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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 regeneration of pulp/dentin struc-
tures in vivo. These dental-derived stem cells are currently
under increasing investigation as sources for tooth regen-
eration and repair. Further attempts with bone marrow
mesenchymal stem cells and embryonic stem cells have
demonstrated the possibility of creating teeth from non-
dental stem cells by imitating embryonic development
mechanisms. Although, as in tissue engineering 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.
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Introduction

Teeth are structures that develop on the maxilla and
mandible of mammals and serve eating, defence and
phonetic purposes. Although the morphology of teeth varies
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

result in differentiation and the spatial organization of cells to
form organs (Fleischmajer 1967; Thesleff 2003). Since gene
expression comparisons during teeth development have
shown only slight differences between human and mouse
teeth, mice have been used as the major animal model for
studying tooth development. Human genetic diseases that
encompass loss of teeth also contribute to our understanding
of tooth formation (Lin et al. 2007; Tucker and Sharpe 2004).

Modern dentistry for replacing missing teeth utilizes
metal implants capped with a ceramic crown (Crubezy et al.
1998). Although these prostheses serve the purpose, factors
that interfere with ossointegration may cause surgery failure
(Esposito et al. 1998). With advances in stem cell biology
and emerging concepts of tissue engineering (Langer and
Vacanti 1993), biological teeth (Sharpe and Young 2005)
may become an alternative for replacing missing teeth. The
idea is to cultivate stem cells with odontogenic induction
signals through epithelial-mesenchymal interactions, there-
by programming the stem cells to adopt dental lineages and,
with the help of scaffold/extracellular matrix, to become
part of a tooth.

Inspiration from tissue regeneration

The current concept of tooth tissue engineering is inherent
in the belief that naturally occurring tissue regeneration can
be reproduced in 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
in vertebrates, embryonic cells dissociated from animal
tissues can autonomously aggregate and reassemble to
reconstitute organs (Weiss and Taylor 1960). When tissues
that normally form a particular structure are combined, they
can rearrange to form a topographically correct resemblance
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of that structure. Moreover, some tissues appear preferen-
tially to associate with others, such as mesoderm with either
ecto- or endoderm. However, ectoderm and endoderm seem
to avoid each other (Steinberg and Gilbert 2004; Townes and
Holtfreter 1955). Active amoeboid movement has been
shown to be responsible for the aggregation of dissociated
sponges. In embryonic amphibian cells, cells aggregate by
chance but the cohesion to form clusters occurs by tissue
affinity (Moscona and Moscona 1952). This reaggregation
character of cells has been demonstrated in regeneration
experiments aimed at achieving de novo tissue-like organi-
zation. Examples include the use of hanging-drop culture to
grow mouse embryos in vitro and the formation of “mini-
eyes” following the reaggregation of avian embryonic retinal
cells (Layer et al. 2002; Potter and Morris 1985). Another
example is the dissociated tooth primordium implanted onto
the chorio-allantoic membrane of chick embryos in ovo,
where components of the epithelium and mesenchymal cells
sort themselves out and arrange themselves in culture,
forming a tooth when transplanted into recipient animals
(Main 1966). The culturing of dissociated tooth germs to
form teeth with improved tissue engineering procedures
(Honda et al. 2007; Nakao et al. 2007) further demonstrates
that reaggregated cells proliferate and differentiate into
tooth structures.

Regeneration is a unique tissue reconstitution event that
can occur in a more complicated manner than cell
aggregation in certain adult tissues. Some amphibians
exhibit the ability to regenerate tails or limbs following
amputation. Hair, epidermis and the haematopoietic system
are continually replenished in mammals. This phenomenon
suggests indigenous populations of cells (stem cells) exist
that are equipped with regenerative capability in adults.

The reiteration of these powerful natural reaggregation
and regeneration processes in the laboratory is a key
challenge. One answer could be to recreate early embryonic
epithelial-mesenchymal interactions that constitute the
origin of most organs.

Epithelial-mesenchymal interactions are a prerequisite
for tooth formation

Epithelial-mesenchymal interactions (Arias 2001;
Fleischmajer 1967; Sanders 1988) are coordinate tissue
interactions observed during the formation of most embry-
onic organs, such as lung, palate (Kaartinen et al. 1995), hair
(Chuong et al. 1996; Kollar 1970), salivary gland (Cutler and
Gremski 1991), feather (Eames and Schneider 2005), kidney
(Aufderheide et al. 1987; Yu et al. 2004) and tooth (D’Souza
et al. 1999; Dassule and McMahon 1998; Klein et al. 2006;
Maas and Bei 1997; Slavkin et al. 1968). Tooth formation is
controlled by reciprocal inductive signals between ectoderm-

derived dental epithelium and neural-crest-derived ectome-
senchyme. The odontogenic potential, which originally
resides in the dental epithelium, is shifted to the underlying
mesenchyme and the acquired potential in the mesenchyme
is responsible for further epithelial morphogenesis and
cytodifferentiation (Thesleff and Sharpe 1997).

These epithelial-mesenchymal interactions take place not
only during normal development, but also in heterospecific
experiments involving the interchange of tissues from
different species. For example, teeth can be produced by
chick embryonic epithelium combined with mouse embry-
onic molar mesenchyme as intraocular grafts (Kollar and
Fisher 1980). This shows that signals can cross species
boundaries and that gene loss in Aves does not prevent
them from forming teeth if their tissue is arranged to allow
appropriate interactions for odontogenesis (Kollar and
Fisher 1980). Similar experiments have been carried out
with adult lizard dental papilla recombined with quail skin;
these recombinants show organized tooth structures after
culture on chorioallantoic membranes of chick hosts
(Lemus et al. 1986). This further demonstrates that adult
tissue can be endowed with the plasticity of embryonic
tissue via epithelial-mesenchymal interactions. The shifting
reciprocal interactions between epithelium and mesen-
chyme are however dependent on the developmental stage,
a key factor in devising tooth tissue engineering strategies.

The underlying molecular mechanisms of epithelial-
mesenchymal interactions involve diffusible proteins such
as bone morphogenetic proteins (BMPs; Chen et al. 2000;
Vainio et al. 1993), fibroblast growth factors (FGFs;
Kettunen and Thesleff 1998; Niswander and Martin
1992), sonic hedgehog (Shh; Cobourne and Sharpe 2005;
Dassule et al. 2000), the tumor necrosis factor (TNF) family
(Jernvall and Thesleff 2000; Tucker et al. 2000) and Wnts
(Dassule and McMahon 1998; Sarkar and Sharpe 1999).
Studies have demonstrated that transgenic intervention can
change cell fate through epithelial-mesenchymal interac-
tions, e.g. the induction of hairs in the oral epithelium in
transgenic mice over-expressing the transcription factor
Lef1 (Zhou et al. 1995). Exogenous FGF and BMP can
mimic the effects of chick skin mesenchyme to induce
epithelial appendages (Chen et al. 2000). FGF working via
Dlx genes can lead to a heterotopic shift of tissue interactions
in the evolution of the jaws (Shigetani et al. 2002). The
iterative sequential exchanges of molecules are reused in
various organs and developmental stages and their precise
spatiotemporal expression govern specific organ formation.

What can we learn from embryonic tooth development?

One scheme for stem-cell-based whole tooth tissue engi-
neering is to use tooth development as a template (Figs. 1, 2).
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The first sign of tooth development is a localized thickening
of dental epithelium, the dental lamina, which subsequently
invaginates into underlying neural-crest-derived ectomesen-
chyme forming a bud, following which proliferative
mesenchyme condenses around the developing epithelial
bud (Lumsden 1988; Thesleff and Sharpe 1997). The
odontogenic signals pass from epithelium to mesenchyme
at the tooth initiation stage. Mice tooth buds form at
embryonic day (E) 10.5 to E11.5, one incisor and one molar
primordia being initiated in each quadrant. Incisors and
molars are separated by a toothless region called the
diastema in which rudimentary tooth buds exist but fail to
develop into teeth (Keranen et al. 1999). Mouse second and
third molars form by successive thickening and budding of
the epithelium from the first molars and second molars,

respectively. Unlike human dentition, mice only form one
set of teeth. Twenty primary tooth germs start to develop at
6 weeks after gestation, with 32 permanent tooth germs
replacing the primary teeth thereafter.

The signals from the epithelium include FGF8, BMP4,
Shh, and Wnt10b, which regulate the expression of several
transcription factors including Barx1, Dlx1/2, Lhx6, Lhx7
Msx1, Pax9, Ptc, Gli, and Lef1 in the ectomesenchyme (Bei
et al. 2000; Chen et al. 1996, 2000; Cobourne and Sharpe
2003; Dassule et al. 2000; Dassule and McMahon 1998;
Grigoriou et al. 1998; Kettunen and Thesleff 1998; Maas
and Bei 1997; Peters et al. 1998; Sarkar and Sharpe 1999;
Vainio et al. 1993).

