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ABSTRACT

Stem cells play a critical role in development and in tissue regeneration. The dental pulp contains a small sub-population of
stem cells that are involved in the response of the pulp to caries progression. Specifically, stem cells replace odontoblasts that
have undergone cell death as a consequence of the cariogenic challenge. Stem cells also secrete factors that have the potential
to enhance pulp vascularisation and provide the oxygen and nutrients required for the dentinogenic response that is typically
observed in teeth with deep caries. However, the same angiogenic factors that are required for dentine regeneration may
ultimately contribute to the demise of the pulp by enhancing vascular permeability and interstitial pressure. Recent studies
focused on the biology of dental pulp stem cells revealed that the multipotency and angiogenic capacity of these cells could
be exploited therapeutically in dental pulp tissue engineering. Collectively, these findings suggest new treatment paradigms
in the field of endodontics. The goal of this review is to discuss the potential impact of dental pulp stem cells to regenerative

endodontics.
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The discovery of stem cells in the dental pulp has led to
a substantial change in our understanding of the
mechanisms involved in the maintenance of dental pulp
homeostasis in health and in the pulp response to
injury. These cells are intimately involved with the
physiology of the dental pulp tissue throughout the
entire lifespan of the tooth. It has also been postulated
that stem cells are involved in the regulation of pulp
angiogenesis in response to cariogenic challenges. More
recently, the potential use of stem cells in dental pulp
tissue engineering has boosted much interest in the field
of regenerative endodontics. Here, we summarise key
research findings in the area of dental pulp stem cell
biology in light of the potential impact of these research
observations to the clinical practice of endodontics in
the future.

STEM CELLS IN THE DENTAL PULP

Besides the development and introduction of new
techniques, instruments, and medicaments for the
clinical management of the dental pulp, the fundamen-
tal principles of clinical endodontics today are not
drastically different than those of the time when first
root canal instruments and gutta-percha were intro-
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duced in the 1800s. However, the isolation of clono-
genic and highly proliferative stem cells from the dental
pulp has the potential to change this scenario. Studies
carried out at the National Institutes of Dental and
Craniofacial Research (NIDCR) unveiled the stem cells
from human exfoliated deciduous teeth (SHED) and
dental pulp stem cells (DPSC) from permanent teeth'>.
These cells are multipotent, as defined by their ability to
undergo odontogenic, angiogenic, adipogenic, chon-
drogenic, neurogenic, or myogenic differentiation®’.
More recent studies have started to explore the
possibility of using dental pulp stem cells as an
alternative treatment for neurologic and cardiac dis-
eases®. The fraction of multipotent stem cells in the
dental pulp is small'® and the location of these cells is
not clearly known, but their phenotype is suggestive of
their presence in perivascular niches''. Although both
DPSC and SHED cells are originated from the dental
pulp, they exhibit significant differences. For example,
during osteogenic differentiation, SHED present higher
levels of alkaline phosphatase activity and osteocalcin
production, and higher proliferative rate than
DPSC**!2, Notably, both SHED and DPSC cells are
capable of regenerating dentine and pulp-like tissues
in vivo' 1314,
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Stem cells and caries-induced dentinogenesis

The dental pulp is a highly vascularised and innervated
connective tissue responsible for maintaining tooth
vitality and able to respond to injuries. Dentinogenesis
is a unique process, which involves the interaction
between odontoblasts, endothelial cells, and nerves'>.
The odontoblasts, ecto-mesenchymal derived cells, are
the first cells to respond to the injury caused by
bacterial invasion during caries progression'®. The
endothelial cells and nerve cells located in the vicinity
of the carious lesion modulate the odontoblastic
response”_lg.

