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Regenerative medicine using patient’s own stem cells (SCs) to repair dysfunctional tissues is an attractive approach
to complement surgical and pharmacological treatments for aging and degenerative disorders. Recently, dental SCs
have drawn much attention owing to their accessibility, plasticity and applicability for regenerative use not only for
dental, but also other body tissues. In ophthalmology, there has been increasing interest to differentiate dental pulp
SC and periodontal ligament SC (PDLSC) towards ocular lineage. Both can commit to retinal fate expressing eye
field transcription factors and generate rhodopsin-positive photoreceptor-like cells. This proposes a novel
therapeutic alternative for retinal degeneration diseases. Moreover, as PDLSC shares similar cranial neural crest
origin and proteoglycan secretion with corneal stromal keratoctyes and corneal endothelial cells, this offers the
possibility of differentiating PDLSC to these corneal cell types. The advance could lead to a shift in the medical
management of corneal opacities and endothelial disorders from highly invasive corneal transplantation using
limited donor tissue to cell therapy utilizing autologous cells. This article provides an overview of dental SC
research and the perspective of utilizing dental SCs for ocular regenerative medicine.

Introduction
Stem cell (SC) research offers new strategies to treat
degenerative diseases, for which few effective treat-
ments currently exist. Many studies have aimed at
repairing aging and diseased organs by the replacement
of damaged cells with healthy functional cells that are
cultivated or produced in the laboratory or within
organs (e.g. liver, mammary glands and prostate)
regenerated from SCs, either from autologous origin
or allogeneic donor tissue (Refs 1, 2, 3, 4). The
implantation of new cells could also trigger paracrine
signalling (via diffusible factors and/or niche matrix
interactions) to mediate endogenous growth and the
regeneration of undamaged resident cells in target
tissue (Refs 5, 6). This concept of ‘regenerative medi-
cine’ offers novel treatment tools for degenerative
diseases.
The population of pluripotent embryonic SCs

(ESCs) is an extremely attractive cell source for
lineage cell differentiation and tissue regeneration.
However, the risk of immunogenicity and rejection,
tumour formation and ethical considerations have
restricted their use to mainly in vitro experimental
studies and their therapeutic potential remains to be
determined. To date, the first trials of human ESCs
have begun and completed result will only be available
in coming years. In 2010, a phase 1 clinical trial of
transplanting human ESC-derived oligodendrocyte

progenitors GRNOPC1 was performed on four patients
with spinal cord injuries. The participants received a
single injection of GRNOPC1 (∼2 million cells) and
they experienced neither serious adverse events nor
any change to spinal cord neurological condition
(Ref. 7). The treatment efficacy will only be concluded
after a long-term follow-up of these patients (Ref. 8). In
a phase 1/2 study transplanting human ESC-derived
retinal pigment epithelial (RPE) cells to the subretinal
space in a total of 18 patients with advanced dry type
of age-related macular degeneration (AMD) or
Stargardt’s disease, there was no adverse cell prolifer-
ation and rejection and patients had improved visual
acuity (Ref. 9). Though these results are encouraging,
long-term safety and graft survival have to be fully elu-
cidated in order to validate ESC therapy as a safe treat-
ment for degenerative diseases. Today ESCs are also
headed for trials in diabetes and heart failure. The
advances of induced pluripotent stem cells (iPSCs)
offer the possibility of obtaining abundant amounts
of undifferentiated ESC-like cells from allogenic or
autologous somatic cells for tissue and drug develop-
ment purposes (Ref. 10). However, there are different
methodologies to generate iPSCs with varied efficien-
cies, hence creating problems in reproducibility and
SC maintenance (Refs 12, 13). When using adeno-
and/or retro-viruses to introduce core pluripotent tran-
scription factors to somatic cells, transgene sequences
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could be encrypted in the host genome, increasing the
likelihood of tumorigenesis and hence hindering future
translational applications. Zero-footprint methods such
as reprogramming by episomal factors, mini-circles,
piggyBac, direct microRNA transfection and mRNA
and protein over-expression of reprogramming factors
with small molecule induction can substantially
reduce the chance of tumorigenicity caused by
random chromosomal insertion of exogenous genes.
However, these different methodologies will generate
iPSCs with varied efficiencies, hence creating pro-
blems in the reproducibility of pluripotent cell gener-
ation, maintenance and differentiation (Refs 11, 12,
13). Forced expression of reprogramming factors
cannot be controlled fully, leading to unpredictable
effects. The reprogramming efficiency must also be
improved through identification and manipulation of
a myraid of molecular pathways that are implicated in
somatic cell reprogramming. Another major concern
is that iPSCs retain the intrinsic memory of the original
tissue and this may cause the cells to work incorrectly
as pluripotent cells and affect the eventual functionality
of the desired differentiated cell type (Refs 14, 15).
They also tend to age prematurely and have a higher
rate of apoptosis, hence a clear understanding of
iPSC fate regulation and improvement in long-term
survival is required (Ref. 16).
In contrast, multipotential somatic SCs or tissue-spe-