Tooth shape specification occurs early in tooth develop-
ment, at the dental lamina stage, by homeobox genes,

Fig. 1 Early tooth development stages in mouse. Histological sections
of molar tooth development. a Embryonic day 11.5 (E11.5); dental
lamina (DL) formation. b E13.5; bud stage showing dental epithelium
(E) and dental mesenchymal (M) condensation. c E14.5; cap stage. d
E16.5; bell stage. e Postnatal day 6 (P6); enamel and dentine
formation. f P10; the root starts to form. g P15; tooth about to erupt.
h P20; erupted tooth with crown and root fully formed

Fig. 2 Tooth structures. a Early and late stage tooth germ formation
showing dental follicle (DF), enamel organ (EO) and dental papilla
(DP) with residual dental lamina (DL) connected to the oral
epithelium. Note the enamel, dentin, pulp formation and adjacent
alveolar bone. b Higher magnification of boxed area in a. Polarizing
ameloblasts produce enamel, whereas odontoblasts in the pulp secrete
dentin
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which are specifically expressed in the pre-dental mesen-
chyme (Tucker et al. 1998). The physical morphological
processes begin at the cap stage and are coordinated by
enamel knots, via transient signalling centres that lie in the
epithelium and that, in some way, are directed by the earlier
expression of homebox genes (Jernvall et al. 1994; Thesleff
et al. 2001; Vaahtokari et al. 1996). Additional enamel
knots appear and pattern the crown. By the late cape stage,
enamel knots disappear by apoptosis (Vaahtokari et al.
1996). After the mesenchyme receives the early odonto-
genic signals from the epithelium, the ectomesenchyme
becomes the source of signals (Kollar and Baird 1970). The
epithelium further differentiates into enamel-secreting ame-
loblasts, whereas the adjacent mesenchyme differentiates
into dentine-secreting odontoblasts.

At the bell stage, a recognizable tooth germ is formed
that consists of an enamel organ, dental papilla and dental
follicle. The enamel organ is considered as a precursor of
ameloblasts, being composed of the inner enamel epitheli-
um, outer enamel epithelium, stellate reticulum and stratum
intermedium. Ameloblasts can produce enamel, which is
composed of more than 90% hydroxyapatite and is known
to be the hardest tissue in the body (Eastoe 1960; Robinson
et al. 1998). The cervical region of the inner enamel
epithelium and outer enamel epithelium give rise to
Hertwig’s epithelial root sheath (HERS), which will initiate
radicular dentin formation and determines root shape. The
dental papilla will give rise to pulp tissue, which is a living
connective tissue composed of fibroblasts, blood vessels,
nerves, lymphatic ducts and odontoblasts. Odontoblasts are
the cells derived from the mesenchymal cells in the dental
papilla adjacent to the inner enamel epithelium (Ten Cate
2003). Differentiated odontoblasts are postmitotic cells that
have withdrawn from the cell-cycle and cannot proliferate
to replace irreversibly injured odontoblasts (Ruch 1998).
Functional odontoblasts show polarized columnar morphol-
ogy that shift into a resting state and become small and flat
after primary dentin formation. However, odontoblasts
remain functional throughout their life and can produce
secondary dentin if trauma is mild (Smith and Lesot 2001;
Sveen and Hawes 1968).

The dental follicle appears as a transient structure when
teeth undergo morphogenesis. It is the origin of three major
types of cells: cementoblasts, osteoblasts and fibroblasts.
Cementoblasts secrete cementum, which is attached to the
root surface. Osteoblasts produce bone around the roots of
teeth. Fibroblasts produce collagen giving rise to periodon-
tal ligaments (PDLs), which connect roots to the alveolar
bone via the cementum. The PDL functions as a cushion
when force is applied, as a source of sensation, and it is
regarded as the main impetus for the tooth eruption process.
The complex structure that includes the PDL, adjacent
cementum and alveolar bone is called the periodontium.

After tooth eruption into the oral cavity, a tooth is
clinically divided into two parts: crown and root. Crowns
are the visible structures in the oral cavity, whereas roots
are the regions that connect the surrounding alveolar bone
with the cementum. Anatomically, crowns are the part
covered by enamel and lie above the level of the
cementoenamel junction (CEJ); roots are covered with
cementum and lie below the CEJ. We have much more
knowledge of the way that crowns are formed than the
manner in which roots develop, little being known about
the signal mechanisms of root development. Among the
factors involved, FGF10 signaling stands out as a candidate
for root initiation (Yokohama-Tamaki et al. 2006). A
transcription factor NFI-C (nuclear factor I) is essential
for root formation but currently little is known about its
function (Steele-Perkins et al. 2003).

Stem-cell-based tissue engineering

Prior to the concept of tissue engineering, partial teeth
structures had been created. Dentin production was known
to be induced by calcium hydroxide in the pulp-capping
procedure, although the underlying mechanism was still
elusive (Zander 1939). Guided tissue regeneration has been
successfully used to regenerate periodontal tissues and has
become a successful remedy in clinics (Aukhil et al. 1986).
The emergence of tissue engineering has resulted from the
needs for tissue/organ replacements and has been made
possible by the marriage of biological and material sciences
(Langer and Folkman 1976; Langer and Tirrell 2004;
Langer and Vacanti 1993). The concept involves the use
of ex-vivo expanded cells grown on a support of biocom-
patible material under appropriate environmental conditions
to create tissue replacement and living prostheses.

Whole tooth regeneration has developed into two main
streams: (1) in vitro cell culture and polymers for in vivo
implantation; (2) in vivo implantation of engineered cells
obtained by reiterating tooth embryonic developmental
processes in vitro. The progress in stem cell biology and
the identification of dental stem cells have made these cells
good candidates for regenerating tooth germs by mimicking
embryonic developmental processes.

Stem cells

Stem cells are clonogenic cells that have the capacity for
self-renewal and multilineage differentiation (Weissman
2000). The microenvironment in which stem cells reside
is called a stem cell niche and is composed of heterologous
cell types, extracellular matrix and soluble factors to
support the maintenance and self-renewal of the stem cells
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(Scadden 2006; Spradling et al. 2001; Watt and Hogan
2000). Stem cells can be divided into two main types;
embryonic stem (ES) cells and adult stem cells. Pluripotent
ES cells are derived from the inner cell mass of mammalian
blastocysts and can be maintained indefinitely in culture
(Evans and Kaufman 1981; Thomson et al. 1998). When
injected back into blastocysts, these cells contribute to all
tissues, including germ cells. The demonstration of the
conversion of ES cells into differentiated neurons in an
animal model of Parkinson’s disease and into islet cells in
diabetes, together with the successful isolation of human ES
cells, has stimulated vigorous interest in their potential
clinical applications (Kim et al. 2002; Lumelsky et al. 2001;
Thomson et al. 1998). Human ES cells thus promise a
renewable source of cells that can be stimulated to
differentiate into precursors of any cell type. However,
apprehension remains concerning possible tumorgenesis
caused by undifferentiated ES cells when they are implanted
into ectopic sites, together with ethical issues regarding the
use of human ES cells.

Until recently, stem cells in adult tissues were generally
assumed to be limited to specific cell fates. However,
isolated adult stem cells such as bone-marrow-derived cells
(Krause et al. 2001; Mezey et al. 2000), haematopoietic
stem cells (Lagasse et al. 2000; Spangrude et al. 1988),
neural stem cells (Bjornson et al. 1999; Gage 2000; McKay
1997) and mesenchymal stem cells (Pittenger et al. 1999;
Prockop 1997) can differentiate into cell types that are
usually derived from different germ layers, a feature
defined as plasticity. Among these adult stem cells, bone-
marrow-derived cells seem to have the largest capability to
differentiate into diverse cell types, including endothelium
and myoblasts (Asahara et al. 1997; Ferrari et al. 1998), and
to become part of neural tissue, liver and heart (Lagasse et
al. 2000; Mezey et al. 2000; Orlic et al. 2001; Petersen et al.
1999). The plasticity of adult stem cells however remains a
controversial issue because of problems with adequate
marker identification, tissue damage and irreproducible
results (Krause et al. 2001; Morshead et al. 2002; Verfaillie
2002; Wagers et al. 2002).

Dental pulp stem cells

Natural “reparative” dentin formation following deep caries
and trauma suggests cells in the fully developed tooth can
still function as odontoblasts to produce dentin-like hard
tissue (Sveen and Hawes 1968). The use of tritiated
thymidine to study cell division in the pulp by autoradiog-
raphy following damage has revealed differences in
labelling depending on the location related to trauma site
(Fitzgerald et al. 1990). No labelling is observed in the
existing odontoblast layer or in any specific pulp location,

whereas perivascular labelling suggests that progenitor cells
are located around the vessels (Tecles et al. 2005). The
number of labeled cells in the pulp increases over time
suggesting the existence of a continuous source of cells for
replacement; the shift of labelled cells is consistent with the
influx from deep tissue in the pulp to the periphery. These
results support the theory that undifferentiated mesenchy-
mal cells exist in the pulp and have the ability to
differentiate into odontoblast-like cells, which are respon-
sible for new dentin formation following dental injury
(About et al. 2000; Tziafas 1995; Yamamura 1985).