Primary odontoblasts are induced to secrete a dentine
matrix that mineralises as reactionary dentine in
response to shallow caries?®*!. This type of tertiary
dentine protects the dental pulp from irritants and
maintains dental pulp integrity. Meanwhile, when
caries advances more deeply towards the pulp, and
more severe injury happens, the odontoblasts can
undergo cell death. Cells originated from the dental
pulp stem cell pool typically substitute dying odonto-
blasts. This process depends on a cascade of events that
involve stem cell proliferation, migration, and differ-
entiation into odontoblasts. In other words, the pulp
healing depends at least in part on the regenerative
potential of stem cells from the pulp core that actively
migrate towards the carious site, differentiate into
odontoblasts, and secrete mineralisable matrices. Stem
cell-derived odontoblasts can also contribute to the
generation of a dentine bridge in cases of pulp

exposure. Dentine bridges are also considered a type
of tertiary dentine®!>%,

Stem cells and pulp angiogenesis

The spatial proximity between odontoblasts and blood
vessels suggests the existence of an active interchange of
signalling molecules during dentinogenesis>>. Vascular
endothelial growth factor (VEGF) is a potent inducer of
endothelial cell differentiation and survival, and it is the
most effective angiogenic factor characterised to date**~
26 VEGF also plays a critical role in the control of
vascular permeability during physiological and patho-
logical events®®. VEGF is strongly expressed by odon-
toblasts and in the sub-odontoblastic layer in wvivo
(Figure 1)277?°. Indeed, VEGF is potently expressed in
dental pulp tissues of teeth undergoing caries-induced
pulpitis, as demonstrated by immunohistochemical
studies®®. Among its receptors, VEGFR2 appears to
be the most intimately associated with the angiogenic
potential of endothelial cells*’. Notably, VEGFR2 is
expressed in the dental pulp of permanent and primary
teeth, which is consistent with the ability of pulp cells to
respond to VEGF-induced signalling®. We have
recently performed a pilot study to evaluate the
difference in VEGF expression in carious teeth, using
non-carious teeth from the same patient as controls.
Initial data analysis revealed a significant increase in
VEGEF expression in teeth with caries as compared to
sound teeth (Figure 2). We have also observed an
increase in VEGFR2 expression in the carious tooth of
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Figure 1. Expression of VEGF by dental pulp cells. Photomicrographs at low (A) and high (B) magnification of VEGF immunohistochemistry from
the rat dental pulp. Intense VEGF staining is observed in the odontoblastic and sub-odontoblastic layers. Legends: periodontal ligament (PDL),
dental pulp (DP), dentine (D), odontoblastic layer (OD), sub-odontoblastic layer (SOD). (C) Baseline VEGF expression in murine cell lines:
undifferentiated dental pulp cells (OD-21), odontoblasts-like cells (MDPC-23), and macrophages. (D) Baseline VEGF expression in human primary
cells: dental pulp stem cells from permanent teeth (DPSC), human dental pulp fibroblasts (HDPF), and human dermal microvascular endothelial
cells (HDMEC).
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Figure 2. Pilot study on VEGF and VEGFR2 expression in the pulp

of sound and carious teeth. VEGF and VEGFR2 gene expression was

analysed by RT-PCR in the dental pulp of two patients (patient A and
B). Each pair consists of one tooth with a deep caries lesion and a
non-carious tooth. VEGF was upregulated in the pulps of carious
teeth as compared to the pulps from non-carious teeth. VEGFR2
expression was low in the pulp from one tooth with deep caries
(patient A), and undetectable by RT-PCR in the remaining samples

analysed here.

one of the patients examined, but not in the other
patient, in these pilot studies (Figure 2).

