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Introduction.

 

It is now accepted that progenitor/
stem cells reside within the post-natal dental pulp.
Studies have identified several niches of multipo-
tent mesenchymal progenitor cells, known as den-
tal pulp stem cells, which have a high proliferative
potential for self-renewal. These progenitor stem
cells are now recognized as being vital to the den-
tine regeneration process following injury. Under-
standing the nature of these progenitor/stem cell
populations in the pulp is important in determining
their potentialities and development of isolation or
recruitment strategies for use in regeneration and

tissue engineering. Characterization of these cells,
and determination of their potentialities in terms
of specificity of regenerative response, may help
direct new clinical treatment modalities. Such novel
treatments may involve controlled direct recruitment
of the cells 

 

in situ

 

 and possible seeding of stem cells
at sites of injury for regeneration or use of the stem
cells with appropriate scaffolds for tissue engineering
solutions. Such approaches may provide an innovative
and novel biologically based new generation of clinical
materials and/or treatments for dental disease.

 

Aim.

 

This study aimed to review the body of know-
ledge relating to stem cells and to consider the possi-
bility of these cell populations, and related technology,
in future clinical applications.

 

Introduction

 

The dentine–pulp complex has a natural
regenerative potential leading to the formation
of tertiary dentine. Odontoblasts may survive
mild injury, such as attrition or early caries,
and secrete a reactionary dentine matrix

 

1,2

 

.
However, trauma of greater intensity, such as
advanced caries or restorative procedures,
may lead to the death of the pre-existing
odontoblasts

 

1,2

 

. In response to stimuli at the
dentine–pulp interface, new odontoblasts are
recruited and differentiate at the site of injury
to synthesize an atubular reparative dentine,
also sometimes referred to as osteodentine. This
reparative dentine provides a ‘bridge’ of min-
eralized tissue immediately below the extensively
damaged tissue, in order to preserve pulp
vitality.

A growing number of studies have now
indicated that the post-natal pulp contains

several niches of potential progenitor/stem cells,
which may have importance in mediating
reparative dentine formation. Indeed, progenitor/
stem cell niches are continually being identified
in all connective tissues of the body, where
they play a fundamental role in wound repair
processes. This subset of undifferentiated cells
can represent as little as 1% of the total cell
population. However, they produce multiple
highly differentiated progeny in response to
specific extracellular signals

 

3

 

.
Central to the niche is the ‘true’ adult or

‘mother’ stem cell which displays an infrequent,
yet almost unlimited self-renewal

 

3

 

. At mitosis,
these cells give rise to a renewed mother stem
cell and a daughter transit amplifying progenitor
cell. These daughter progenitor cells possess a
more limited capacity for self-renewal, but are
highly proliferative. They also appear to con-
trol multi-potentiality, and are capable of fol-
lowing along several cell lineages to ultimately
produce terminally differentiated cells such as
osteoblasts, odontoblasts, adipocytes, chondro-
cytes, and neural cells (Fig. 1). Within these
progenitor/stem cell niches, cell–cell and
cell–matrix communication is important in
maintaining the status of the stem cell, whereas
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their responsiveness to external stimuli provides
a dynamic system for tissue repair

 

4

 

.

 

Stem cell niches in dental pulp

 

Within healthy tissues, the progenitor/stem
cell niches usually maintain a quiescent state

 

3,5

 

,
due to the influence of the environment in
which they are found. Injury or trauma, lead-
ing to death of the post-mitotic odontoblasts
within the dentine matrix, stimulates a cas-
cade of complex and as yet unclarified events,
whereby signals are released into the matrix.
These signals then cause the progenitor/stem
cell population to produce a high proliferative
activity and the generation of the terminally
differentiated odontoblast cell. The identifica-
tion of progenitor/stem cell niches is thus best
observed 

 

in situ

 

 following their activation in
response to injury. Studies performed during
the 1980s first indicated that the replacement
odontoblasts, which synthesized reparative
dentine, are derived from undifferentiated
mesenchymal cells in the pulp proper

 

6–9

 