Several populations of dental stem cells have been
identified. Human dental pulp cells derived from develop-
ing third molars had been cultured under mineralization-
enhancing conditions and form odontoblast-like cells that
produce dentin-like structure in vitro and express nestin
(About et al. 2000). Other studies have demonstrated that
human dental pulp from adult teeth and exfoliated
deciduous teeth contains dental pulp stem cells (DPSCs;
(Batouli et al. 2003; Gronthos et al. 2000, 2002; Miura et
al. 2003) characterized by multipotent differentiation, the
expression of mesenchymal stem cell markers Stro-1 and
CD146, dentin regeneration in vivo, and colony-forming
ability in culture (Friedenstein et al. 1974). In addition to
mineralization, DPSCs and stem cells from human exfoli-
ated deciduous teeth (SHED) can express neural markers
and have the potential to differentiate into adipocytes
(Gronthos et al. 2002; Miura et al. 2003). Compared with
DPSCs, SHED show higher proliferation rates and in-
creased population doublings and can form spherical
aggregations. SHED are thus considered distinct from
DPSCs. When DPSCs are implanted subcutaneously into
immunocompromised mice, dentin-pulp-like complex but
not lamellar bone is formed. Dentin and bone can both be
produced, but not dentin-pulp complexes by the transplan-
tation of SHED in vivo. Although DPSCs and SHED seem
to contain stem cells, they might also contain heteroge-
neous populations of cells from the pulp (Gronthos et al.
2000, 2002; Liu et al. 2006). Mice pulp stem cells have
been investigated in transgenic mice that carry a green
fluorescent protein (GFP) reporter expressed in dental
mesenchymal cells; these studies indicate that mesenchymal
cells from postnatal mice incisors can give rise to
odontoblasts, osteoblasts and chondrocytes and functionally
produce matrix when transplanted into kidney capsules
(Braut et al. 2002, 2003). This osteogenic potential of mouse
dental pulp is consistent with early studies from adult rodent
pulp (Zussman 1966) and human DPSCs and SHED.

Odontoblast-like cells have been postulated to develop
from perivascular cells (Senzaki 1980), and DPSCs are
considered to express endothelial and smooth muscle
markers (Gronthos et al. 2000). Since endothelium, peri-
cytes and surrounding smooth muscle could be candidate
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contributors to a perivascular niche for stem cells (Doherty
et al. 1998; Nehls and Drenckhahn 1993; Shen et al. 2004),
immunoselection by using STRO-1 and markers of smooth
muscle cells, endothelial cells and pericytes has been
performed to identify dental mesenchymal cells further.
The evidence has shown that DPSCs represent a pericyte
phenotype by demonstrating the co-expression of STRO-1
and pericyte-associated antigen 3G5 (Shi and Gronthos
2003). From this study, one can assume that the perivas-
cular region in the pulp is the niche for DPSCs or that
pericytes and DPSCs are the same entity.

A cell population from DPSCs/SHED has been sorted by
mesenchymal markers but not haematopoietic markers (c-
kit+/STRO-1+/CD34+[/CD45-]) and has been distin-
guished as a subpopulation that can efficiently produce
woven bone without osteoinduction in vitro. These cells are
able to grow into remodelling lamellar bone when
implanted into immunocompromised rats (Laino et al.
2005, 2006a, b) and can also differentiate into adipocytes
and myotubes. d’Aquino et al. (2007) and Laino et al.
(2006b) have subsequently found that not only osteoblast
differentiation markers are expressed, but also endothelial
markers, in transplants derived from sorted DPSC. This
subpopulation of cells might thus have potential as a source
for bone regeneration.

Although Pittenger et al. (1999) have claimed that true
mesenchymal stem cells can be characterized by a list of
undefined markers, the resulting population still shows
various degrees of multipotentiality. Moreover, clonal
strains exhibiting the ability to regenerate bone in vivo
can still demonstrate non-identical marker expression
(Satomura et al. 2000). The isolation of dental mesenchy-
mal stem cells faces the same difficulties as the isolation of
other postnatal stem cells, i.e. the lack of specific stem cell
markers. Teeth are however one of the most accessible
organs for the derivation of stem cells, as DPSCs can be
cryopreserved and retain their multipotential differentiation
ability (Papaccio et al. 2006; Zhang et al. 2006). In
addition, under appropriate conditions, DPSCs have a
better immunoregulatory capacity that abolishes T-cell
alloreactivity than bone marrow stem cells (BMSCs). This
finding plus their high proliferative ability makes DPSCs a
good candidate for organ transplantation (Pierdomenico et
al. 2005). Dental mesenchymal stem cells can thus probably
provide a population of autologous stem cells for therapeu-
tic purposes (Reynolds and Jahoda 2004; Shi et al. 2005).

Another unique population of stem cells isolated from
human developing root apex called SCAP (stem cells from
root apical papilla) has been demonstrated to differentiate
into odontoblasts and adipocytes. Its higher proliferative
potential compared with DPSCs makes this population of
cells suitable for cell-based regeneration and preferentially
form roots (Sonoyama et al. 2006).

PDL stem cells

In common with dental pulp, the PDL has a certain degree
of regenerative ability after mild trauma (Amar and Chung
1994). Earlier studies have identified dividing cells emerg-
ing from wounded PDL as fibroblast-like heterogeneous
cells, derived from the vicinity of blood vessels, but not of
haematopoietic origin (Gould et al. 1977, 1980; Ivanovski
et al. 2001; Limeback et al. 1983; McCulloch 1985).
Undifferentiated paravascular progenitors are further sug-
gested as the source of these fibroblasts (Gould 1983;
McCulloch et al. 1987). Recently, multipotent progenitors
from human PDL have been validated by using the same
methods as those characterizing DPSCs/SHED by single-
colony selection and magnetic activated cell sorting with
STRO-1 (Seo et al. 2004). PDL stem cells (PDLSCs) are
characteristically STRO-1 and CD146/MUC18 positive
(Filshie et al. 1998). Under defined culture conditions,
PDLSCs are multipotent and show a differentiation ability
into cementoblast-like cells, adipocytes and fibroblasts.
When PDLSCs are transplanted into immunocompromised
mice, cementum/PDL-like structures are formed. These
cells have been verified as maintaining their stem cell
properties and tissue regeneration capacity, even after
recovery from solid-frozen human primary tissue (Seo et
al. 2005). This finding suggests that the preservation of
PDL from extracted teeth could be used for therapeutic
purposes in the future. The possibility of constructing the
root/periodontal complex has further been successfully
demonstrated by the use of a hydroxyapatite/tricalcium
phosphate block containing SCAP coated with Gelofoam
containing PDLSCs into tooth sockets in mini-pigs
(Sonoyama et al. 2006).

Dental follicle stem cells

The dental follicle has long been considered as a multi-
potent tissue because of its ability to generate cementum,
bone and PDL from the homogeneous-like ectomesenchy-
mal derived fibrous tissue (Handa et al. 2002a, b; Luan et
al. 2006). Bovine dental follicle cells show a differentiation
ability to form cementoblasts when transplanted into
immunodeficiency mice (Handa et al. 2002a, b). Human
dental follicle progenitor cells can be obtained from human
third molars and are characterized by their plastic attach-
ment in culture and expression of makers such as Nestin
and Notch-1. These cells are considered to be able to
differentiate into PDL-like structures, bone and cementum
(Morsczeck et al. 2005). Further analysis has shown the
presence of heterogeneous cell populations in developing
dental follicles after analysis of their mineralization
characteristics in vitro and the growth factor and matrix
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protein gene expression patterns from several cloned cell
lines under the same culture conditions (Luan et al. 2006).
Committed progenitors contributing to various tissue
formation might well have been isolated in this study,
although the existence of a common stem cell that differ-
entiates by induction cannot be excluded (Jo et al. 2007;
Kemoun et al. 2007).

Dental epithelial stem cells

Ectoderm-derived ameloblasts are unable to proliferate or
regenerate after they reach the mature stage of develop-
ment. Continuously growing mouse incisors and continu-
ously growing molars in some mammalian species show
replenishing populations of enamel organs composed of a
core of stellate reticulum, stratum intermedium and sur-
rounding enamel epithelial cells and provide models for the
identification of dental epithelial stem cells and for the
study of dental epithelium regeneration (Smith 1980).