cific adult SCs are present in virtually all adult tissues.
They are present in small numbers but divide in
response to injury to generate cells for tissue mainten-
ance and repair. Adult tissues that are known to contain
SCs include skin and hair follicles (epidermal), bone
marrow and peripheral blood (mesenchymal/hemato-
poietic), liver and skeletal muscle (mesenchymal) as
well as brain (neural) (Ref. 17). Since they can differ-
entiate and replenish specialized cells within the
organ they reside, the concept of ‘adult SC therapy’
(ASCT) is becoming a treatment strategy for degenera-
tive diseases. ASCT involves ex vivo manipulations
(including cell isolation, enrichment and identification)
and growth of adult SCs, which will be used to replace
dysfunctional cells in the diseased organs (Ref. 18).
Since the late 1960s, bone marrow SC transplantation
has been performed to treat blood disorders, such as
leukaemia and lymphoma (Ref. 19). Epidermal SC-
generated epidermis has served as skin grafts for
patients with large-scale third degree burns however
the new skin is devoid of hair follicles, sweat and
sebaceous glands (http://www.EuroStemCell.org).
Mesenchymal SC (MSC) therapy (from bone marrow
and adipose tissue) has shown promising outcomes
when used for tissue repair in cases of liver cirrhosis
and failure, musculoskeletal defects, periodontal
tissue defects, diabetic critical limb ischaemia, bone
damage caused by osteonecrosis and burn-induced
skin defects (Refs 20, 21). In addition, MSC transplant
can alleviate immune disorders, reverse graft-versus-
host disease, suppress inflammation and improve the

treatment outcome of multiple system atrophy, multiple
sclerosis, amyotrophic lateral sclerosis and stroke
(Refs 21, 22). Transplantation of bone marrow MSC
(BM-MSC)-derived dopaminergic cells to brain stri-
atum of Parkinsonian monkeys showed the expression
of dopamine transporter in the engrafted tissue and
improved the recipients’ motor behaviour (Ref. 23).
The ‘first-in-man’ clinical trial of autologous BM-
MSC injection to 25 patients with progressive supra-
nuclear palsy has proven this approach to be safe for
humans, however therapeutic effectiveness was not
achieved (Ref. 24). SC therapy for the treatment of dia-
betes mellitus is an alternative approach to islet trans-
plantation, which is restricted by limited donor and
graft rejection (Ref. 25). The protocol of differentiating
SCs into insulin-secreting cells and its translational
effect has been established for pluripotent cells and
for adult MSC (Refs 26, 27, 28, 29). Rat BM-MSC
and BM stromal cells were capable to trans-differenti-
ate into insulin-positive cells with the addition of pan-
creatic extract (Ref. 30). These islet-like cells could
lower the circulating glucose levels after sub-capsular
renal transplantation (Ref. 31).
The goal of ASCT is to introduce healthy cells to

reside and differentiate to form functional cells in the
target tissue to repair the disease state. The mechanisms
involved in these processes are not fully elucidated,
despite evidence suggesting that some transplanted
cells were able to survive and integrate in the host
tissue. These resident cells also exert paracrine effects
through releasing cytokines and growth factors,
which stimulate the growth of resident and functionally
competent cells (Refs 5, 32).