.
Labelling of cells with tritiated thymidine,
following pulp capping, showed an initial
proliferation of cells in a deep pulpal area
below the site of injury, followed by an appar-
ent migration of these cells to the wound
site where they undergo further proliferation
and differentiation to functional odontoblast-
like cells

 

6

 

. The source of these replacement
odontoblast-like cells (progenitor/stem cell niches)

was, and perhaps still, is a subject of some debate.
The early studies of Fitzgerald and co-workers

 

6

 

proposed that these progenitor cells were
derived from a population of fibroblast-like
cells. The investigators, however, also noted a
potential contribution from daughter cells
derived from the perivascular cell population.
More recent studies monitoring 

 

ex vivo

 

 BrdU
uptake by proliferative cells in response to
injury have suggested that the progenitor/stem
cell niches reside predominately in the
perivascular regions of the pulpal cavity, from
where they migrate to the site of injury

 

10

 

.
However, determination of stem/progenitor
cell niches, as determined by elevation in
Notch expression, following pulpal injury 

 

in
vivo

 

 has proposed niches additional to the
perivascular niche

 

11

 

.
Notch is purported to be an important sig-

nalling molecule which controls stem cell fate.
A recent study in rats explored Notch expres-
sion following pulp capping

 

11

 

. It was found
that 1–3 days following pulp capping, Notch 1
expression was increased in the odontoblast–
sub-odontoblast layers; Notch 2 expression
increased in the pulpal stroma, whereas Notch
1 and 3 increased in cells associated with the
perivascular structures

 

11

 

. This finding suggests
that progenitor/stem cell niches reside in
different locations throughout the pulpal tissue
(Fig. 2). But the responsiveness of each of the
progenitor/stem cell niches to injury would
appear to vary according to location.

Fig. 1. The stem cell niche consists of both the ‘true’ adult stem cell surrounded by the transit amplifying progenitor cells. 
The ‘true’ adult stem cell has the capacity for infrequent, but almost unlimited self-renewal, whereas the daughter transit 
amplifying cells are highly proliferative and are capable of differentiating along several cell lineages to produce the desired 
differentiated cell upon stimulation.
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Isolation and characterization of stem cell 
populations in dental pulp

 

The identification and isolation of an odon-
togenic progenitor population in adult dental
pulp were first reported by Gronthos and
co-workers in 2000

 

12

 

. This group described the
identification of dental pulp stem cells (DPSCs)
by virtue of their clonogenic abilities, rapid
proliferative rates, and capacity to form
mineralized tissues both 

 

in vitro

 

 and 

 

in vivo

 

.
Subsequent studies isolated single cell colony-
derived populations of DPSCs which demon-
strated multi-potentiality. This meant they
were able to form adipocytes and neural pre-
cursors 

 

in vitro

 

, in addition to dentin-like tissue
following transplantation into immuno-
compromised mice

 

13

 

. These studies also
demonstrated differences in the odontogenic
potential of the single colony-derived popula-
tions, with only 67% of cells found capable
of forming abundant ectopic dentine 

 

in vivo

 

13

 

.
This may suggest the existence of differing

progenitor/stem cell niches within dental pulp,
which, although highly proliferative, display
a hierarchy for cellular differentiation and
multi-potentiality.

The cellular characteristics of these DPSCs
have been compared with those of bone mar-
row stem cells. Both dental pulp and bone
marrow stem cell populations express similar
putative stem cell surface markers, including
CD44, CD106, CD146, 3G5, and Stro-1

 

14

 

. They
both expressed matrix proteins associated
with mineral tissue formation, such as alkaline
phosphatase, osteocalcin, and osteopontin.
Similar expression patterns were also noted for
stem cells isolated from periodontal ligament

 

14

 

.
However, in contrast to bone marrow stem
cells, DPSCs have been shown to maintain a
30% higher proliferation rate and a higher
growth potential

 

14

 

. This higher rate of prolifer-
ation has been linked to the increased pulp
cell expression of specific cell cycling mediators,
namely cyclin-dependant kinase 6 and insulin-
like growth factor

 

15

 