Mice have an epithelial stem cell niche located at their
incisor labial apical ends, known as the cervical loop; this is
the junction of the inner enamel epithelium (IEE) and the
outer enamel epithelium (OEE) at the apex of the enamel
organ (Fig. 3). The cervical loop has been considered to be
a determinative region in odontogenesis due its ability to
produce enamel and dentin (Slavkin et al. 1968, 1989).
From early morphological observations, most of the
mitoses were found in IEE and stratum intermediate,
whereas stellate reticulum and OEE had lower proliferation
activity (Chiba 1965). It was noticed that there is one
specialized structure found at apical region of the labial
cervical loop in mouse incisors, the “apical bud” (Ohshima
et al. 2003). Apical buds were suggested as stem cell
compartments, they could differentiate into ameloblasts
through interaction with mesenchymal cells, including
DPSCs. (Harada et al. 1999; Morotomi et al. 2005; Yu et
al. 2007). FGF10, Notch and Sprouty have been suggested
to play roles in the continuous growth of the mouse incisors
and maintenance of the stem cell niche (Harada et al. 1999,
2002; Klein et al. 2006; Tummers and Thesleff 2003;
Yokohama-Tamaki et al. 2006).

Current progression in tooth regeneration

From early studies, we know it is possible to regenerate
tooth crowns if suitable environments are provided, such as
in vitro organ culture, grafts on chick chorio-allantoic
membrane, ocular grafts, subcutaneous transplants or
kidney capsules (Hay 1961; Morio 1985; Slavkin and
Bavetta 1968; Yamada et al. 1980; Yoshikawa and Kollar
1981). These culture sites provide nutrients and oxygen to

nurture tooth germs. Thus, several choices exist for
cultivating small-sized primordia, such as those of teeth,
before they can be implanted into their anatomical sites.
Optimally, the setting should reproduce cells in a three-
dimensional (3D) organization, support the differentiating
function, and avoid xenograft rejection. Organotypic

Fig. 3 Apical end of tooth. a Vertical section of mouse incisor
showing the labial side with both enamel (E) and dentine (D) and the
lingual side with dentin only (BV blood vessels). b Higher
magnification of the lingual side of the incisor. c Both odontoblasts
and ameloblasts (A) are present in the labial side of the incisor. Note
the cervical loop (CL) composed of ameloblasts and precursor cells
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culture is therefore arguably the most relevant model
system to grow teeth in vitro (Fig. 4).

Applying traditional tissue engineering methods, tooth-
like structures can be produced from biodegradable poly-
mer scaffolds seeded with dissociated tooth germs from
postnatal pigs or cultured rat tooth bud cells and grown in
the omentum of immunocompromized mice. The structures
contain enamel, dentin and pulp but, in majority of the
cases, form in a disoriented way and do not reach the
expected size or shape of the scaffold (Duailibi et al. 2004;
Honda et al. 2005; Young et al. 2002). These results have
however confirmed the cell reaggregation ability of
dissociated tooth germs.

Examination of the autonomous reaggregation capacity
of cap-stage tooth germs has further disclosed that cap-

stage mesenchyme can induce dental epithelial cell histo-
genesis, even when positional memories have been lost (Hu
et al. 2005a, b). The tooth morphogenesis obtained here
shows characteristic developmental features including
functional odontoblasts, ameloblasts, pulp and cusp forma-
tion and, following longer culture, roots and PDL can also
form (Hu et al. 2006a). These experiments have demon-
strated that the cap-stage mesenchyme might control cusp
number and have further reinforced the powerful mesen-
chymal and dental epithelium reaggregation ability.

Recently, cell-scaffold constructs in a co-culture system
have appeared to improve the tooth shape control.
Polyglycolic acid mesh and latter collagen sponge, together
with the sequential seeding of dental mesenchyme in direct
contact with dental epithelium, have demonstrated orga-

Fig. 4 Two current ways of
tooth tissue engineering. a Dis-
sociated tooth germs grow on a
tooth-shaped scaffold and pro-
duce small complex tooth-like
structures. b Epithelial and
mesenchymal (stem) cells, either
from tooth germs or other sour-
ces, are grown in organ culture
and, through epithelial-mesen-
chymal interactions, can form
organized teeth
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nized tooth structures derived from dissociated postnatal
canine and porcine molar tooth germs (Honda et al. 2006,
2007).

Although in vitro cell culture methods are being
progressively developed and improved, the task of finding
stem cell populations to replace embryonic dental epithe-
lium and dental mesenchyme continues. The search for
possible sources of dental epithelium and dental mesen-
chyme is based upon the finding that dental epithelium can
be created from non-teeth-bearing areas and that non-dental
mesenchyme can become competent for odontogenesis on
interaction with inductive dental epithelium (Kollar and
Fisher 1980; Mina and Kollar 1987). These experiments
have established the feasibility of instructing non-dental
tissues to develop into teeth. Presumptive dental stem cells
such as DPSCs have been used for partial teeth structures
but not a whole biological tooth germ with the equivalent
function (Gronthos et al. 2000). Because of the limited in
vitro expansion ability of DPSCs, SHED and other dental
stem cells, efforts have been directed into establishing cell
lines; several lines have been created by the insertion of
transgenes, including human telomerase reverse transcrip-
tase, SV40 T antigen and human papillomavirus genes or
by the spontaneously immortalization of dental follicle
cells, HERS, cementoblasts, dental papilla, PDL, cervical
loop epithelium, ameloblast and odontoblast lineage cells
(Arany et al. 2006; D’Errico et al. 2000, 1999; Fujii et al.
2006; Kawano et al. 2004; Komine et al. 2007; Nakata et
al. 2003; Saito et al. 2005; Somerman et al. 1999;
Thonemann and Schmalz 2000; Yokoi et al. 2007;
Zeichner-David et al. 2003). One of the major technical
advantages is that cells can be produced, characterized and
controlled relatively easily without the need to derive
material repeatedly from primary tissue. These lines could
therefore be used for generating dental structures in vivo.

A bigger challenge is to identify non-dental stem cells as
possible replacements for dental epithelium and dental
mesenchyme. ES cells, neural stem cells and bone-marrow-
derived cells have been demonstrated to respond to the
inductive signals from dental epithelium and to express
odontogenic genes and in some cases form tooth crowns
(Modino and Sharpe 2005; Ohazama et al. 2004).
Recombinants between odontogenic inducing epithelium
and non-dental stem cells (neural stem cells, mouse ES cells
and mouse bone-marrow-derived cells) have been shown to
express early mesenchymal odontogenic makers such as
Pax9, Msx1 and Lhx7 (Ohazama et al. 2004). The ability of
bone-marrow-derived cells to develop further into teeth
with organized enamel, dentin and pulp formation sur-
rounded by bone has been established following transplants
into mouse kidney capsules. The teeth produced are of the
appropriate size and shape for mouse molars. These results
reinforce the idea that odontogenic signals might instruct

tooth crown formation in embryonic or adult stem cells
without a scaffold. Additional studies involving the use of
c-kit-enriched bone-marrow-derived cells have demonstrat-
ed their ability to differentiate into ameloblast-like cells (Hu
et al. 2006b). These experiments suggest bone-marrow-
derived cells, possibly BMSCs, have the potential to
become both dental mesenchyme and dental epithelium.

For biological teeth to perform adequately, they must be
able to grow and integrate into the existing alveolar bone of
the jaws. Amazingly, implanted embryonic tooth germs can
develop normally and form teeth when transplanted into the
adult mouth (Ohazama et al. 2004). Further analyses using
3D imaging have shown that these teeth not only have
normal morphology, but also can erupt into the oral cavity
and form functional roots (P. Sharpe, unpublished; Fig. 5)

Concluding remarks

From recent experiments, basic principles have been
established that teeth can be produced from stem cells of
either dental or non-dental origin. Organ culture makes it
possible to grow mouse tooth germs but further efforts are
required to establish optimal conditions for growing human
tooth germs, which are larger and take a longer time to
develop than those of mouse. Whether teeth derived from
autologous cells, such as DPSCs and SHED, which can be
deposited in cell banks, can be produced remains to be
established. Immune responses to the cells used are
unknown but these have to be understood before any
clinical trials can be performed. Although human and
mouse BMSCs do not seem to express co-stimulatory
antigens, DPSCs may not elicit humoral immune responses
and may thus be immunoprivileged (Caplan and Bruder
2001; Pierdomenico et al. 2005).

Fig. 5 Implanted tooth germ grown in the diastema. Transplanted
mouse incisor tooth germ (E13) after 20 days in the maxillary
diastema of an adult mouse. The tooth has erupted. a Horizontal view.
b Lateral view

Cell Tissue Res (2008) 331:359–372 367



Acknowledgements We thank Dr. Puangwan Lapthanasupkul for
kindly providing the sections that appear in Fig. 1.