Eye disorders: an opportunity of SC-based
therapy
The human eye is an immune-privileged organ,
meaning that transplanted cells are not as likely to be
rejected as foreign materials compared with transplants
elsewhere. In a phase I/II trial, patients with AMD and
Stargardt’s macular dystrophy received SC therapy by
transplanting human ESC-derived RPE cells. Besides
the primary goal of safety assessment, the treatment
delayed disease progression and improved visual
acuity (Ref. 9). Further assessment will underpin if
the cells are well received by the body’s immune
system or become overactive and grow into tumours.
Long-term stability, survival and functionality of trans-
planted cells generated by chemical induction of
human ESCs are also critical concerns before conclud-
ing the success of ESC therapy.
‘Corneal opacities’ are characterised by scarring and

clouding of the cornea, and they reduce vision
(Ref. 33). Trauma, infection, immunological disorders
and, inherited diseases and degeneration (such as
corneal dystrophies and keratoconus) and/or induced
injuries (e.g. surgical trauma) can lead to corneal opa-
cities and a reduction in visual acuity, and even corneal
blindness. Infection-induced opacities are manifested
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acutely and most scarring can be reduced after appro-
priate therapy. However, residual scars that might be
left in the central/para-central cornea will cause a
visual deficit. Non-infectious and non-inflammatory
corneal opacities usually develop gradually (deposi-
tional or scarring disorders) and remain permanently.
Over 10 million people worldwide are affected by
corneal opacities, with a higher prevalence among
Asians and Africans than Caucasians. However, a sub-
stantial number of patients with bilaterally corneal
blindness (∼4.9 million worldwide estimated by
WHO 2010 global blindness data and WHO 2002
sub-region causes) could potentially have their eyesight
restored if the corneal opacification was removed
(Refs 34, 35).
Corneal opacities are treated either medically or surgi-

cally. The choice of therapy depends on the severity,
nature and aetiology of the scarring. In cases of infectious
keratitis, when medical treatment is ineffective or if there
is opacity progression, surgery will be considered.
Corneal transplantation, either penetrating keratoplasty
or lamellar procedures (anterior lamellar keratoplasty)
may have to be performed either as acute therapeutic
procedure or as a tectonic procedure (Refs 36, 37, 38).
Even in cases following the resolution of infection,
surgery may be needed to provide visual rehabilitation
to remove corneal scarring (Ref. 39). Despite surgical
advancement in the past decade, the surgical outcome
is highly constrained by worldwide shortage of donor
material, long-term graft survival, allograft rejection
and high surgical and rehabilitation cost (Ref. 38).
Hence, there is a need to explore alternative strategies,
which are simple and less invasive to permanently elim-
inate or prevent stromal scarring at a reasonable cost. In
order to achieve this purpose, a cell therapy involving
an autologous SC source is an attractive option.

Trans-differentiation potential of adult SCs
into other lineage cells
Adult SCs have been shown to have reprogramming
potential and can trans-differentiate into different cell
types other than those in which they reside. Unlike
iPSCs, the conversion of adult SCs is shown to be
more direct, efficient and more importantly, it bypasses
the pluripotent cell state, which often elicits safety con-
cerns and risk of tumorigenesis. An example is the con-
version of adult mouse pancreatic exocrine cells to
insulin-producing β-cells through the expression of
transcription factors (Pdx1, Ngn3 and Mafa) in vivo
(Refs 40, 41). The resultant cell morphology, cell
marker expression and insulin secretion profile were
similar to the native islet β-cells. However, subsequent
transplantation studies did not show any integration of
engineered cells with the existing islets. Functional car-
diomyocytes were generated by retroviral-mediated
expression of Gata4, Mef2c and Tbx5 in mouse
cardiac fibroblasts (Ref. 42) and mature neurons have
been formed after the forced expression of Asc11,
Brn2a and Myt11 in mouse astrocytes (Ref. 43).