. Transplantation of DPSCs

Fig. 2. Several stem/progenitor cell niches may exist in the mature dental pulp. These include (a) undifferentiated 
mesenchymal cells (so-called sub-odontoblasts) residing in the cell-rich layer close to the existing post-mitotic odontoblasts; 
(b) a perivascular cell population associated with the pulpal vasculature; and (c) a Notch-2 positive cell population within 
the central pulpal stroma.
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into immunocompromised mice resulted in the
formation of a dentine-like tissue, whereas bone
marrow stem cells produced a tissue resembl-
ing that of lamellar bone

 

12

 

. This suggests that
inherently different regulatory mechanisms
exist within the two stem cell populations,
evidenced by the elevated synthesis of dentine-
specific proteins during the formation of the
dentine tissue at the cell transplant sites

 

16

 

.
Various attempts have subsequently been

made to isolate and characterize progenitor/
stem cell populations from adult dental pulp,
with the intention of achieving a more defined
clonal population of cells. A mesenchymal
stem progenitor population, expressing the cell
surface receptor Stro-1, has been isolated from
adult dental pulp

 

17–20

 

. The isolation strategy
was similar to those previously used for the
isolation of bone marrow stem cells

 

21

 

. However,
the presence of clonogenic cells, with high
proliferative capacity, is reported to be much
less common in dental pulp compared to bone
marrow

 

17

 

. These Stro-1 positive cells were
found to differentiate down neurogenic, adi-
pogenic, myogenic, and chondrogenic lineages

 

18

 

,
and make a mineralized matrix when cultured
in ‘odontogenic’-inducing conditions

 

19

 

. When
cells isolated for Stro-1 were compared with
those which were negative for this mesenchy-
mal stem cell marker, only Stro-1 positive cells
were capable of differentiating into odontoblast-
like cells, indicating the importance of these
cells in dentine repair processes

 

20

 

.
In alternative strategies, subsets of cell pop-

ulations with progenitor/stem cell characteristics
have been selected utilizing the haematopoietic/
endothelial marker CD34 and putative stem
cell proto-oncogene marker c-kit

 

22,23

 

. By virtue
of their infrequent, albeit unlimited self-renewal,
attempts have been made to preferentially
isolate the ‘true’ or ‘mother’ adult stem cell
from porcine dental pulp, by selecting cells
which fail to incorporate the DNA binding dye
Hoechst 33342 during cell division

 

24

 

. A long
proliferative lifespan has been confirmed for
these cells, as has their ability to form reparative
dentine following autologous transplantation.
Primitive cells express high levels of ß1 integrins,
which may assist in the constrained localiza-
tion of stem cell populations through interac-
tion with matrix proteins such as fibronectin

 

25,26

 

.

This observation has recently been utilized to
obtain a highly proliferative, mesenchymal
progenitor population with multi-potentiality
from rat dental pulp

 

27

 

. Cells expressing the
neural crest cell markers of the Eph family
have also been localized in mature dental pulp,
suggesting these embryonic cells persist in the
post-natal tissue

 

28

 

. Through the selection of cells
expressing the neural crest-associated low-
affinity nerve growth factor receptor (LANGFR),
a small population (less than 1%) has been
isolated from mature dental pulp

 

29

 

. Subse-
quent characterization of this cell population,
by the authors of this review, has shown the
expression of several putative stem cell markers
and an ability to differentiate down adipocytic,
chondrocytic, and osteogenic lineages

 

27

 

.

 

Hierarchical ordering of stem cell niches

 

In view of the known hierarchical order of
stem cells in dental pulp, the utilization of dif-
ferent isolation strategies could potentially
lead to the isolation of different progenitor/
stem cell populations, which reside in different
niches throughout the pulpal tissue (Fig. 2). At
present, work in this field is in its infancy, and
the phenotypic analysis in terms of putative
stem cell markers expressed by the various
progenitor/stem cell populations is incomplete.
Preliminary data have recently been presented
which directly compare the expression of sev-
eral putative stem cell markers of two progen-
itor cell populations isolated utilizing different
stem cell characteristics. These have included
LANGFR, which is found on the cell surface
of neural crest cells, and ß1 integrin, which is
highly expressed by primitive cells

 

27

 

. The results
provisionally suggest that more than one
progenitor/stem cell population exists within
mature dental pulp, which differ in their
embryonic status, one of neural crest character
and one of mesenchymal origin