References

About I, Bottero MJ, Denato P de, Camps J, Franquin JC, Mitsiadis
TA (2000) Human dentin production in vitro. Exp Cell Res
258:33–41

Amar S, Chung KM (1994) Clinical implications of cellular biologic
advances in periodontal regeneration. Curr Opin Periodontol
18:128–140

Arany S, Nakata A, Kameda T, Koyota S, Ueno Y, Sugiyama T (2006)
Phenotype properties of a novel spontaneously immortalized
odontoblast-lineage cell line. Biochem Biophys Res Commun
342:718–724

Arias AM (2001) Epithelial mesenchymal interactions in cancer and
development. Cell 105:425–431

Asahara T, Murohara T, Sullivan A, Silver M, Zee R van der, Li T,
Witzenbichler B, Schatteman G, Isner JM (1997) Isolation of
putative progenitor endothelial cells for angiogenesis. Science
275:964–967

Aufderheide E, Chiquet-Ehrismann R, Ekblom P (1987) Epithelial-
mesenchymal interactions in the developing kidney lead to
expression of tenascin in the mesenchyme. J Cell Biol
105:599–608

Aukhil I, Pettersson E, Suggs C (1986) Guided tissue regeneration: an
experimental procedure in beagle dogs. J Periodontol 57:727–
734

Batouli S, Miura M, Brahim J, Tsutsui TW, Fisher LW, Gronthos S,
Robey PG, Shi S (2003) Comparison of stem-cell-mediated
osteogenesis and dentinogenesis. J Dent Res 82:976–981

Bei M, Kratochwil K, Maas RL (2000) BMP4 rescues a non-cell-
autonomous function of Msx1 in tooth development. Development
127:4711–4718

Bjornson CR, Rietze RL, Reynolds BA, Magli MC, Vescovi AL
(1999) Turning brain into blood: a hematopoietic fate adopted by
adult neural stem cells in vivo. Science 283:534–537

Braut A, Kalajzic I, Kalajzic Z, Rowe DW, Kollar EJ, Mina M (2002)
Col1a1-GFP transgene expression in developing incisors. Connect
Tissue Res 43:216–219

Braut A, Kollar EJ, Mina M (2003) Analysis of the odontogenic and
osteogenic potentials of dental pulp in vivo using a Col1a1-2.3-
GFP transgene. Int J Dev Biol 47:281–292

Caplan AI, Bruder SP (2001) Mesenchymal stem cells: building
blocks for molecular medicine in the 21st century. Trends Mol
Med 7:259–264

Chen Y, Bei M, Woo I, Satokata I, Maas R (1996) Msx1 controls
inductive signaling in mammalian tooth morphogenesis.
Development 122:3035–3044

Chen Y, Zhang Y, Jiang TX, Barlow AJ, St Amand TR, Hu Y, Heaney
S, Francis-West P, Chuong CM, Maas R (2000) Conservation of
early odontogenic signaling pathways in Aves. Proc Natl Acad
Sci USA 97:10044–10049

Chiba M (1965) Cellular proliferation in the tooth germ of the rat
incisor. Arch Oral Biol 10:707–718

Chuong CM, Widelitz RB, Ting-Berreth S, Jiang TX (1996) Early
events during avian skin appendage regeneration: dependence on
epithelial-mesenchymal interaction and order of molecular
reappearance. J Invest Dermatol 107:639–646

Cobourne MT, Sharpe PT (2003) Tooth and jaw: molecular mecha-
nisms of patterning in the first branchial arch. Arch Oral Biol
48:1–14

Cobourne MT, Sharpe PT (2005) Sonic hedgehog signaling and the
developing tooth. Curr Top Dev Biol 65:255–287

Crubezy E, Murail P, Girard L, Bernadou JP (1998) False teeth of the
Roman world. Nature 391:29

Cutler LS, Gremski W (1991) Epithelial-mesenchymal interactions in
the development of salivary glands. Crit Rev Oral Biol Med 2:1–12

d’Aquino R, Graziano A, Sampaolesi M, Laino G, Pirozzi G, De Rosa
A, Papaccio G (2007) Human postnatal dental pulp cells co-
differentiate into osteoblasts and endotheliocytes: a pivotal
synergy leading to adult bone tissue formation. Cell Death Differ
14:1162–1171

D’Errico JA, Ouyang H, Berry JE, MacNeil RL, Strayhorn C,
Imperiale MJ, Harris NL, Goldberg H, Somerman MJ (1999)
Immortalized cementoblasts and periodontal ligament cells in
culture. Bone 25:39–47

D’Errico JA, Berry JE, Ouyang H, Strayhorn CL, Windle JJ,
Somerman MJ (2000) Employing a transgenic animal model to
obtain cementoblasts in vitro. J Periodontol 71:63–72

D’Souza RN, Aberg T, Gaikwad J, Cavender A, Owen M, Karsenty G,
Thesleff I (1999) Cbfa1 is required for epithelial-mesenchymal
interactions regulating tooth development in mice. Development
126:2911–2920

Dassule HR, McMahon AP (1998) Analysis of epithelial-mesenchymal
interactions in the initial morphogenesis of the mammalian tooth.
Dev Biol 202:215–227

Dassule HR, Lewis P, Bei M, Maas R, McMahon AP (2000) Sonic
hedgehog regulates growth and morphogenesis of the tooth.
Development 127:4775–4785

Doherty MJ, Ashton BA, Walsh S, Beresford JN, Grant ME, Canfield
AE (1998) Vascular pericytes express osteogenic potential in
vitro and in vivo. J Bone Miner Res 13:828–838

Duailibi MT, Duailibi SE, Young CS, Bartlett JD, Vacanti JP, Yelick
PC (2004) Bioengineered teeth from cultured rat tooth bud cells.
J Dent Res 83:523–528

Eames BF, Schneider RA (2005) Quail-duck chimeras reveal
spatiotemporal plasticity in molecular and histogenic programs
of cranial feather development. Development 132:1499–1509

Eastoe JE (1960) Organic matrix of tooth enamel. Nature 187:411–
412

Esposito M, Hirsch JM, Lekholm U, Thomsen P (1998) Biological
factors contributing to failures of osseointegrated oral implants.
II. Etiopathogenesis. Eur J Oral Sci 106:721–764

Evans MJ, Kaufman MH (1981) Establishment in culture of
pluripotential cells from mouse embryos. Nature 292:154–156

Ferrari G, Cusella-De Angelis G, Coletta M, Paolucci E, Stornaiuolo
A, Cossu G, Mavilio F (1998) Muscle regeneration by bone
marrow-derived myogenic progenitors. Science 279:1528–1530

Filshie RJ, Zannettino AC, Makrynikola V, Gronthos S, Henniker AJ,
Bendall LJ, Gottlieb DJ, Simmons PJ, Bradstock KF (1998)
MUC18, a member of the immunoglobulin superfamily, is
expressed on bone marrow fibroblasts and a subset of hemato-
logical malignancies. Leukemia 12:414–421

Fitzgerald M, Chiego DJ Jr, Heys DR (1990) Autoradiographic
analysis of odontoblast replacement following pulp exposure in
primate teeth. Arch Oral Biol 35:707–715

Fleischmajer R (1967) Epithelial-mesenchymal interactions. Science
157:1472–1482

Friedenstein AJ, Deriglasova UF, Kulagina NN, Panasuk AF,
Rudakowa SF, Luria EA, Ruadkow IA (1974) Precursors for
fibroblasts in different populations of hematopoietic cells as
detected by the in vitro colony assay method. Exp Hematol 2:
83–92

Fujii S, Maeda H, Wada N, Kano Y, Akamine A (2006) Establishing
and characterizing human periodontal ligament fibroblasts im-
mortalized by SV40T-antigen and hTERT gene transfer. Cell
Tissue Res 324:117–125

Gage FH (2000) Mammalian neural stem cells. Science 287:1433–
1438

368 Cell Tissue Res (2008) 331:359–372



Gould TR (1983) Ultrastructural characteristics of progenitor cell
populations in the periodontal ligament. J Dent Res 62:873–876

Gould TR, Melcher AH, Brunette DM (1977) Location of progenitor
cells in periodontal ligament of mouse molar stimulated by
wounding. Anat Rec 188:133–141

Gould TR, Melcher AH, Brunette DM (1980) Migration and division
of progenitor cell populations in periodontal ligament after
wounding. J Periodontal Res 15:20–42

Grigoriou M, Tucker AS, Sharpe PT, Pachnis V (1998) Expression
and regulation of Lhx6 and Lhx7, a novel subfamily of LIM
homeodomain encoding genes, suggests a role in mammalian
head development. Development 125:2063–2074

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S (2000) Postnatal
human dental pulp stem cells (DPSCs) in vitro and in vivo. Proc
Natl Acad Sci USA 97:13625–13630

Gronthos S, Brahim J, Li W, Fisher LW, Cherman N, Boyde A,
DenBesten P, Robey PG, Shi S (2002) Stem cell properties of
human dental pulp stem cells. J Dent Res 81:531–535

Handa K, Saito M, Tsunoda A, Yamauchi M, Hattori S, Sato S,
Toyoda M, Teranaka T, Narayanan AS (2002a) Progenitor cells
from dental follicle are able to form cementum matrix in vivo.
Connect Tissue Res 43:406–408