These studies highlight the trans-differentiation cap-
acity of a variety of adult somatic cell types, and that
transcription factors play a key role in their differenti-
ation towards the desired target cell types. However,
engraftment in the appropriate ‘niche’ also greatly
influences cell growth and ultimate cell fate determin-
ation. The differentiation of BM-MSC towards cardio-
myocyte fate was achieved by its engraftment in an
appropriate ‘niche’ and the presence of trophic factors,
rather than by the intrinsic cell program (Ref. 44).
Though the exact mechanism remains undetermined,
the provision of a suitable microenvironment and
enhancement of functional activity of the specific
niche (through short- and long-ranging signal mediators)
may suffice to drive the differentiation of somatic SCs
towards the desired cellular phenotype in their target
tissue.

Dental SCs
There are two major types of dental SCs: dental MSC-
like cells and dental epithelial SCs. The latter is found
in the continuously growing incisors of rodent and in
molars of some mammalian species (Refs 45, 46). In
2000, Gronthos et al. first isolated MSC-like cells
from human postnatal dental pulp [dental pulp SCs
(DPSCs)] (Ref. 47). Subsequently, different types of
MSC-like cells were identified from developing tooth
[dental follicle SCs (DFSC)] (Ref. 48), postnatal
tooth with periodontal ligament [periodontal ligament
SCs (PDLSCs)] (Ref. 49) and apical papilla (stem
cells from apical papilla) (Ref. 50) as well as the pulp
cavity of exfoliated deciduous teeth (SCs from human
exfoliated deciduous teeth) (Ref. 51) (Fig. 1). There
are many reports on the dental SC characterisation
and differentiation potential and information are sum-
marised in Table 1 (Refs 52, 53, 54, 55). Owing to
the predominant MSC features, all these dental SCs
can differentiate into adipogenic, chondrogenic and
osteo/odontogenic lineages, similar to BM-MSC. As
a component of tooth development, dental SCs
appear to be more committed to odontogenic fate,
rather than osteogenic (Ref. 52). Since they are
derived from post-migratory cranial neural crest cells,
they have stronger neurogenic potential than BM-
MSC and may contain properties analogous to neural
crest progenitor cells even at postnatal stages
(Ref. 54). During development, cranial neural crest
cells originated from the roof plate of neural tube
(cranial region) migrate dorsolaterally to derive cranio-
facial mesenchyme, which further differentiates into
cranial ganglia, craniofacial cartilage and bones.
When they reach the pharyngeal pouches, they
become cells in thymus, middle ear ossicles, jaw,
tooth primordia [periodontal ligament (PDL) and
dental pulp]. They also migrate to the ocular region
and become periocular mesenchyme giving rise to
corneal stromal keratocytes (CSKs) and corneal endo-
thelial cells (CECs) (Refs 56, 57, 58).
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Dental pulp SCs
Dental pulp is the non-mineralized tissue at the centre
of tooth. The pulp cavity is occupied by soft connect-
ive, vascular, lymphatic and nervous components that
nourish and maintain the tooth. After physical
removal of tooth crown and root, the pulp tissue is
dissociated to single cells with a digestion mixture
of collagenase, dispase and trypsin. Under serum
culture, colony-forming cells are generated at a
higher frequency from dental pulp (22–70 colonies/
104 cells plated) than from bone marrow stromal cells
(Refs 59, 60) and they express various markers as
depicted in Table 1. Under the influence of growth
factors, such as leukaemia inhibitory factor, epidermal
growth factor and platelet-derived growth factor, they
undergo clonal proliferation forming colonies of
small round rapidly dividing cells that constitutively
express stage-specific embryonic antigen-4 (SSEA4),
OCT3/4 and NANOG while maintaining genomic sta-
bility, akin to pluripotent-like SCs (Ref. 61). Hilkens
et al. found no significant difference in marker

