structures, as
well as cells of the pulp-dentin complex (Diogenes et al 2016).
REPs are based on 3 principles of tissue engineering: cellular
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component incloding mesenchymal stem cells (MSCs)
scaffolds, and growth factors (Langer and Vacann 1993)
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Tissue engineering is 2 growing field. [n the near future, it will probably be possible to generate 2 complete vital tooth from a single
stem cell. Pulp revascularization is dependent on the ability of residual pulp and apical and periodontal stem cells to differentiate.
These cells have the ability to generate a highly vascularized and 2 conjunctive rich living tissue This one is able to colonize the
available pulp space. Revascularization it a new treatment method for immature necrotic permanent teeth. Up to now, apexification
procedures were applied for these teeth, using calcium dihydroxide or MTA to produce an artificial apical barrier. However, the
mm%&mamw&mdummummrmﬂ
revascularization s are used in the literature, one wsing calcum dihydroxide and the second psing 2 triple antibiotic
mum&wm»mmamm&mnuauhmumam

relevant protocol and a new mixture of antshiotics.

L. Introduction

Tissue engineering is a growing field. In the near future, it will
probably be possible to generate a complete vital tooth from
a single stem cell. Stem cells are in fact totipotent cells, which
have the capacity to proliferate and to produce cells, which
are capable of differentiating into specialized cells.

Two of stem cells exist: ic stem cells and
adult stem cells (or postnatal cells) [1]. Concerning pulp
revascularization, mature stem cells are rather of interest.
These cells are found in many sites of the dental element:
in the pulp, in the apical papilla, and in the periodontal
ligament [1, 2]. These clonogenic cells, rapidly i
have the capacity of inducing dentin-pulp regeneration if
difierentiating into appropriate cells. In addition, the pulp,
which ks a product from migration of the neural crest,
would probably be a very good candidate to allow nerve
regeneration [1]. Regarding the daily practice, it is imperative
to find ways to save as much as possible the vitality of stem
cells from the dental element and induce their differentiation.

60.
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Pulp revasculanization is dependent on the ability of
residual pulp and apical and periodontal stem cells to differ-
entiate [3-5]. These cells have the ability to generate a highly
vascularized and 2 conjunctive rich living tissue. This one is
able to colonize the available pulp space. Subsequently, these
stem cells will differentiate into newly formed odontoblasts
that will induce an apposition of hard tissue. The nature of
this latter is unknown yet {1].

Revascularization is 2 new treatment method for imma-
ture necrotic permanent teeth Indeed, it would provide, after
treatment, a vital tooth that would be able to complete its root
maturation. Up to now, apexification procedures were applied
for these teeth:

(1) using calcium dihydroxide to induce the formation of

an apical calcified barrier;

(i) using mineral trioxide aggregate (MTA) to produce

an artificial apical barrier.
Both methods have shown to be effective regarding the nar-
rowing of the apical foramen of an immature tooth. However,



The Application of Tissue Engineering to Regeneration of
Pulp and Dentin in Endodontics
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Abstract
Cares, pulpitis, and apical periodontitis increase health
care costs and attendant loss of economic productivity.
They ultimately resuft in premature tooth loss and
m&mmmeqnﬁyoflfe.khatmn
ﬁﬁmwmmw&wﬂ
give impetus to regenerate comgplex with-
out the removal of the whole pulp. Tissue engineering
is the science of design and manufacture of new tissues
10 replace lost parts because of diseases including
cancer and trauma. The three key ingredients for tissue
engineering are signals for morphogenesis, stem cells
for responding to morphogens and the scafiold of
extracefiular matric In predlinical studies cefl therapy
and gene therapy have been developed for many tis-
sues and organs such as bone, heart, liver, and kidney
a5 a means of delivering growth factors, cytokines, or
morphogens with stem/progenitor cells in 2 scaffold to
the sites of tissue injury to accelerate andlor induce 2
natural biological regeneration. The pulp tissue con-
into cdontoblasts in response to bone morphogenetic
proteins (BMPs). There are two strategies to regenerate
dentin. First, is in vivo therapy, where BMP proteins or
BMP genes are directly applied to the exposed or
amputated pulp. Second is ex vive therapy and consists
of isolation of stem/progenitor cells from pulp tissue,
BMPs or BMP genes and finally transplanted autog-
enously to regenerate dentin. This review is focused on

and Gercntology, Aichi £74-8522, lapan. lapan E-mal ad-
dress: missko@nils.go.jp.
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study of more than 1.4 million cases indicate that about 97% of treated teeth remain
functional over an 8-vr follow-up period (1). However, many teeth are not restorable
because of apical jon and fracture, v formed roots, or carious de-
struction of coronal structures. In addition, vital pelp therapy is not siways predictable.
One novel approach to restore tooth structure is based on biology: regenerative end-
odoatic procedures by application of tissue engineering Over the kst two decades,
tissue engineering has evolved from science fiction to science. Indeed. isotsted clinical
mmmm (’) However, additonal transistionsl re-
search is peeded to develop predictable clinical regenerstive procedures. The purpose
of this article is to review the biological principles of tissue engineening and the hurdles
that must be overcome to develop regenerative endodoatic procedures.

Tissue Engineering
Tissue engineering is the field of fanctional restoration of tissue structure and
physiology for impaired or damaged tissues becanse of cancer, diseases. 2nd trauma (3,

4). The key elements of tissue are stem cells, morphogens. and 1 scaffold
of extracellubar matrix (3, 4)(Table 1).
Adult Stem/Progenilor Cells

Adult cells reside m 2 variety of tissues. There is 2n explosion of

interest in the utility of cell and gene therapy for regeneration (5, 6). Adult sem cells
have unigue characteristics (7); () they exist 2s undifferentiated cells and maintain this
phenotype by the environment and/or the adjacent cell populations until they are ex-
1 and respoad to the appropriate signals, (b) they have an zhdity to self-replicae
prolonged periods, (c) they msintain their multiple differentistion potential
mu&du«mm Pn#malsmhm
potential and high proliferation capability, but have lost the property
unlike stem cefls. Recent data suggests that the capacity and potential for adulkk stem cells
to differentiate into 2 wider spectrum of phienotypes, ‘stem cell plasticity’, is caused by
fusion of stem cells with endogenous tissue-specific cells (5, 8. 9).