Handa K, Saito M, Yamauchi M, Kiyono T, Sato S, Teranaka T,
Sampath Narayanan A (2002b) Cementum matrix formation in
vivo by cultured dental follicle cells. Bone 31:606–611

Harada H, Kettunen P, Jung HS, Mustonen T, Wang YA, Thesleff I
(1999) Localization of putative stem cells in dental epithelium
and their association with Notch and FGF signaling. J Cell Biol
147:105–120

Harada H, Toyono T, Toyoshima K, Yamasaki M, Itoh N, Kato S,
Sekine K, Ohuchi H (2002) FGF10 maintains stem cell compart-
ment in developing mouse incisors. Development 129:1533–1541

Hay MF (1961) The development in vivo and in vitro of the lower
incisor and molars of the mouse. Arch Oral Biol 3:86–109

Honda MJ, Sumita Y, Kagami H, Ueda M (2005) Histological and
immunohistochemical studies of tissue engineered odontogene-
sis. Arch Histol Cytol 68:89–101

Honda MJ, Ohara T, Sumita Y, Ogaeri T, Kagami H, Ueda M (2006)
Preliminary study of tissue-engineered odontogenesis in the
canine jaw. J Oral Maxillofac Surg 64:283–289

Honda MJ, Tsuchiya S, Sumita Y, Sagara H, Ueda M (2007) The
sequential seeding of epithelial and mesenchymal cells for tissue-
engineered tooth regeneration. Biomaterials 28:680–689

Hu B, Nadiri A, Bopp-Kuchler S, Perrin-Schmitt F, Lesot H (2005a)
Dental epithelial histomorphogenesis in vitro. J Dent Res 84:521–525

Hu B, Nadiri A, Bopp-Kuchler S, Perrin-Schmitt F, Wang S, Lesot H
(2005b) Dental epithelial histo-morphogenesis in the mouse:
positional information versus cell history. Arch Oral Biol 50:
131–136

Hu B, Nadiri A, Kuchler-Bopp S, Perrin-Schmitt F, Peters H, Lesot H
(2006a) Tissue engineering of tooth crown, root, and periodon-
tium. Tissue Eng 12:2069-2075

Hu B, Unda F, Bopp-Kuchler S, Jimenez L, Wang XJ, Haikel Y, Wang
SL, Lesot H (2006b) Bone marrow cells can give rise to
ameloblast-like cells. J Dent Res 85:416–421

Ivanovski S, Haase HR, Bartold PM (2001) Isolation and character-
ization of fibroblasts derived from regenerating human periodon-
tal defects. Arch Oral Biol 46:679–688

Jernvall J, Thesleff I (2000) Reiterative signaling and patterning
during mammalian tooth morphogenesis. Mech Dev 92:19–29

Jernvall J, Kettunen P, Karavanova I, Martin LB, Thesleff I (1994)
Evidence for the role of the enamel knot as a control center in
mammalian tooth cusp formation: non-dividing cells express
growth stimulating FGF-4 gene. Int J Dev Biol 38:463–469

Jo YY, Lee HJ, Kook SY, Choung HW, Park JY, Chung JH, Choung
YH, Kim ES, Yang HC, Choung PH (2007) Isolation and

characterization of postnatal stem cells from human dental
tissues. Tissue Eng 13:767–773

Kaartinen V, Voncken JW, Shuler C, Warburton D, Bu D, Heisterkamp
N, Groffen J (1995) Abnormal lung development and cleft palate
in mice lacking TGF-beta 3 indicates defects of epithelial-
mesenchymal interaction. Nat Genet 11:415–421

Kawano S, Saito M, Handa K, Morotomi T, Toyono T, Seta Y,
Nakamura N, Uchida T, Toyoshima K, Ohishi M, Harada H (2004)
Characterization of dental epithelial progenitor cells derived from
cervical-loop epithelium in a rat lower incisor. J Dent Res 83:129–133

Kemoun P, Laurencin-Dalicieux S, Rue J, Farges JC, Gennero I,
Conte-Auriol F, Briand-Mesange F, Gadelorge M, Arzate H,
Narayanan AS, Brunel G, Salles JP (2007) Human dental follicle
cells acquire cementoblast features under stimulation by BMP-2/-
7 and enamel matrix derivatives (EMD) in vitro. Cell Tissue Res
329:283–294

Keranen SV, Kettunen P, Aberg T, Thesleff I, Jernvall J (1999) Gene
expression patterns associated with suppression of odontogenesis
in mouse and vole diastema regions. Dev Genes Evol 209:495–
506

Kettunen P, Thesleff I (1998) Expression and function of FGFs-4, -8,
and -9 suggest functional redundancy and repetitive use as
epithelial signals during tooth morphogenesis. Dev Dyn
211:256–268

Kim JH, Auerbach JM, Rodriguez-Gomez JA, Velasco I, Gavin D,
LumelskyN, Lee SH,Nguyen J, Sanchez-Pernaute R, BankiewiczK,
McKay R (2002) Dopamine neurons derived from embryonic stem
cells function in an animal model of Parkinson’s disease. Nature
418:50–56

Klein OD, Minowada G, Peterkova R, Kangas A, Yu BD, Lesot H,
Peterka M, Jernvall J, Martin GR (2006) Sprouty genes control
diastema tooth development via bidirectional antagonism of
epithelial-mesenchymal FGF signaling. Dev Cell 11:181–190

Kollar EJ (1970) The induction of hair follicles by embryonic dermal
papillae. J Invest Dermatol 55:374–378

Kollar EJ, Baird GR (1970) Tissue interactions in embryonic mouse
tooth germs. II. The inductive role of the dental papilla. J
Embryol Exp Morphol 24:173–186

Kollar EJ, Fisher C (1980) Tooth induction in chick epithelium:
expression of quiescent genes for enamel synthesis. Science
207:993–995

Komine A, Suenaga M, Nakao K, Tsuji T, Tomooka Y (2007) Tooth
regeneration from newly established cell lines from a molar tooth
germ epithelium. Biochem Biophys Res Commun 355:758–763

Krause DS, Theise ND, Collector MI, Henegariu O, Hwang S,
Gardner R, Neutzel S, Sharkis SJ (2001) Multi-organ, multi-
lineage engraftment by a single bone marrow-derived stem cell.
Cell 105:369–377

Lagasse E, Connors H, Al-Dhalimy M, Reitsma M, Dohse M,
Osborne L, Wang X, Finegold M, Weissman IL, Grompe M
(2000) Purified hematopoietic stem cells can differentiate into
hepatocytes in vivo. Nat Med 6:1229–1234

Laino G, d’Aquino R, Graziano A, Lanza V, Carinci F, Naro F, Pirozzi G,
Papaccio G (2005) A new population of human adult dental pulp
stem cells: a useful source of living autologous fibrous bone tissue
(LAB). J Bone Miner Res 20:1394–1402

Laino G, Carinci F, Graziano A, d’Aquino R, Lanza V, De Rosa A,
Gombos F, Caruso F, Guida L, Rullo R, Menditti D, Papaccio G
(2006a) In vitro bone production using stem cells derived from
human dental pulp. J Craniofac Surg 17:511–515

Laino G, Graziano A, d’Aquino R, Pirozzi G, Lanza V, Valiante S, De
Rosa A, Naro F, Vivarelli E, Papaccio G (2006b) An approach-
able human adult stem cell source for hard-tissue engineering. J
Cell Physiol 206:693–701

Langer R, Folkman J (1976) Polymers for the sustained release of
proteins and other macromolecules. Nature 263:797–800

Cell Tissue Res (2008) 331:359–372 369



Langer R, Tirrell DA (2004) Designing materials for biology and
medicine. Nature 428:487–492

Langer R, Vacanti JP (1993) Tissue engineering. Science 260:920–926
Layer PG, Robitzki A, Rothermel A, Willbold E (2002) Of layers and

spheres: the reaggregate approach in tissue engineering. Trends
Neurosci 25:131–134

Lemus D, Coloma L, Fuenzalida M, Illanes J, Paz de la Vega Y,
Ondarza A, Blanquez MJ (1986) Odontogenesis and amelo-
genesis in interacting lizard-quail tissue combinations. J Morphol
189:121–129

Limeback H, Sodek J, Aubin JE (1983) Variation in collagen
expression by cloned periodontal ligament cells. J Periodontal
Res 18:242–248

Lin D, Huang Y, He F, Gu S, Zhang G, Chen Y, Zhang Y (2007)
Expression survey of genes critical for tooth development in the
human embryonic tooth germ. Dev Dyn 236:1307–1312

Liu H, Gronthos S, Shi S (2006) Dental pulp stem cells. Methods
Enzymol 419:99–113

Luan X, Ito Y, Dangaria S, Diekwisch TG (2006) Dental follicle
progenitor cell heterogeneity in the developing mouse periodon-
tium. Stem Cells Dev 15:595–608