 

27

 

.
If more than one progenitor stem cell pop-

ulation exists in mature dental pulp, then this
may provide an explanation for the observed
differences in odontogenic responses following
transplantation of single-cell clonal populations

 

13

 

.
It may also explain differences in proliferative
responses

 

4,10

 

 and patterns in Notch signalling

 

11

 

in response to trauma. The possibility that
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more than one progenitor stem cell population
may exist in mature dental pulp is also sup-
ported by the finding that stem cell popula-
tions in other tissues, such as primary tooth
pulp and periodontal ligament, have differing
genotypic and protein expression patterns

 

14

 

.

 

Comparison of human dental-derived 
progenitor cells

 

It is now well established that bone marrow
stromal cells (BMSCs) have the ability to form
adherent colonies when plated at reasonably
low densities in supplemented growth medium

 

30

 

.
Studies have demonstrated that each colony is
originally derived from the clonal expansion of
a single progenitor cell

 

31

 

. In addition to these,
and stem cell populations derived from adult
dental pulp, other so-called mesenchymal stem
cell populations have been recently identified
from human exfoliated deciduous teeth (SHED
cells), and adult periodontal ligament (PDLSCs)
by their ability to generate clonogenic adher-
ent colonies when grown and expanded under
the same conditions as the BMSCs

 

12,14,32

 

. Com-
parison of dental pulp, SHEDs, PDLSCs, and
BMSCs has demonstrated that DPSC, SHED,
and PDLSCs maintain a higher growth potential
compared with BMSCs. However, there are
reported differences in their protein and
gene expression profile. Interestingly, the SHED
cells are distinct from DPSCs by virtue of their
higher proliferation rate, increased cell popu-
lation doublings, and osteoinductive capacity

 

in vivo

 

14,33

 

. In addition to this, although SHED
cells are able to differentiate into putative
odontoblasts, and are immunoreactive to
dentine sialophosphoprotein, they failed to
reconstitute a complete dentine–pulp complex
which was observed with DPSCs. Such data
suggest that SHED cells are distinctly different
from DPSCs in regard to odontogenic differ-
entiation and osteogenic induction. It is
therefore possible that these SHED cells may
represent a population of multipotent stem
cells that are more immature than the DPSCs
obtained from adult teeth. Although these SHED
cells may contain stem/progenitor cells, they
may not be a single-cell type, and it is now
thought that they may well be a heterogeneous
population of cells from the pulp

 

12,13,34

 

.

 

Stem/progenitor cells in dentine regeneration 
and novel therapeutics

 

The identification and characterization of
stem/progenitor cells within the dental and
craniofacial tissues are now directing applied
research into the use of such cells in clinical
treatments. Such novel treatment modalities,
however, will not be easy to develop due to
the complex natural regenerative processes
within the injured pulp. It is well understood
that uncontrolled inflammation within the
pulpal environment negates any natural capac-
ity for repair

 

35

 

. This inflammatory response
and its progression are an important consider-
ation in harnessing the reparative potential
of the tooth and its progenitor cells. Severe
injury may lead to odontoblast cell death at
specific foci directly beneath the area of injury,
and the reparative dentinogenic response will
have implications for the survival of the sub-
odontoblasts within the underlying cell-rich
zone

 

36

 

, possibly one of the stem cell niches
outlined earlier in this review. The ability of
such cells to migrate to areas of injury from
other niches in unaffected areas of the pulp,
in order to replace damaged/lost cells, remains
an area of ongoing enquiry

 

10

 

. The potent mix
of bacterial infection and subsequent inflam-
mation will undoubtedly moderate the regen-
erative process as mentioned earlier. However,
it is still unclear how these inflammatory
processes effect stem/progenitor cells or the
molecular signalling processes responsible for
their differentiation.