Scaifold

The scaffold provides a physicochemical and biological three-dimensional micro-
enviroament for cell growth and differentiation. promoting cefl adhesion, and migrs-
tion. The scaffiold serves as a carnier for morphogen in protein therapy and for cells in
cell therapy. Scaffold should be effective for transpon of mutrients, oxygen, and waste.
It should be v degraded and replaced by regenerative tissue. retaining the
feature of the final tissue structure. They shoald have biocompatibility, nontoricity, and
proper physical and mechanical strength ( 10). Natural polymers such as colkzgen and
givoosaminoglvean offer good biocompatibility and bicactivity, and synthetic polymers
can elaborate phvsicochemical features sach as degradation rate, microstructure. and
mechanical strength. Commonly used synthetic materials are poly(lactic acid) (PLA),
polviglveolic acid) (PGA). and their copolymers, poly{ lacticco-glvcolic acid) (PLGA).
Sinthetic hydrogels include poly(ethyiene ghveol) (PEG) based pohmers, and those
modified with cell surface adhesion peptides. such s arginine. giycine. and aspartic
acid (RGD). can improve cell adhesion and matrix synthesis within the three-dimen-
sional network (11). Scaffolds contzining inorganic compounds such 35 hydroxyapatite
and calcium phosphate are used w0 enhance bone conductiviy (12).

Pulp and Demtin Regroermion m
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Complete Pulp Regeneration After Pulpectomy
by Transplantation of CD105™ Stem Cells
with Stromal Cell-Derived Factor-1
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l.ossofpulpduehomnsmdpulpmsleadsmbsoﬂeahandmdumdqmlitvofliie.ﬂ:s,tlue'smm
maiforregmnmdpulpA approach is stem cell therapy. Autologous pulp stem/progenitor
(CD105* )oelkwmtramplamdmtoammm!hsumnlceﬂ-dawedfamx 1 (SDF-1) after pulpectomy in
mature teeth with closure in dogs. The root 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 CD105° cells with SDF-1

with those of adipose CD105" cells with SDF-1 or unfractionated total pulp cells with SDF-1. The pulp
CD105* cells highly expressed angiogenic/neurotrophic factors compared with other cells and localized in the
vicinity of newly formed capillaries after transplantation, demonstrating its potent trophic effects on neo-
VMMTMMWWMWMMWM

reaction analyses demonstrated that the qualitative and quantitative

the regenerated pulp were similar to those of normal pulp. Thus, this novel stem cell therapy is the first
demonstration of complete pulp regeneration, implving novel treatment to preserve and save teeth.

Introduction

ENTAL PULP has many functions, and it is essential for
longevity of teeth and quality of life. The long-term goal of
endodontic treatment after deep caries and/or pulp inflam-
mation 15 the conservation and restoration of teeth including
dental pulp. Apmmngapp:mchbr&bsﬁn—aﬂ-bud
therapy to regenerate the complex for the conser-
vation and total restoration of structure and function.’ The
mﬂmw&pulpsbmdmm

dental pulp in immature teeth with i

has been reported using fibrin in the bloed clot or collagen **

However, there have been no concerning total pulp
regeneration in mature teeth with complete apical dosure by
stem/ progenitor cell therapy. There is an intimate assocation
of mnervation with vasculature of the dental pulp. Angriogenesss/

vasculogenesis and neurogenesis are eritical for total funcional
pulp regemenstion. The type Il recepior of the tramsforming
doglin} was selected on the besss of its wide expression on mes-
enchymal stem cedls (MSCs).® The stromal cell-derived factor-1
ﬂﬁJICXﬂinsspr&itdeh&pupb

CDI5" stem/progenitor cells from human pulp Bssue
mm&mvemlsmwh&
culogenic and neurogenic potential® Endothelial cells relesse
SDF-1 under hypoxic condibons and promote el survival and
neovasculsrization by recruitment and perivasculer retention of
CXCRé-positive bone marmow-derived cells** Therefore, in this
study, autologous pulp CDI05" cells were transplanted with
SDF1 in a collogen seaffold into the root canal of mature testh
mem&wnmh
in the root canal. by protein profiles and mRNA expresaon
patierns.
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ARTICLE INFO ABSTRACT
Aricle histary: Human dental pulp stem cells (DPSCs) 1 b of p stem cells with hegh angiogenic,
Received & July 2013 genic and rege i mﬂmﬁhcﬂh&;kumﬂmm.ﬂsﬁﬂeﬁ-
Accepted 3 August 2013 cacious method to isolate the clinical-grade DPSCs subsets from 2 small amount of pulp tissue withoot
S niiny 27 Jugt 203 using conventiooal flow cytometry. Thus, 2 method for solation of DPSCs subsets based on their
- magratory response to optimized concentration of 100 ngiml of gr. stimulating factor (C-
m- " CSF) was determined in this study. The DPSCs mobilized by C-CSF (MDPSCs) were enriched for CD105, C-
e b= X-C chemokine receptoe type 4 (CXCR-4) and G-CSF receptor (G-CSFR) positive cells, demonstrating stem
E < > cell properties including high proliferation rate and stability. The absence of abnormalities/aberrations in
Trophic effect kaxryotype and lack of tumor fonmation after tramsplantation m an immunodeficent mouse were
Angloge tion and immuncmodulatory properties. Furthermore, transplantation of MDPSCs accelerated vasculo-
Pulp regenecation genesis in an ischemic hindlimb model and augmented regenerated pelp tissue in an ectopac tooth root
model compared to that of colony-derived DPSCs, indicating higher regenerative potential of MDPSCs. In
conclusion, this isolation method for DPSCs subsets is safe and efficacious, having utiity for potential
clinical applications to autologous cell transplantation.
© 2013 The Authors. Publshed by Elsevier Ltd All rights reserved.
1. Introduction mesenchymal stem cells (MSCs) derived from bone marrow and ad-

Dental pulp stem cells have many advantages for clinical appls-
cations In dentin/pulp regeperation compared with other

anﬂm &y chain
mmmmmammmm
muaammwmmmdmm
G *mmmmmmmm-
mits non-commercial ese, distribution, and rep Don i oy med) p
the original author and soarce are credited.
* Corresponding amhoc Tel: - 81 562 44 56515065, faxc -81 562 46 8634,
EMMW(MMWJ}
I design and e

! These d equally in exp
I lysi<. and and of figures for publication.
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ipose tissue [1] The dental pulp stem cells are easily (solated from
discarded teeth following extraction with very low morbidity and no
ethical issues. A higher immunosuppressivity of T-cell alloseactivity
has been demonstrated in dental pulp stem cells than in bone mamow
stem cells [2] Some subfractions of adult dental pulp stem cells, such
as the (D31 side population (SP), have greater migration and higher
expression of many angiogenic/neurotrophic factors than bone
marrow and adipose tissue-derived stem cells of the same individual,
leading to enhanced pulp regeneration [1] On the other hand, pulp
CD31" SP cells and CD105 * cells have a greater effect on angiogenesss/
vasculogenesis and neurogenesis after transplantation both in mouse
hindlimb ischemia and rac brain ischemia compared with colony-
derived dental pulp stem cells (DPSCs) [34] Regenerated pulp

0l42-9612/S ~ see front macrer © 2013 The Authors. Published by Elsevier Lud. All rights resesved.

tarp: (fdx dolorg/ 10,1016/, biomaseniais 2013.08.011
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dental pulp stem cells in pulpitis: a pilot

clinical study
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and Kenji Matsushita®

Abstract

three of the five patients.

clinical study.