Lumelsky N, Blondel O, Laeng P, Velasco I, Ravin R, McKay R
(2001) Differentiation of embryonic stem cells to insulin-secreting
structures similar to pancreatic islets. Science 292:1389–1394

Lumsden AG (1988) Spatial organization of the epithelium and the
role of neural crest cells in the initiation of the mammalian tooth
germ. Development 103 (Suppl):155–169

Maas R, Bei M (1997) The genetic control of early tooth
development. Crit Rev Oral Biol Med 8:4–39

Main JH (1966) Retention of potential to differentiate in long-term
cultures of tooth germs. Science 152:778–780

McCulloch CA (1985) Progenitor cell populations in the periodontal
ligament of mice. Anat Rec 211:258–262

McCulloch CA, Nemeth E, Lowenberg B, Melcher AH (1987)
Paravascular cells in endosteal spaces of alveolar bone contribute
to periodontal ligament cell populations. Anat Rec 219:233–242

McKay R (1997) Stem cells in the central nervous system. Science
276:66–71

Mezey E, Chandross KJ, Harta G, Maki RA, McKercher SR (2000)
Turning blood into brain: cells bearing neuronal antigens
generated in vivo from bone marrow. Science 290:1779–1782

Mina M, Kollar EJ (1987) The induction of odontogenesis in non-
dental mesenchyme combined with early murine mandibular arch
epithelium. Arch Oral Biol 32:123–127

Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey PG, Shi S
(2003) SHED: stem cells from human exfoliated deciduous teeth.
Proc Natl Acad Sci USA 100:5807–5812

Modino SA, Sharpe PT (2005) Tissue engineering of teeth using adult
stem cells. Arch Oral Biol 50:255–258

Morio I (1985) Recombinant study of the mouse molar cervical loop
and dental papilla by renal transplantation. Arch Oral Biol
30:557–561

Morotomi T, Kawano S, Toyono T, Kitamura C, Terashita M, Uchida
T, Toyoshima K, Harada H (2005) In vitro differentiation of
dental epithelial progenitor cells through epithelial-mesenchymal
interactions. Arch Oral Biol 50:695–705

Morsczeck C, Gotz W, Schierholz J, Zeilhofer F, Kuhn U, Mohl C,
Sippel C, Hoffmann KH (2005) Isolation of precursor cells (PCs)
from human dental follicle of wisdom teeth. Matrix Biol 24:155–165

Morshead CM, Benveniste P, Iscove NN, Kooy D van der (2002)
Hematopoietic competence is a rare property of neural stem cells
that may depend on genetic and epigenetic alterations. Nat Med
8:268–273

Moscona A, Moscona H (1952) The dissociation and aggregation of
cells from organ rudiments of the early chick embryo. J Anat
86:287–301

Nakao K, Morita R, Saji Y, Ishida K, Tomita Y, Ogawa M, Saitoh M,
Tomooka Y, Tsuji T (2007) The development of a bioengineered
organ germ method. Nat Methods 4:227–230

Nakata A, Kameda T, Nagai H, Ikegami K, Duan Y, Terada K,
Sugiyama T (2003) Establishment and characterization of a
spontaneously immortalized mouse ameloblast-lineage cell line.
Biochem Biophys Res Commun 308:834–839

Nehls V, Drenckhahn D (1993) The versatility of microvascular
pericytes: from mesenchyme to smooth muscle? Histochemistry
99:1–12

Niswander L, Martin GR (1992) FGF-4 expression during gastrula-
tion, myogenesis, limb and tooth development in the mouse.
Development 114:755–768

Ohazama A, Modino SA, Miletich I, Sharpe PT (2004) Stem-cell-
based tissue engineering of murine teeth. J Dent Res 83:518–522

Ohshima H, Kenmotsu S, Harada H (2003) Use of the term apical bud
to refer to the apical end of the continuously growing tooth. Arch
Comp Biol Tooth Enamel 8:45–49

Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B,
Pickel J, McKay R, Nadal-Ginard B, Bodine DM, Leri A,
Anversa P (2001) Bone marrow cells regenerate infarcted
myocardium. Nature 410:701–705

Papaccio G, Graziano A, d’Aquino R, Graziano MF, Pirozzi G,
Menditti D, De Rosa A, Carinci F, Laino G (2006) Long-term
cryopreservation of dental pulp stem cells (SBP-DPSCs) and
their differentiated osteoblasts: a cell source for tissue repair. J
Cell Physiol 208:319–325

Peters H, Neubuser A, Kratochwil K, Balling R (1998) Pax9-deficient
mice lack pharyngeal pouch derivatives and teeth and exhibit
craniofacial and limb abnormalities. Genes Dev 12:2735–2747

Petersen BE, Bowen WC, Patrene KD, Mars WM, Sullivan AK,
Murase N, Boggs SS, Greenberger JS, Goff JP (1999) Bone marrow
as a potential source of hepatic oval cells. Science 284:1168–1170

Pierdomenico L, Bonsi L, Calvitti M, Rondelli D, Arpinati M,
Chirumbolo G, Becchetti E, Marchionni C, Alviano F, Fossati V,
Staffolani N, Franchina M, Grossi A, Bagnara GP (2005)
Multipotent mesenchymal stem cells with immunosuppressive
activity can be easily isolated from dental pulp. Transplantation
80:836–842

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca
JD, Moorman MA, Simonetti DW, Craig S, Marshak DR (1999)
Multilineage potential of adult human mesenchymal stem cells.
Science 284:143–147

Potter SW, Morris JE (1985) Development of mouse embryos in
hanging drop culture. Anat Rec 211:48–56

Prockop DJ (1997) Marrow stromal cells as stem cells for non-
hematopoietic tissues. Science 276:71–74

Reynolds AJ, Jahoda CA (2004) Cultured human and rat tooth
papilla cells induce hair follicle regeneration and fiber growth.
Differentiation 72:566–575

Robinson C, Brookes SJ, Shore RC, Kirkham J (1998) The
developing enamel matrix: nature and function. Eur J Oral Sci
106 (Suppl 1):282–291

Ruch JV (1998) Odontoblast commitment and differentiation. Bio-
chem Cell Biol 76:923–938

Saito M, Handa K, Kiyono T, Hattori S, Yokoi T, Tsubakimoto T,
Harada H, Noguchi T, Toyoda M, Sato S, Teranaka T (2005)
Immortalization of cementoblast progenitor cells with Bmi-1 and
TERT. J Bone Miner Res 20:50–57

Sanders EJ (1988) The roles of epithelial-mesenchymal cell inter-
actions in developmental processes. Biochem Cell Biol 66:530–540

Sarkar L, Sharpe PT (1999) Expression of Wnt signalling pathway
genes during tooth development. Mech Dev 85:197–200

Satomura K, Krebsbach P, Bianco P, Gehron Robey P (2000)
Osteogenic imprinting upstream of marrow stromal cell differen-
tiation. J Cell Biochem 78:391–403

370 Cell Tissue Res (2008) 331:359–372



Scadden DT (2006) The stem-cell niche as an entity of action. Nature
441:1075–1079

Senzaki H (1980) A histological study of reparative dentinogenesis in
the rat incisor after colchicine administration. Arch Oral Biol
25:737–743

Seo BM, Miura M, Gronthos S, Bartold PM, Batouli S, Brahim J,
Young M, Robey PG, Wang CY, Shi S (2004) Investigation of
multipotent postnatal stem cells from human periodontal liga-
ment. Lancet 364:149–155

Seo BM, Miura M, Sonoyama W, Coppe C, Stanyon R, Shi S (2005)
Recovery of stem cells from cryopreserved periodontal ligament.
J Dent Res 84:907–912

Sharpe PT, Young CS (2005) Test-tube teeth. Sci Am 293:34–41
Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, Vincent P,

Pumiglia K, Temple S (2004) Endothelial cells stimulate self-
renewal and expand neurogenesis of neural stem cells. Science
304:1338–1340

Shi S, Gronthos S (2003) Perivascular niche of postnatal mesenchy-
mal stem cells in human bone marrow and dental pulp. J Bone
Miner Res 18:696–704

Shi S, Bartold PM, Miura M, Seo BM, Robey PG, Gronthos S (2005)
The efficacy of mesenchymal stem cells to regenerate and repair
dental structures. Orthod Craniofac Res 8:191–199

Shigetani Y, Sugahara F, Kawakami Y, Murakami Y, Hirano S,
Kuratani S (2002) Heterotopic shift of epithelial-mesenchymal
interactions in vertebrate jaw evolution. Science 296:1316–1319

Slavkin HC, Bavetta LA (1968) Odontogenesis in vivo and in
xenografts on chick chorio-allantois. I. Collagen and hexosamine
biosynthesis. Arch Oral Biol 13:145–154