The utilization of post-natal stem cells in
clinical applications may be best served by
developing materials that stimulate migration
of stem/progenitor cells to the site of injury.
These would then differentiate into a new
generation of odontoblast-like cells when the
vitality of the existing post-mitotic odontoblasts
is compromised by carious injury or trauma.
There is good evidence that such migration
occurs in response to pulp capping procedures,
with subsequent reparative dentinogenesis and
dentine bridge formation

 

37–39

 

. The recruitment
of a progenitor cell population to differentiate
into a new generation of odontoblast-like cells,
leading to reparative dentinogenesis, is a
natural reparative response of the dentine–pulp



 

66

 

A. J. Sloan and R. J. Waddington

 

© 2008 The Authors 
Journal compilation © 2008 BSPD, IAPD and Blackwell Publishing Ltd

 

complex. The finding that dentine bridge
formation is stimulated by calcium hydroxide
indicates that this process may be exploited
clinically

 

38,40

 

. It is tempting to consider the
exciting possibilities of clinically directing this
aspect of natural regeneration, both by maxi-
mizing recruitment of progenitor cells to areas
of injury and disease and also through influ-
encing the nature of the cell populations
recruited. If the specific chemotactic signals for
these cell populations can be determined, this
could be harnessed for directed recruitment of
these cells, to provide greater specificity and
control to the tissue response. It is now clear
that growth factors, sequestered within the
dentine matrix, influence and direct the
processes of reactionary and reparative den-
tinogenesis

 

41–43

 

. With increasing understand-
ing of pulpal regeneration in recent years, we
have been able to suggest more robust hypoth-
eses regarding the molecular and cellular
processes responsible for dental regeneration
and subsequent novel clinical therapies

 

44–47

 

.
Although recruitment of progenitor cells to

sites of injury occurs naturally, it may be con-
sidered random (given the potential environ-
ment of the compromised pulp) and uncontrolled.
Although it may be more relevant to try to
harness and exploit this natural process, it
has been suggested that directed recruitment of
progenitor cells might be achieved through
local application of enriched populations of
cells, either by harvesting cells from non-
autologous teeth or autologous exfoliated
primary teeth

 

33

 

. BMP-2-treated cultured pulp
cells

 

24

 

 and 

 

Gdf11

 

-electrotransfected pulp cells

 

48

 

have been successfully transplanted to surgi-
cally amputated pulps, suggesting a possible
therapeutic approach to dental regeneration.
Interestingly, the initial regenerated tissue
exhibits an osteo-dentine-like appearance,
similar to that of reparative dentine (atubular)
rather than tubular dentine. It is worth con-
sidering that this may be of benefit in dentine
bridge formation where an atubular dentine
would provide a more effective barrier to bac-
terial progression during any further carious
challenge. However, this may not be entirely
feasible due to the difficulties of obtaining
adequate sources and volume of autologous
cells to reduce any immune response to the

cell transplant. In order to improve yield, cells
sourced from non-dental sites have been
explored and have been found to be capable
of differentiation into odontoblasts in an
experimental model system

 

49

 

. If such approaches
to dental regeneration are to be explored
further, tissue banks to source autologous cells
will be required. This raises inevitable ques-
tions regarding clinical feasibility and cost. Are
such approaches justified for vital pulp therapy
or should we focus our attention on under-
standing the role played by these progenitor
cell populations during natural tissue regener-
ation and exploit these clinically 

 

in situ

 

?
In addition to reparative dentinogenesis, the

success of vital pulp therapy also depends on
an adequate vascular supply. Local angiogen-
esis is essential during healing at all wound
sites, and pulpal injury and healing are no dif-
ferent. In addition to providing nutrition dur-
ing the healing process, a good blood supply
may also benefit the perivascular progenitor
cell niche by increasing perivascular progeni-
tor cell recruitment during regeneration. As
discussed earlier, populations of DPSCs express
the perivascular cell marker CD146, among
other markers

 

12,13

 

, which are co-localized to
perivascular sites in the pulp

 

17

 

. It is now
known that angiogenic growth factors are
present among the cocktail of growth factors
found within the mature dentine matrix

 

50

 

. It
would appear that their release after injury
may be key to the local up-regulation of
angiogenesis at sites of trauma and, thereby
indirectly, influence the pool progenitor cells
for regeneration.