\

Experiments have previously demonstrated the therapeutic potential of mobilized dental pulp stem
cells (MDPSCs) for complete pulp regeneration. The aim of the present pilot dlinical study is 1o assess the safety,
potential efficacy, and feasibility of autologous transplantation of MDPSCs in pulpectomized testh.

Methods: Five patients with irreversible pulpitis were ennalled and monitored for up to 24 weeks following MDPSC
practice (GMP). The quality of the MDPSCs at passages 9 or 10 was ascenained by karyotype analyses The MDPSCs
were transplanted with granulocyte colony-stimulating factor (G-CSF) in atelocollagen into pulpectomized testh.
Results: The clinical and aboratory evaluations demonstrated no adverse events or toxdcty. The electric pulp test
(EPT) of the pulp at 4 weeks demonstrated a robust positive response. The signal intensity of magnetic resanance
imaging (MRI) of the regenerated tissue in the root canal after 24 weeks was similar to that of normal dental pulp
in the untreated control. Finally, cone beam computed tomography demonstrated functional dentin formation in

Condlusions: Human MDPSCs are safe and efficacious for complete pulp regeneration in humans in this pilot

Keywords: Clinical study, Pulp regeneration, Mobilzed dental pulp stem cefls (Mobiiized DPSCs), Autologous cell
transplantation, Granulocyte colony-stimulating factor (G-CSF), Pulpectomy, Good manufacturing practice (GMP)

Background
Dental caries is 2 common health problem in humans

When dental caries is deep, reaching the dental pulp, the
treatment of choice is generally pulpectomy. The dental
pulp has several vital functions such as protection from
infections by immunological surveillance, rapid repara-
tive dentin formation to guard against noxious external
stimuli, and maintenance of tensile strength to prevent
tooth fractures [1]. Following pulpectomy and root canal
filling, postoperative pain [2], apical periodontal lesions
caused by from the tooth crown (3, 4], and
vertical root fracture [5] may occur, leading to a higher

* Corepondence: misska@ocgagojp

'Department of Sem Csil Biclogy and Regenerative Medicine, Nationdl
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incidence of extraction of the affected tooth. Recent ad-
vances in stem cell biology have aided stem cell therapy
to regenerate the pulp/dentin complex for conservation
and complete structural and functional restoration of
the tooth by the triad of tissue i 1) mesen-
chymal stem cells (MSCs), 2) growth/differentiation fac-
tors or cytokines, and migration/homing factors, and 3)
the microenvironment (scaffold, extracellular matrix)
[6]. We have demonstrated complete pulp regeneration
by harnessing autologous dental pulp stem cell (DPSCs)
subsets with stromal cell-derived factor 1
(SDF1) in a collagen scaffold into 2 canine palpitis
model [7, 8]. Next, a novel isolation method was devel-

DPSCs for clinical-grade mesenchymal stem cells from a
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ABSTRACT

The human salivary giand (SG) has an elegant architecture of epithelial acini, connecting ductal
branching structures, vascular and neuronal networks that together function to produce and
secrete saliva. This review focuses on the translation of cell- and tissue-based research toward
therapies for patients suffering from SG hypofunction and related dry mouth syndrome (xero-
stomia), as a consequence of radiation therapy or systemic disease. We will broadly review the
recent literature and discuss the clinical prospects of stem/progenitor cell and tissue-based ther-
apies for SG repair and/or regeneration. Thus far, several strategies have been proposed for the
purpose of restoring SG function: (1) transplanting autologous SG-derived epithelial stem/
progenitor cells; (2) exploiting non-epithelial cells and/or their bicactive lysates; and (3) tissue
engineering approaches using 3D (three-dimensional) biomaterials loaded with SG cells and/or
bicactive cues to mimic in vivo SGs. We predict that further scientific improvement in each of
these areas will transiate to effective therapies toward the repair of damaged glands and the
development of miniature SG organoids for the fundamental restoration of saliva secretion.

STem CELLS 2016; 00-000-000

SIGNIFICANCE STATEMENT

This review covers recent advances in transiating cell-based research toward pre-clinical thera-
pies. We focus on salivary gland (SG) loss-of-function and subsequent dry mouth syndrome as
caused by radiation therapy or systemic disease, although the described concepts can be trans-
lated to other injured somatic tissues. Proposed therapies include implantation of autologous
(secretome); and organoid-fike constructs created by cells in the presence or not of bicactive
cues and three-dimensional biomateriasls. These emerging approaches to repair damaged SGs
are discussed herein, and evaluated on their success to restore native tissue architecture, epi-
thelial cell polarization, ductal branching, lumen formation, directionality of secretory flow, and
clinically relevant tissue functionality.

protection against 3 variety of microbial and

INTRODUCTION

A Place for Cell-Based Therapies

km&%hﬂm“hm&d
symptoms, ia, are 2 hallmark
dmmd‘mmdtams
18 diseases, graft-
vemn-host d‘ease cystic fibrosis, uncon-
trolled diabetes, human immunodeficiency
virus infection, thyroid disease, and late-stage
liver disease [1]. Hyposalivation i slso the
most sgnificant long-term complication for
more than 550,000 patients that are annually
diagnosed with head and neck cancer (HNC)
globally and for whom radistion therapy (RT)
is the main treatment [2-4]. Saliva is required
for digestion, lubrication, oral homeostasis and
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environmental hazards. Thus, a lack in safiva
pathological Rarmp caries, painful
speech deficits, and difficulty in swallowing are
just 3 few examples of events that greatly
impair patients’ oral and systemic health 31
Current preventative therapies, such a2
surgicl SG relocation outside the radiation
field [S] or use of free radical scavengers [6]
are challenging or not always effective. Using
ation therapy (IMRT) can still result in x=rosto-
mia, even though partial improvement of
salivary secretion may cccwr {2, 3, 7] This