Lipotheicoic acid (LTA) and lipopolysaccharides
(LPS) are important toxins associated with gram-
positive and gram-negative bacteria, respectively. We
have observed that VEGF expression is enhanced in
dental pulp cells exposed to LTA or LPS*”*®, Gram-
positive, aerobic or facultative anaerobic bacteria such
as Streptococcus mutans and Lactobacillus acidophilus
are predominant bacteria in shallow caries lesions. In
contrast, gram-negative anaerobic or facultative bacte-
ria as Prevotellas and Porphyromonas are more com-
monly found in deep caries lesions®>. The responses to
bacterial stimuli are possible because the odontoblasts
express Toll-like receptors. TLR2 is primarily involved
in gram-positive and TLR4 in gram-negative bacterial
recognition. Previous research showed increased
expression of TLR4 in dental pulp cells** and nocicep-
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tive neurons® during pulpitis. We have shown that
TLR2 and TLR4 play a critical role in the regulation of
dental pulp angiogenesis in response to bacterial
stimuli*®*”. Notably, dental pulp stem cells (DPSC)
express TLR-4 (Figure 3) and exposure to bacterial LPS
enhances VEGF expression. In a search for a mecha-
nistic explanation for these results, we observed that
LPS triggers intracellular signalling via PKC-{ and ERK
in dental pulp stem cells. This pathway is critical for the
regulation of the expression of VEGF by LPS in these
cells*”. We hypothesise that the ability of odontoblasts
and stem cells to sense LPS through TLR signalling
contributes to the overall response of the pulp to
bacterial infection that is characterised by an increase in
vascular density and influx of immune cells.

It is speculated that VEGF plays a key role in the
promotion of dentinogenesis by inducing the vasculari-
sation required to sustain the high metabolic demands
of odontoblastic cells in active processes of dentine
matrix secretion. On the other hand, excessive VEGF
might be responsible for irreversible pulpal damage by
increasing tissue volume, and perhaps intra-pulpal
pressure, which collectively results in additional tissue
damage. Deeper knowledge about the effect of VEGF in
the dental pulp tissue is necessary before one can fully
understand the impact of this potent growth factor to
tissue damage and tissue regeneration.

DENTAL PULP TISSUE ENGINEERING

The inspiration for the use of dental pulp stem cells in
tooth tissue regeneration was boosted by a key study
that demonstrated that these cells are capable of
generating complex dental tissues iz vivo'. The dental
pulp tissue generated by these cells is typically sur-
rounded by a layer of odontoblast-like cells lining
mineralised deposits. Notably, odontoblastic processes

Figure 3. Expression of TLR4 in dental pulp cells. Inmunohistochemistry for TLR4 gene expression analysis (A, C, E, G) using a non-specific IgG
as control (B, D, F, H). TLR4 was observed in the dental pulp stem cells (DPSC), human dental pulp fibroblasts (HDPF), rat odontoblast-like cells
(MDPC-23), and mouse macrophages (control).
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invading the tubular dentine structures can be ob-
served'. We believe that this landmark study plays a
very important role in setting the stage for the field of
regenerative endodontics.

Although dental pulp stem cells can be obtained from
permanent teeth (e.g. third molars or teeth extracted for
orthodontic reasons), primary teeth have become an
even more attractive source of mesenchymal stem cells
because they constitute perhaps the only truly ‘dispos-
able’ post-natal human tissue. These cells also appear to
be highly proliferative, as compared to stem cells from
permanent teeth (unpublished observations). The abil-
ity of dental pulp stem cells to differentiate into
odontoblasts and to regenerate the dental
pulp®!3:14:38:3% hag raised the interest towards the use
of these cells as a conceptual framework for the
development of therapeutic strategies for the revitali-
sation of the necrotic teeth.

We have recently demonstrated that transplantation
of SHED seeded in tooth slice/scaffolds into the
subcutaneous space of immunodeficient mice results
in the generation of a tissue with morphological
characteristics that resemble those observed in human
dental pulps®*~*°. The odontoblast-like cells lining the
dentine of the tooth slice were positive for dentine
sialoprotein (DSP), a marker for odontoblastic differ-
entiation®®. Notably, a recent study provided strong
evidence for the differentiation of SHED into functional
odontoblasts by demonstrating that these cells were
able to generate new tubular dentine in wvivo, as
determined by tetracycline staining'®.