 

Engineering a whole tooth

 

Although the concept of engineering a whole
tooth offers exciting potential and has been
shown to be potentially feasible in controlled

 

in vivo

 

 animal models

 

51–53

 

, significant clinical
challenges remain. Issues surrounding the con-
trol of tooth shape, size, availability of dental
epithelium, growth, and eruption of an engi-
neering bio-tooth have yet to be resolved

 

54

 

.
Investigations are currently in progress to
develop methods to engineer a whole tooth and
dental pulps. These range from tissue recom-
bination studies to more complex scaffold-based
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engineering strategies, assembly of different
bioengineered components, novel cell pellet
engineering, chimeric tooth engineering, and
gene-manipulated tooth regeneration

 

51–53,55–61

 

.
Although a discussion regarding these meth-
odologies is beyond the scope of this review,
it is worth noting that recent advances in stem
cell biology and tissue engineering have high-
lighted the possibilities for tooth reconstruc-
tion. Future investigations will no doubt focus
on the enrichment of dental progenitor
cells and bioprocessing of such cells for clinical
use. However, the technical obstacles associ-
ated with this invariably question whether
stem cell-based whole tooth engineering
can be successfully translated into clinical
strategies.

 

Dental pulp stem cells and ageing

 

Histomorphometric analyses of pulpal cell
populations indicate that age-related reductions
in pulpal cell numbers occur. This includes
sub-odontoblastic cells which may be a poten-
tial progenitor cell niche

 

62,63

 

. This laboratory
finding would support clinical observations
that pulpal wound healing and regeneration
may be compromised with increasing age. Pre-
liminary studies have identified a potential
progenitor cell population in dental pulp, which
comprises less than 1% of the total cells

 

27,64

 

.
It is thus likely that the size of the pool of
stem/progenitor cells is relatively small and
that a relatively low number of cells are able
to participate in specific dentinogenic regener-
ative responses. Taken together, these factors
raise significant issues regarding the develop-
ment of novel therapeutics to target a progen-
itor cell population. Are such progenitor cell
niches exhaustive? Are they replenished via
the vasculature in sufficient numbers? Do the
specific populations reduce in number at
different rates, hence influencing the specificity
of regenerative response? Would novel biomi-
metic materials be as effective in older patients
or is there a window of opportunity for bio-
logically mediated vital pulp therapy linked to
age? In essence, the smaller the population of
those cells able to participate, the less likely it
is that novel clinical treatments will be effec-
tive in harnessing their potential to stimulate

regeneration. It is speculated that biomimetic
materials or ‘biofillings’ may be effective in
stimulating natural tissue repair and influenc-
ing the effectiveness and lifespan of restorations,
and maintaining the vitality of the compro-
mised pulp. The stage of dental development,
however, may have important relevance when
predicting the likely success of such novel
biological treatment modalities.

 

Conclusions

 

Regeneration of the dental tissues provides an
attractive alternative to more traditional restor-
ative approaches because the diseased tissue is
replaced by natural tissue, which forms an
integral part of the tooth. Novel methods
based on progenitor cell recruitment and sub-
sequent stimulation offer considerable poten-
tial to significantly impact on dental disease
treatment and the promotion of vital pulp
therapy. The development of such approaches,
however, requires precise regulation of the
regenerative events if they are to be effective.
If uncontrolled, obliteration of the pulp cham-
ber will arise with inevitable loss of tooth vitality.
An understanding of this issue is critical to our
future development of any dental regenerative
therapies based on exploitation of the progen-
itor cells in the dental pulp. It is tempting to
speculate that such novel clinical treatments
will come to fruition, but we are some way
from taking this knowledge from laboratory to
clinic. We clearly have an opportunity to move
restorative dentistry into a new era, harness-
ing the biological activity of the dental tissues
to facilitate wound healing and tissue regen-
eration. Indeed, current moves towards isola-
tion, collection, and cryopreservation of dental
pulp progenitor cells for banking and clinical
are now feasible and commercially possible

 

65

 

.
However, we must approach the challenges
with careful consideration. We are still some
distance from fully understanding the poten-
tiality and behaviour of dental pulp progenitor
cells, and subsequent clinical treatment modal-
ities. Nonetheless, the opportunities for their
exploitation in dental tissue regeneration are
becoming clearer and will lead to significant
benefits in the management of the effects of
dental disease.
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