©2016 The Authors STem Ces published by Wiley Periodicals,

Inc. on behalf of AlphaMed Press
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ABSTRACT

ental erosion is a multifactonial condition. The consideration of chemical, biclogical and

behavioral factors is fundamental for its prevention and therapy. Among the biclogical
factors, saliva is one of the most important parameters in the protection against erosive
wear. Objective: This review discusses the role of salivary factors on the development of
dental erosion. Material and Methods: A search was undertaken on MEDLINE website for
papers from 1969tn2010.Thekevwordsusedintheresaard1m‘saﬁva’, "acguired
pellicle”, "salivary flow", "salivary buffering capacity” and “dental erosion”. Inclusion of
studies, data extraction and quality assessment were undertaken independentiy and in
duplicate by two members of the review team. Disagreements were solved by discussion
and consensus or by a third party. Results: Several characteristics and properties of saliva
play an important role in dental erosion. Salivary clearance gradually eliminates the acds
through swallowing and saliva presents buffering capacity causing neutralization and
buffering of dietary acids. Salivary flow allows dilution of the acids. In addition, saliva is
supersaturated with respect to tooth mineral, providing calcium, phosphate and fiuoride
necessary for remineralization after an erosive challenge. Furthermore, many proteins
present in saliva and acquired pellicle play an important role in dental erosion. Condusions:
Saliva is the most important biological factor affecting the progression of dental erosion.
Knowledge of its components and properties involved in this protective role can drive the

development of preventive measures targeting to enhance its known beneficial effects.

Key words: Dental erosion. Enamel. Dentin. Saliva.

INTRODUCTION

Dental erosion is defined as the loss of dental
hard tissue by a chemical process that does not
involve bacteria¥. The continuous erosion process
occurs In different stages. Initially, softening of
enamel surface occurs and this process can vary
according to the immersion time and the type of
acids involved. If the erosive challenge persists,
dissolution of consecutive layers of enamel crystals
takes place, leading to a permanent loss of volume
with a softened layer on top of the remaining
tissue*. Dental erosion can have extrinsic or
Intrinsic causes. The Intrinsic causes comprise
recurrent vomiting as in patients suffering from
anorexia and bulimia, cytostatic drug treatment or
propuision of gastric contents into the mouth due to
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gastroesophageal reflux. Extninsic causes comprise
frequent consumption of acidic foods or drinks, the
use of acidic hygiene products and acidic medicines.
such as effervescent vitamin C or aspirin. Aicohol
has been also associated with erosion. Gasesous
acids or chemicals breathed during work may also
cause erosion™.

In enamel, the lesion primarily develops in the
prism sheath areas, followed by dissolution of prism
cores. Eventually, the Interprismatic areas are also
affected. Bulk mineral is centripetally etched away
in enamel erosion leaving a partly demineralized
softened surface layer, which is prone to mineral
deposits after topical fluoride applications. In
dentin, erosive demineralization results in the
exposure of an outer layer of fully demineralized
organic matrix followed by a partly demineralized
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On approaches to the functional restoration of
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salivary glands damaged by radiation therapy for

head and neck cancer, with a review of related
aspects of salivary gland morphology and
development
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Abstract

Radiation therapy for cancer of the head and neck can devastate the salivary glands and partially
devitalize the mandible and maxilla. As a result, saliva production is drastically reduced and its
quality adversely altered. Without diligent home and professional care, the teeth are subject to
rapid destruction by caries, necessitating extractions with attendant high risk of necrosis of the
supporting bone. Innovative techniques in delivery of radiation therapy and administration of
drugs that selectively protect normal tissues can reduce significantly the radiation effects on
salivary glands. Nonetheless, many patients still suffer severe oral dryness. I review here the
functional morphology and development of salivary glands as these relate to approaches to
preventing and restoring radiation-induced loss of salivary function. The acinar cells are
responsible for most of the fluid and organic material in saliva, while the larger ducts influence
the inorganic content. A central theme of this review is the extent to which the several types of
epithelial cells in salivary glands may be pluripotential and the circumstances that may influence
their ability to replace cells that have been lost or functionally inactivated due to the effects of
radiation. The evidence suggests that the highly differentiated cells of the acini and large ducts of
mature glands can replace themselves except when the respective pools of available cells are
greatly diminished via apoptosis or necrosis owing to severely stressful events. Under the latter
circumstances, relatively undifferentiated cells in the intercalated ducts proliferate and rediffer-
entiate as may be required to replenish the depleted pools. It is likely that some, if not many,
acinar cells may de-differentiate into intercalated duct-like cells and thus add to the pool of
progenitor cells in such situations. If the stress is heavy doses of radiation, however, the result is
not only the death of acinar cells, but also a marked decline in functional differentiation and
proliferative capacity of all of the surviving cells, including those with progenitor capability.
Restoration of gland function, therefore, seems to require increasing the secretory capacity of the

surviving cells, or replacing the acinar cells and their progenitors either in the existing gland
remnants or with artificial glands.

Key words: apoptosis, atrophy, differentiation, proliferation, radiation, regeneration, salivary
glands, stem cells
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Abstract

Sahva has been championed 23 a diagnostic flnd of the future. Much of the attention that saliva recerves as a biological specimen 15 due to the
perception that the nature of sample collection 5 quick, uncomplicated, and non-mvasive. In most cases, thss perception matches reality; b er,
in some special circumstances and populations collecting saliva can be unexpectedly difficult. time consumeng. and may not yield sufficient
sample volume for sssay. In ths nepoet, we review the miture and circumstances surrounding some of these problems in the context of
developmental sci and then p allematives that can be used by mvestigators to improve the next generation of stisdes. We expect our
findimngs will case the burden on research participants and assitants, reduce the mte of misang valses m salivary data sets, and increase the

probabality that salivary biomarkers will continse 1o be successfully integrated mto developmental and behaviorally-onented research.

© 2007 Elsevier Inc. All nights reserved.

Keveonds: Salivary cortisol; Testosterone: DHEA, Alpha-amylase: Saliva collection; Micresponge; Fiker paper: Passive dmol

1. Introduction

Saliva has been championed as a diagnostic fluid of the
future [1]. Much of the attention saliva receives as a biological
specimen is due to the perception that the nature of sample
collection is quick, uncomplicated, and non-invasive [2]. The
literature suggests that in most cases this perception matches
reality. Yet, in specific circumstances and populations, collect-
ing saliva can be unexpectedly difficult. time consuming, and
may require considerable creativity (e.g.. [3-5]) to gather
sufficient sample volumes for assay. When sample collection is

“C g asshoe. Behayioral Endocrinology Laborsory, D
otmwuunnsmumomwmm
Pennsybvansa State University, Uni y Park. PA 16802, United States
Telz 1 814 863 8402; fax: +| S14 863 75“
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0031-9384'S - see front maner © 2007 Elsevier loc. All nghts reserved.
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madequate and assay protocols or lsboratory technicians cannot
sccommodate 3 partial sample. the missing data problems
created can senously compromise rescarch, and hinder

In this report, we review the nature of some of the unique
problems specific to the spplication of salivary biomarkers in
developmental science and ngorously cvaluate approaches o
saliva collection that have been used in an attempt to resolve
some of the difficulties with more traditional approaches. We
present alternatives that can be used by investigators, especially
in special circumstances and with unique populations of
rescarch participants, to improve the next generation of studics.
We expect our findings will case the burden on rescarch
participants and research assistants, reduce the rates of missing
values in salivary data and consequentially increase the
probability of the successful integration of salivary biomarkers
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Development of a Visual Analogue Scale questionnaire for
subjective assessment of salivary dysfunction
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Objective. This study's objective was to develop a Visual Analogue Scale (VAS) xerostomia questionnaire and to evaluate the
validity and rediability for the clinical diagnosis of salivary gland dysfunction.