Dentine serves as an important reservoir of bioactive
molecules that are clearly involved in the regulation of
dental pulp responses to stimuli*!. We have recently
demonstrated that dentine-derived morphogens play an
important role in the odontoblastic differentiation of
SHED?*’. In the search for the specific molecules
involved in this process, we have evaluated the role of
bone morphogenetic proteins (BMP), which are known
to be involved in the regulation of odontogenesis and
dentine regeneration®>*. We observed that dentine-
derived BMP-2, but not BMP-7, is required for the

odontoblastic differentiation of SHED?’. Collectively,
these data suggest that the stimuli required for the
odontoblastic differentiation of dental pulp stem cells
can be recruited from the dentine itself. Under this
paradigm, dentine contains ‘fossilised’ bioactive mole-
cules ready to be engaged in processes aiming at the
defence of the integrity of the dental pulp tissue. This
hypothesis is largely derived from the exceptional work
performed by the Smith laboratory over the last 20
years**.

The efforts on dental pulp tissue engineering are
geared towards the generation of a viable and healthy
pulp throughout the entire root canal length. One study
showed that SHED cells are able to attach to the
dentine walls and proliferate inside root canals in
vitro®. Later, it has been shown that dental pulp stem
cells can regenerate a pulp-like tissue in root canals in
vivo. The tissue formed had functional odontoblast-like
cells able to deposit a mineralieed matrix on the root
canal walls'*. One recent study from our laboratory
explored the use of an injectable scaffold (Puramatrix)
loaded with SHED cells to engineer a dental pulp
throughout the entire length of the root canal. We
observed the formation of a dental pulp-like tissue
(Figure 4) able to generate new dentine along the root
canal walls, as confirmed by tetracycline staining (data
not shown). Notably, scaffold development is an area
of intense research today. The ability to inject the cells
into the root canal using a biocompatible and biode-
gradable scaffold will be critical for the future use of
stem cell-based therapies in clinical endodontics.

FUTURE CLINICAL APPLICATIONS

The understanding of the mechanisms underlying pulp
angiogenic responses is critical for the development of
new, targeted therapies that aim at the conservation of
dental pulp viability. For example, new therapeutic
approaches could be used to regulate the expression of
angiogenic factors (e.g. VEGF) to enhance the success
of revascularisation of avulsed teeth*®. On the other
hand, inhibitors of angiogenesis and vascular perme-

Figure 4. Engineering of a dental pulp-like tissue in the root canal of a human tooth extracted for orthodontic reasons. Photomicrographs at low (A)
and high (B) magnification of the tissue generated by the transplantation of SHED loaded in an injectable scaffold (Puramatrix) into the root canal of
a human tooth transplanted into the subcutaneous space of an immunodeficient mouse.
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ability could be indicated as an adjuvant therapy for
cases of incipient pulpitis. We believe that the area of
molecularly targeted therapeutics aiming at the main-
tenance of pulp viability is in its infancy. However,
developments in this area have the potential to revolu-
tionise the way that we practice clinical endodontics in
the future.

Perhaps one of the first indications for the translation
of dental pulp tissue engineering to the clinic is in the
treatment of traumatised immature permanent incisors.
Dental trauma is a relatively common occurrence in
children*”. Avulsion, intrusion and extrusion are inju-
ries resulted from the forceful displacement of the tooth
and may lead to the rupture the apical blood and nerve
bundles. As a consequence, these teeth frequently
undergo pulp necrosis and interruption of dentinogen-
esis. This results in incomplete vertical and lateral root
formation with thin and fragile dentine walls. It has
been shown that these teeth are highly susceptible to
root fractures upon second trauma*®. However, the
open apex and large pulp chamber favours regenerative
cell-based therapies. This might constitute a favourable
clinical scenario for the first attempts to regenerate
dental pulps with stem cells*’.

CONCLUSIONS

Stem cells are critical for the physiology of the dental
pulp and for the response of this tissue to injury.
Recent findings have unveiled dental pulp stem cells as
potential therapeutic targets in cases of reversible
pulpitis. Importantly, these cells may become an
alternative primary strategy for the revitalisation of
necrotic immature permanent teeth. Such discoveries
have the potential to fundamentally change the
paradigms of conservative vital pulp and root canal
therapy, and perhaps allow for the treatment in the
future of conditions that are presently untreatable in
dentistry.
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