Slavkin HC, Beierle J, Bavetta LA (1968) Odontogenesis: cell-cell
interactions in vitro. Nature 217:269–270

Slavkin HC, Bringas P Jr, Bessem C, Santos V, Nakamura M, Hsu
MY, Snead ML, Zeichner-David M, Fincham AG (1989)
Hertwig’s epithelial root sheath differentiation and initial cemen-
tum and bone formation during long-term organ culture of mouse
mandibular first molars using serumless, chemically-defined
medium. J Periodontal Res 24:28–40

Smith CE (1980) Cell turnover in the odontogenic organ of the rat
incisor as visualized by graphic reconstructions following a
single injection of 3H-thymidine. Am J Anat 158:321–343

Smith AJ, Lesot H (2001) Induction and regulation of crown
dentinogenesis: embryonic events as a template for dental tissue
repair? Crit Rev Oral Biol Med 12:425–437

Somerman MJ, Ouyang HJ, Berry JE, Saygin NE, Strayhorn CL,
D’Errico JA, Hullinger T, Giannobile WV (1999) Evolution of
periodontal regeneration: from the roots’ point of view. J
Periodontal Res 34:420–424

Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM, Zhang C, Liu H,
Gronthos S, Wang CY, Shi S, Wang S (2006) Mesenchymal stem
cell-mediated functional tooth regeneration in swine. PLoS ONE
1:e79

Spangrude GJ, Heimfeld S, Weissman IL (1988) Purification and
characterization of mouse hematopoietic stem cells. Science
241:58–62

Spradling A, Drummond-Barbosa D, Kai T (2001) Stem cells find
their niche. Nature 414:98–104

Steele-Perkins G, Butz KG, Lyons GE, Zeichner-David M, Kim HJ,
Cho MI, Gronostajski RM (2003) Essential role for NFI-C/CTF
transcription-replication factor in tooth root development. Mol
Cell Biol 23:1075–1084

Steinberg MS, Gilbert SF (2004) Townes and Holtfreter (1955):
directed movements and selective adhesion of embryonic
amphibian cells. J Exp Zool [A] Comp Exp Biol 301:701–706

Sveen OB, Hawes RR (1968) Differentiation of new odontoblasts and
dentine bridge formation in rat molar teeth after tooth grinding.
Arch Oral Biol 13:1399–1409

Tecles O, Laurent P, Zygouritsas S, Burger AS, Camps J, Dejou J,
About I (2005) Activation of human dental pulp progenitor/stem
cells in response to odontoblast injury. Arch Oral Biol 50:103–
108

Ten Cate AR (2003) Oral histology: development, structure and
function, 6th edn. Elsevier, Amsterdam

Thesleff I (2003) Epithelial-mesenchymal signalling regulating tooth
morphogenesis. J Cell Sci 116:1647–1648

Thesleff I, Sharpe P (1997) Signalling networks regulating dental
development. Mech Dev 67:111–123

Thesleff I, Keranen S, Jernvall J (2001) Enamel knots as signaling
centers linking tooth morphogenesis and odontoblast differenti-
ation. Adv Dent Res 15:14–18

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel
JJ, Marshall VS, Jones JM (1998) Embryonic stem cell lines
derived from human blastocysts. Science 282:1145–1147

Thonemann B, Schmalz G (2000) Immortalization of bovine dental
papilla cells with Simian Virus 40 large T antigen. Arch Oral Biol
45:857–869

Townes PL, Holtfreter J (1955) Directed movements and selective
adhesion of embryonic amphibian cells. J Exp Zool 128:53–120

Tucker A, Sharpe P (2004) The cutting-edge of mammalian
development; how the embryo makes teeth. Nat Rev Genet
5:499–508

Tucker AS, Matthews KL, Sharpe PT (1998) Transformation of tooth
type induced by inhibition of BMP signaling. Science 282:1136–
1138

Tucker AS, Headon DJ, Schneider P, Ferguson BM, Overbeek P,
Tschopp J, Sharpe PT (2000) Edar/Eda interactions regulate
enamel knot formation in tooth morphogenesis. Development
127:4691–4700

Tummers M, Thesleff I (2003) Root or crown: a developmental choice
orchestrated by the differential regulation of the epithelial stem
cell niche in the tooth of two rodent species. Development
130:1049–1057

Tziafas D (1995) Basic mechanisms of cytodifferentiation and
dentinogenesis during dental pulp repair. Int J Dev Biol
39:281–290

Vaahtokari A, Aberg T, Jernvall J, Keranen S, Thesleff I (1996) The
enamel knot as a signaling center in the developing mouse tooth.
Mech Dev 54:39–43

Vainio S, Karavanova I, Jowett A, Thesleff I (1993) Identification of
BMP-4 as a signal mediating secondary induction between
epithelial and mesenchymal tissues during early tooth develop-
ment. Cell 75:45–58

Verfaillie CM (2002) Adult stem cells: assessing the case for
pluripotency. Trends Cell Biol 12:502–508

Wagers AJ, Sherwood RI, Christensen JL, Weissman IL (2002) Little
evidence for developmental plasticity of adult hematopoietic
stem cells. Science 297:2256–2259

Watt FM, Hogan BL (2000) Out of Eden: stem cells and their niches.
Science 287:1427–1430

Weiss P, Taylor AC (1960) Reconstitution of complete organs from
single-cell suspensions of chick embryos in advanced stages of
differentiation. Proc Natl Acad Sci USA 46:1177–1185

Weissman IL (2000) Stem cells: units of development, units of
regeneration, and units in evolution. Cell 100:157–168

Wilson HV (1907) On some phenomena of coalescence and
regeneration in sponges. J Exp Zool 5:245–258

Yamada M, Bringas P Jr, Grodin M, MacDougall M, Cummings E,
Grimmett J, Weliky B, Slavkin HC (1980) Chemically-defined
organ culture of embryonic mouse tooth organs: morphogenesis,
dentinogenesis and amelogenesis. J Biol Buccale 8:127–139

Yamamura T (1985) Differentiation of pulpal cells and inductive
influences of various matrices with reference to pulpal wound
healing. J Dent Res 64 (Spec No):530–540

Cell Tissue Res (2008) 331:359–372 371



Yokohama-Tamaki T, Ohshima H, Fujiwara N, Takada Y, Ichimori Y,
Wakisaka S, Ohuchi H, Harada H (2006) Cessation of FGF10
signaling, resulting in a defective dental epithelial stem cell
compartment, leads to the transition from crown to root
formation. Development 133:1359–1366

Yokoi T, Saito M, Kiyono T, Iseki S, Kosaka K, Nishida E,
Tsubakimoto T, Harada H, Eto K, Noguchi T, Teranaka T (2007)
Establishment of immortalized dental follicle cells for generating
periodontal ligament in vivo. Cell Tissue Res 327:301–311

Yoshikawa DK, Kollar EJ (1981) Recombination experiments on the
odontogenic roles of mouse dental papilla and dental sac tissues
in ocular grafts. Arch Oral Biol 26:303–307

Young CS, Terada S, Vacanti JP, Honda M, Bartlett JD, Yelick PC
(2002) Tissue engineering of complex tooth structures on
biodegradable polymer scaffolds. J Dent Res 81:695–700

Yu J, McMahon AP, Valerius MT (2004) Recent genetic studies of
mouse kidney development. Curr Opin Genet Dev 14:550–557

Yu J, Wang Y, Deng Z, Tang L, Li Y, Shi J, Jin Y (2007) Odontogenic
capability: bone marrow stromal stem cells versus dental pulp
stem cells. Biol Cell 99:465–474

Zander HA (1939) Reaction of the pulp to calcium hydroxide. J Dent
Res 18:373

Zeichner-David M, Oishi K, Su Z, Zakartchenko V, Chen LS, Arzate
H, Bringas P Jr (2003) Role of Hertwig’s epithelial root sheath
cells in tooth root development. Dev Dyn 228:651–663

Zhang W, Walboomers XF, Shi S, Fan M, Jansen JA (2006)
Multilineage differentiation potential of stem cells derived from
human dental pulp after cryopreservation. Tissue Eng 12:2813–
2823

Zhou P, Byrne C, Jacobs J, Fuchs E (1995) Lymphoid enhancer factor
1 directs hair follicle patterning and epithelial cell fate. Genes
Dev 9:700–713

Zussman WV (1966) Osteogenic activity of odontoblasts in trans-
planted tooth pulps. J Dent Res 45:144–151

372 Cell Tissue Res (2008) 331:359–372


	Stem cells and tooth tissue engineering
	Abstract
	Introduction
	Inspiration from tissue regeneration
	Epithelial-mesenchymal interactions are a prerequisite for tooth formation
	What can we learn from embryonic tooth development?
	Stem-cell-based tissue engineering
	Stem cells
	Dental pulp stem cells
	PDL stem cells
	Dental follicle stem cells
	Dental epithelial stem cells
	Current progression in tooth regeneration
	Concluding remarks
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