Study design. Thirty-six healthy adults paticipated in this double-blind, crossover study. Each subject received an antisials.
gogue (ghycopyrrolate) or placebo. Unstimulated and stimulated parotid and submandibular saliva samples were collected 16
times over a period of 6 hours. An 8-item VAS xerostomia questionnaire was administered after each saliva collection.
Results. The results demonstrated significant reliability for 7 of the 8 VAS items, whereas validity was significant for unstime-

lated submandibular saliva. Moving

were calculated for VAS and salivary flow rate values, and significant correlations

were observed between these factors, indicating that changes in VAS responses were predictive of changes in salivary flow.
Conclusions. These findings suggest that this VAS xerostomia questionnaire may be helpiul in the diagnosis of salivary
dysfunction and for detecting changes in salivary flow rate values over time.

(Oral Surg Oral Med Oral Pathol Oral Radiol Endod 2001;91:311-6)

Saliva is essential for the maintenance of oral health,
and salivary dysfunction has been associated with
numerous oral and pharyngeal disorders.! Previously, it
was believed that salivary dysfunction was attributed to
the aging process, but it is now accepted that most sali-
vary disorders are caused by local obstructive and
microbial conditions, systemic discases, medications,

chemotherapy. and head and neck radiotherapy -
The diagnosis of salivary gland dysfunction requires a4
the assessment of salivary output 4* However, there is
approximately 50% variability in salivary flow rates in
healthy unmedicated adults. and it is unclear how much
saliva is needed to maintain “normal” oral function and
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what constitutes “normal™ salivary output.™ Therefore.
it is difficult to set a prion individual or popalation stan-
dards for an abnormal salivary flow rate ™*

The use of a questionnaire in conjunction with saliva
collection has been useful in determining subjective
measures of salivary gland dysfunction. Eight xero-
stomia questions were used in one study.? and 4 items
were correlated with diminished parotid and sub-
mandibular cutput. However, 3 recent study® found poor
of salivary function. Finally. other oral signs and symp-
toms have been used in an attempt to diagnose salivary
dysfunction. One study reporied 4 objective measures
(lip dryness: buccal mucosa dryness: decayed. missing.
filled teeth [DMFT]: and absence of salivary flow on
glandular palpation) that were significant predictors of
salivary dysfunction *

In summary. rescarch-based diagnostic tools are
infrequently used in clinical practices. and few reliable
and valid subjective measures exist for identification of
salivary dysfunction. The aim of this study was to
improve the diagnosis of salivary dysfunction by devel-
oping a Visual Analogue Scale (VAS) xerostomia ques-
tonnaire and to evaluate its relizbility and validity for
the diagnosis of salivary gland dysfunction.

MATERIAL AND METHODS
Subjects

Thirty six healthy volunteers (I8 men, IS women)
were divided into 2 age groups: young (n = 18: 20-38
years) and older (n = 18: 60-77 years). Inclusion
criteria included absence of systemic and salivary
diseases and no use of prescription or antihistamine

3nu
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Abstract: Sjogren’s syndrome (S5) is an autoimmune disease that manifests primarily in salivary
and Iacrimal glands leading to dry mouth and eyes. Unfortunately, there is no cure for SSdue to its
complex etiopathogenesis. Mesenchymal stem cells (MSCs) were successfully tested for SS, but some
risks and limitations remained for their clinical use. This study combined cell- and biclogic-based
therapies by utilizing the MSCs extract (MSGSE) to treat S5-like disease in NOD mice. We found that
MSCSE and MSCs therapies were successful and comparable in preserving salivary and lacrimal
glands function in NOD mice when compared to control group. Cells positive for AQPS, AQP4,
a-SMA, CKS5, and c-Kit were preserved. Gene expression of AQPS, EGF, FGF2, BMP7, LYZ1 and
IL-10 were upregulated, and downregulated for TNF-a, TGF-§1, MMP2, CASP3, and IL-18. The
proliferation rate of the glands and serum levels of EGF were also higher. Cornea integrity and
epithelial thickness were maintained due to tear flow rate preservation. Peripheral tolerance was
re-established, as indicated by lower lymphocytic infiltration and anti-S5-A antibodies, less BAFF
secretion, higher serum IL-10 levels and FoxP3* T,,; cells, and selective inhibition of B220* B cells.
These promising results opened new venues for a safer and more convenient combined biologic- and
cell-based therapy.

" check for
© updates

Keywords: Sjogren’s syndrome (ss); autoimmune diseases; biologic therapy; bone marrow; cell
extract; lacrimal gland; mesenchymal stem cells (MSCs); non-obese diabetic mice (NOD); salivary
glands; submandibular glands

1. Introduction

Sjogren’s syndrome (SS) is a common progressive autoimmune disease that affects females
predominantly [I1-3]. The prevalence of SS is variable worldwide; ranging from 0.1% to 0.72% of
the population [+-11]. SS progresses slowly and patients exhibit clinical symptoms years after the
disease onset [ 12]. The immune system targets epithelial tissues, infiltrates it with lymphocytes, and
later forms autoantibodies against glands antigens [3,13-16]. The aberrant immune dysregulation
leads to the destruction of epithelial tissues, especially salivary and lacrimal glands, and to several
extra-glandular manifestations. The secretory function of the glands diminishes gradually resulting in
dryness of the mouth (xerostomia), eyves (keratoconjunctivitis sicca), and organs containing exocrine
glands, such as the nose and vagina [17-20]. The current SS management is symptomatic-based to
alleviate the dryness severity and complications [21,22]. However, patients with systemic involvement

Int. | Mol. Sci 2019, 20, 4750; dok 1035390 ms20194750 www.mdpt comjoumaligns
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associated with the treatment.

Tandem mass tagging with 2-D liquid
with altered expression in the treated mice.

inflammation and apoptosis were found to be

inflammation whereas promoting
findings provide

Citation: Misuno K, Tean SD, Khailk 5, Huang 1 Lu Y, et il 2004

Editor: Eva Me2ey, National Instituses of Health, Unitod States of Amernica

By & 2013, Accepted Decembs

unmesticied use, distributicn, and reprod

in a0y madi

of the
Competing Interests: The authors fave & hat ne ¢

Background: Bone marrow cell extract (termed as 8M Soup) has been demonstrated to repair iradiated salivary glands
{SGs) and restore saliva secretion in our previous study. In the present study, we am to investigate if the function of
damaged SGs in non-obese diabetic (NOD) mice can be restored by BM Soup treatment and the molecular alterations

Methods: Whole BM cells were lysed and soluble intracellular contents ("BM Soup™) were injected LV. into NOD mice.
dhromatography-mass spectrometry
submandibular glands (SMGs) between untreated and BM Soup-treated mice. Quantitative PCR was used to identify genes

Results BM Soup: restored salivary flow rates to normal levels and significantly reduced the focus scores of SMGs in NOD
mice. More than 1800 proteins in SMG cells were quantified by the proteomic

development/regeneration were up-regulated in the BM Soup-treated mice. gPCR analysis also revealed expression changes
of growth factors and cytokines in the SMGs of the treated NOD mice.

Conclusion: BM Soup treatment is effective to restore the function of damaged SGs in NOD mice. Through

wmmmmmnmmmmm Spoptosis,

regeneration and differentiation of the SG cells in NOD mice. These
important insights on the potential mechanisms underlying the BM Soup treatment for funcrional

restoration of damaged SGs in NOD mice. Additional studies are needed to further confirm the identified target genes and

thelr related signaling pathways that are responsible for the 8M Soup treatment.
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Introduction
Sjogren’s syndrome (SS] = a chronic autosmmune disease, with
an esimated prevalence of ~4 mallion i the US [1.2]. Patients

with SS suffer from dry mouth {xerostomia) and eyes (xeropthal-
mia) caused by lymphocytic infiltration of salivary and bachrymal
glands. SS primanly affects women, with a ratio of %1 over the
occurrence i men. The disease & dassfied as pamary SS when it
exists by self or secondary SS when it s associased with another
autoimmune discase such as rheumatosd arthrits (RAL systemac
lupuss erythematosus (SLE) or systemic sclerosss. In addston,
patienss with SS have a significant higher risk of developing
lymphoma than both healthy population and patients with other
autoimmune diseases [3]. The most common form & mucosa-

PLOS ONE | www plosane.org

associated lvimphoad tssue (MALT) hmph
localized m the affected saltvary ghands.

A wpcal pathalogical feature of SS s the presence of
progressive lvmphocytic mifdrates in the exocrine glands, such as
aivary and lachrvimal glands, where hmpbocytes are mot
normally found [4]. Hiopathological exanumation of the affected
magor salivary glinds m patients with SS reveals 2 benagn
lvmphoepithelal lesion, which & characterzed by hmphocytic
replacement of the alivary epithelium and accomy d by the
formanon of epanyoepithelnl shands mamly compaosed of keratin-
contaming epithefial cells |56 The predommant cells m the
alnary ghand mbltrates are T cells, with 2 rano of 3-5:1 between
CD4+ and CD8+ phenotypes. SS & also asociated with B cell
hyvperacmvity as manifested by the production of autcantsbodses,

that remains

January 2014 | Volume 9 | lssue 1 | 87158
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Current Applications and Future
Prospects of Stem Cells in

Dentistry

Abstract: Stem cells are defined as donogenic, unspecialized cells capable of both self-renewal and multi-ineage

differentiation,
contributing to regenerating specific tissues. For years, restorative treatments have exploited the lifelong regenerative potential of dental
pulp stem cells to give rise to tertiary dentine, which is therapeutically employed for direct and indirect pulp capping. Current applications
of stem celis in endodontic research have revealed their potential to continue root development in necrotic immature teeth and
transplanted/replanted teeth. Successful application of pulp revascularization is highlighted here with support of a clinical case report. This
article also discusses the role of dental stem cells as a promising tool for regeneration of individual tissue types like dentine, pulp and even
an entire functional tooth.
CPD/Clinical Redevance: This article will help practising dental surgeons understand the significance of stem cells in dentistry. Clinicians

can hamess the potential of stem cells using procedures like pulp regeneration/revascularization in endodontics and improve their
knowledge on the recent advances in tissue engineering and future applications of dental-derived stem cells.

Dental Update 2015; 42: 556-561

Stem cells are a unique type of cell that have
a specialized capacity for self-renewal and
patency, which can give rise to one and
sometimes many different cell types. They
aid in the replacement of cells that are lost
through noemal wear, injury or disease.’ Stem
cells can be broadly divided into:

B Post-natal stem cells.
Post-natal stem cells are
multipotent stem cells and have been
harvested from different kinds of tissues like
bone marrow, umbilical cord, amniotic fluid,
brain tissue, lver, pancreas, cornea, dental
pulp, and adipose tissue. These stem cells are

c2n be harvested from stemum or liac crest
and are composed of both hematopoietic
stem cells and mesenchymal stem cells
(MSCs). The majority of oro-maxiliofacial ocal
structures are formed from mesenchymal
cells. BMSCs exhibit the ability to generate
osteoid and odontoid structures and have

B Embryonic stem cells; and comparatively easier to isolate, do not have demonstrated good ability to form tooth-
any ethical issues and are commonly used in swupporting periodontal structures ke
current day practice* cementum, periodontal igament (POL) and

alveolar bone, suggedting their potential use

Sharmila Surendran, DS, MFDS Source of stem cells for treating periodontal diseases’

RCPS(Glasg), MDS{Paed), MPaedDent The oral and maxillofacial region

RCS{Eng Glasg). Specialist Paediatric can be treated with stem celis from the Stem cells from oral and manlicfacial regicn

Dentist, Private Practice, Chennai, following sources: in the oral and maxillofacial area,

India and Gautham Sivamurthy, 505, B Bone marrow stem cells (BMSCs); differant types of dental stem cells have been

MFDS RCPS(Glasg), MDS(Orth), MOrth B Stem cells from the oral and maxillofacial isolated and characterized and they include:

RCSEd, FFD(Orth) RCSI, Clinical Lecturer region. ® Dental pulp stem cells (DPSCs);

hm?qmddmﬁy. ®  Stem cells from exfoliated deciduous teeth

Udkinssiy of Owntuie, Scotiunc, Bone marrow stem cells (BMSCs) (SHEDs)

Bone marrow stem cefls (BMSCs) W Stem cells from apical papilla (SCAPs:
Dental pd uly/August 2015
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Stem cells and tooth tissue engineering
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Abstract The notion that teeth contain stem cells is based
on the well-known repairing ability of dentin after injury.
Dental stem cells have been isolated according to their
anatomical locations, colony-forming ability, expression of
stem cell markers, and regencration of pulp/dentin struc-
tures in vivo. These dental-derived stem cells are currently
under increasing investigation as sources for tooth regen-
cration and repair. Further attempts with bone mamow
mesenchymal stem cells and embryonic stem cells have
demonstrated the possibility of creating teeth from non-
dental stem cells by mmitating embryonic development
mechanisms. Although, as in tissue engincering of other
organs, many challenges remain, stem-cell-based tissue
engineering of teeth could be a choice for the replacement
of missing teeth in the future.

Keywords Teeth - Stem cells - Tissue engineering -

Introduction

Teeth are structures that develop on the maxilla and
mandible of mammals and serve cating. defence and
phonetic purposes. Although the morphology of teeth varnies
depending on species and location, they are similar in
structure, being composed of enamel, dentin, pulp and
periodontium. Tooth development is characterized by a
series of reciprocal epithelial-mesenchymal interactions that

A H-H. Yen - P. T. Sharpe (=)

Department of Craniofacial Development, Dental Institate,
Floor 27, Guy’s Hospital, Kings College London,
Loadon Bridge,

Loadon SEI 9RT. UK

e-mail: paul sharpeiakcl.ac.uk

result in differentiation and the spatial organization of cells 1o
form organs (Fleischmajer 1967; Thesleff 2003). Since gene
expression compansons during teeth development have
shown only slight differences between human and mouse
tecth, mice have been used as the major animal model for
encompass loss of teeth also contribute to our understanding
of tooth formation (Lin et al. 2007: Tucker and Sharpe 2004).
metal implants capped with a ceramic crown (Crubezy et al.
1998). Although these prostheses serve the purpose, factors
(Esposito et al. 1998). With advances in stem cell biology
and emerging concepts of tissuc cngincenng (Langer and
Vacanti 1993), biological tecth (Sharpe and Young 20035)
may become 3n alternative for replacing missing tecth. The
idea is to cultivate stem celis with odontogenic induction
by programming the stem cells o adopt dental lincages and.
with the help of scaffold‘extraceliular matrix, to become
part of a tooth.

Inspiration from tissue regeneration

The current concept of tooth tissue engincering is inherent
m the belief that naturally occuming tissue regeneration can
be reproduced m vitro. Experiments over 100 years ago by
H. V. Wilson (Wilson 1907), showed that isolated sponge
cells could reaggreagate to reform a functional sponge. Even
mn verichrates, embryonic cells dissociated from animal
tissucs can autonomously aggregate and reassemble to
reconstituge organs (Weiss and Taylor 1960). When tissues
that normally form a perticular structure are combined, they
can rearrange to form a topographically correct resemblance

£ speinger
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Mesenchymal Stem Cell-Mediated Functional Tooth

Regeneration in Swine

Wataru Sonoyama'*®, ¥i Liv®, Hiq’ Takayoshi Yamaza', Byoung-Moo Sec”, Chunmei Zhang?, He Liu®, Stan Gronthos®, Cun-Yu Wang”,
Songtao Shi**, Songlin Wang'*
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Mesenchymal stem cell-mediated tissue regeneration is a promising approach for regenerative medicine for a wide range of
applications. Here we report a new population of stem cells isolated from the root apical papilla of human teeth (SCAP, stem
cells from apical papilla). Using 2 minipig model, we transplanted both human SCAP and periodontal ligament stem cells
(PDLSCs) to generate a root/periodontal complex capable of supporting a porcelain crown, resulting in normal tooth function.
This work integrates a stem cell-mediated tissue regeneration strategy, engineered materials for structure, and current dental

crown technologies. This hybridized tissue engineering approach led to recovery of tooth strength and appearance.
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Abstract In rocent years, stem cell rescarch in dentistry has
arown rapidly with the potential application for oral and max-
illcdacial tigzue repencration. Mesenchymal tem cells (MSCs)
fromn the oral and maxillofacial region arc casy 1o acocss, have a
high profiferation raic, multipoleney, and polent immunomod-
ulatory functions. They are excellent cell sources not only for
stem ocll-hased therapy of dental and craniofacial discases, bat
alsn with the polential for the ircaiment of other inflammatory
discases. In this review, we provide an overvicw of different
types of MSCs that have been isolated and characterized from
several ongins such as dental pulp, exfolialed deciduous Locth,
the peridontal ligament, the demtal follicle, the dental papilla,
oral mucosa, and gingiva, with the focus on the potcntial
clinical applications for cach type of dental stem cell.

Keywords MSCs Mesenchymal Stem Cells - DSCs Dental
StemCells - DPFSCs Dental Pulp Stem Cells - SHED SiemiCells
From Human Exfoliated Deciduwous Tecth - SCAP Swem Cells
From Root Apical Papilla - PDILSCs Periodonial Ligament
Stem Cells - DFSCs Diental Follicle Siem Cells - GMSCs
Gingiva-Denived Mesenchymeal StemdStromal Cells -
Multipotency - Immunomadulation - Inflammatory Discase
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Introdwetion

Stem cclls are defined as a spocial proup of donogenic cells that
are characieriaed by the ahility for scl-rencwal and muliilincage
diffcrentiation. These cclls arc responsible for normal lissuee
renewal as well a5 fir healing and regencration afier injurics
[1] Stem cells can be divided into throe main types, cbryonic
siem colls (ESCs), adult or posinaal stem cells (ASCs), and
induced pluripotent stem cells (IPSCs). ESCs anc found in the
minezr cell mass of mammalian blastocysts during the carly stapes
of cmbryo development and have unlimiled expansion and
pluripotency o difforentiaie into all types of somatic cclls [2).
A new source of pluripotent stem cells, IPSCs, have been inno-
valively pencrated from human somatic cells and potentially can
prowide tremendous oppontunitics for tissee negencration: and
img the wse of human embryos and tumorigenic potential [3, 4]
ASCs have been ddentified in almost all the posinatal tissucs.
Because of thedr casy sccessibility and great ability o gencrate a
tissue diffcrent io the site foom their orgin, ASCs have increasing
potential 0 be wsed for reatment of depenerative discases [5]
Mesenchymal stem cells (MSCs) are mulipotent progenitor oells
prescnd in many tissucs throughouot the hody and have the
capacity o diffcrentiaic inio bone, canilape, tendon, fal, and
musche [6]. Furthermone, MESCs are imporant mmunonegalstory
cells bocase they can sense and contr] inflammeation in injuncd
tissues by cxpressing a vancty of chemokines and cytokines [ 7]
To date, diffcrent types of MSCs have also boen isolaied and
characicriznd from oral and maxillofacial regions. The objective
of this review &= o describe new findings in the ficld of demial
cration and therapy of inflammation-related discases.

Diental Stem Cells (DSCs)

Sowrces of Stem Cells from the Oral-Maxillofacial Regions

Several types of dental MSCs have been identified in different
dental tissucs, inclheding: 1) the demtal pulp of permancnt teeth
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Human Gingiva-Derived Mesenchymal Stromal Cells Attenuate
Contact Hypersensitivity via Prostaglandin E,-Dependent

Mechanisms
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ABSTRACT
The immunomodulatory and anti-inflammatory functions of
mesenchymal stromal cells (MSCs) bave been demonstrated

loggical

(GMSCs) o desensitize and suppress CHS and the underiy-
ing mechanisms. Our results showed that systemic infusion
of GMSCs before the sensitization and challenge phase dra-
matically suppress CHS, manifested as a decreased infiltra-
tion of dendritic cells (DCs), CDS* T cells, Ty-17 and mast
cells (MCs), a suppression of a2 variety of inflammatory cyto-
Kines, and a reciprocal increased infiltration of regubstory T
cells and expression of [L-10 at the regional lymph nodes
and the allergic contact areas. The GMSC-mediated immu-

that GMSCs are capable of
dermutitis via PGE.dependent mechanisms. Stiw Crucs
201129:184%-1 860

;
:
i
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INTRODUCTION

Mesenchymal stromal cells (MSCs), previously referred to as
m:mhymdmmaﬂgmasuﬂkfmﬂm
from tissue repair/n ry func.
toas [1-3]. Anmngbodydnﬁ:numdxxudﬂl
MSCs can home and engraft 2t the mijured site and promote
insue repair throagh a combined downregulation of proin-
hmmcmukmnixrmedwo&xmdgwﬁk-
ioxid luble factors with anti-

Iunctulsl-l 5]. s«mmmmusc”mnu
immunosuppressive functions via mhsbeting the prolif

chromic mflsmmation m exper ' deis of rag-
weed: and ovalbumin-induced asthma [11. 12] and allergic
lhnﬂn[l)]l’hw:tul&mh’bqnﬁhlmdhﬁf
mediated attemmtion of allenpc resp sull

The hapten-induced morime comtact hypersemsiivity
(CHS) s an expermental model for buman contact
dermatitis (ACD), one of the prevalent skin discases world-
wide with sigmficant ex sc burden [ 14, IS]. Comparabi
to the pathopbysiology of human ACD. the murine CHS
model three ph the phase (also

and activation of different subtypes of eff; T cells, d

lﬂkr(“)cdl&ckdntxcdh([!ﬁs).:dmu
via p the diffe 1 gulatory T cells (Tregs)
[&lOlMummlemﬂmd
mmmmlhavmydmd

d di [3, 4]. Recent studies have
reported that MSCs can also supp allergc resp and
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Hurman gingiva plays an important role in the maintenance of oral health and shows unigue fetal.like scariess healing process after
wounding. Here we isclate and characterize mesenchymal stem cells from human normal and hyperplastic gingival tissues (N-GMSC and
H-GMSC, respectively). Immunocytochemical staining indicated that gingival lamina propria contained Stro-| and SSEA.4 positive cells,
implying existence of putative gingival MSC. Under attachment-based isolating and culturing condition, gingival MSC dispiayed highly
clonogemcandbng wmpmhknnvec:mbity By using single colony isclation and expansion approaches, we found both N-GMSC and
H-GMSC p d self-r § and multi differentiation properties. N-GMSC and H-GMSC showed distinct
1mmnamumskmﬂlamkmnanpmdmsmmfc:!s(TrepLN-GPﬁCde-GHSCm
capable of regenerating collagenous tissue following in vivo transplantation, in which H-GMSC exhibited more robust regenerative
capability. These findings suggest that gingival tissue contains tissue-specific mesenchymal stem cell popualation and i an ideal resource for
immunoreguiatory therapy due to its substantial avaikability and accessibility. In addition, gingival MSC overactivation may contribute to
gingival hyperplastic phenotype.

| Cell Physiol. 226: 832-842. 2011. © 2010 Wiley-Liss, Inc.

Gmmmmmwmawm protein expression and accelerates osteoprotegerin

m and outer space. and pmmnbymmum
fumﬂomly belongs to masticatory mucosa, which is (Kaekenl.m‘l’hae hint that
deﬁndbyiuab‘tymm&dn!ﬁcmdbodmmm human gingival fibroblases have unique features ability of

mkcmMBmmmm“mm

underlying lamina propria, with the latter developing from the

undergoing induction-directed differentiation and
regeneration.
Recently, the isolation of stem cell population

cranial neural crest as other craniofacial tissues of mesenchymal

mesenchymal
mmmm(cnsqmmw

origin including dental papilla and periodontium (Palmer and etal, 2009). These GMSC showed characteristics with of
Lubbock, 1995). To date, multiple types of cranial neural crest-  renewal, multipotent differentiation, and immunomodulatory
derived mesenchymal stem cells (MSC) have beenidentifiedand  abiities both in vitro and in vivo. Similarly, 2 new population of
proved not only to plyy essential role in local homeostasis but  gingival fibroblasts was reported to display the characteristics
also to hold promise for regenerative therapy (Gronthosetal.  of true progenicor, including forming CRU-F at low cell density
2000; Miura e al, 2003; Seo et al, 2004; Sonoyama et al \2006;  and multiineage differentiation in vitro and in vivo
Fujii et al. 2008). However, despite several indications for (Fumad..!)lO),ToﬁqupesdﬁmrSChve
identification of gingival epithelial stem/progenitor cells been characterized and for therapeutic utility.
(Kirschner et al | 2006), little atzention was directed towards Previous findings suggested that by using attachment-based
the MSC identity within human gingival propria. wmmmmmumm

Several lines of evidence have provided cues for imagination
of presence of gingival mesenchymal stem cells, which in almost
all the current studies are generally indistinguishable from
gingival fibroblasts. Human gingival fibroblasts were
demonstrated to express stem cell factor (SCF) and is
receptor c-kit (Gagari et al, 2006), which were reported to be

of elastic fiber and decrease in MMP- |, -3,and -
9 production contributing to diminish the degradation of artery
when cocultured with human aortic smooth muscle cells
(Naveau ec al, 2007). A graft composed of fibronectin matrix-
based multilayered cell sheets of human gingival fibroblases
modified to express alkaline phosphatase (ALP) supported
alveolar bone regeneration and exhibited potential for
periodontal tissue engineering applications (Nakajima et al,
2008). Mechanical stimufation up-regulates bone-related
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nearly all adult organs and tissues irrespective or their
embryonic origin (da Siva Meirelles e al | 2006; Valtieri and

832