expression and differentiation potentials when DPSCs
that were isolated by enzymatic digestion compared
with explant growth from intact tissue (Ref. 62).
Owing to the small volume size of dental pulp, a
small number of non-vascular, lymphatic and neuronal
cells could be isolated. Lizier et al. reported that DPSCs
could be cultivated for 6 months without changes in
morphology or SC marker expression, suggesting a
prospect that these cells can be propagated to larger
numbers for potential regenerative applications
(Ref. 63). Viable DPSCs with appropriate marker
expression could also be isolated from cryopreserved
teeth under controlled cooling condition without cryo-
protectants (such as dimethyl sulfoxide), demonstrating
the applicability of tooth banking (more discussion in
the following section) (Refs 64, 65).
DPSCs are capable of differentiating into a wide

variety of tissue types, including osteocytes, myocytes,
chondrocytes and adipocytes (Table 1) (Refs 66, 67,
68, 69). They also share common expression markers
(ABCG2, integrin β1, vimentin, p63, and connexin 43)
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FIGURE 1.

Different types of dental stem cells that can be isolated from adult teeth.
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TABLE 1.

DENTAL STEM CELLS: IDENTIFICATION AND DIFFERENTIATION POTENTIAL

Stem cell type DFSC SHED DPSC PDLSC SCAP

Dental tissue Follicle Pulp Pulp PDL Apical papilla
Tooth type Dental germ Primary Permanent Permanent Permanent
Stemness markers ESC: nil

MSC: CD44, 73, 90, 105,
146, 166; STRO-1

SC: SSEA4, CD9, 13, 24,
29, nestin, Notch1

ESC: OCT4, Nanog
MSC: CD44, 73, 90, 105,

146, 166, STRO-1
SC: SSEA4, nestin, Notch1

ESC: OCT4, Nanog
MSC: CD44, 73, 90, 105,
146, 166, STRO-1

SC: SSEA4, CD9, 13, 29,
Notch1

NSC: nestin, NeuN, β3-
tubulin

ESC: OCT4
MSC: CD44, 73, 90, 105,

146, 166, STRO-1
SC: CD9, 13, 29, connexin43
NC: Slug, snail, Sox10, nestin
NSC: NeuN, β3-tubulin

ESC: OCT4
MSC: CD44, 73, 90, 105, 106,

146, 166, STRO-1
SC: SSEA4, CD9, 13, 24, 29,

nestin
NC: Slug, snail, Sox10, nestin
HSC: CD80, 86

Differentiation potential
(experimental)
(A) Dental

Odontogenic + + + + +
Dentinogenic ND + + ND ND
Cementogenic + ND ND + +

(B) Non-dental
Osteogenic + + + + +
Chondrogenic + + + + +
Adipogenic + + + + +
Myogenic + + + + ND
Neurogenic + + + + +

(C) Ocular ND ND + (CSK) + (PR) ND

CSK, corneal stromal keratocytes; DFSC, dental follicle stem cells; DPSC, dental pulp stem cells; ESC, embryonic stem cells; HSC, hematopoietic stem cells; MSC, mesenchymal stem cells; NC, neural crest;
ND, no detection; NSC, neural stem cells; OCT4, octamer 4; SHED, stem cells from exfoliated deciduous teeth; PDLSC, periodontal ligament stem cell; PR, photoreceptors; SCAP, stem cells from apical
papilla; SCs, stem cells (general); SSEA4, stage-specific embryonic antigen-4.
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with limbal SCs in the eye (Ref. 70). Transplantation of a
tissue engineered cell sheet composed of undifferentiated
immature human DPSCs to a rabbit alkali burn model of
limbal SC deficiency (LSCD) yielded a reconstructed
corneal epithelium expressing cytokeratin 3/12 and 18,
reduced neovascularization and clear cornea. These
results suggested that DPSC could be an alternative cell
source for the corneal reconstruction of LSCD (Ref. 71).

Neuronal differentiation potential of DPSC

Given their neural crest origin, DPSCs have significant
neuro-regenerative potential (Refs 72, 73, 74). They
constitutively express early neuronal markers (such as
nestin) and retain neuro-ectodermal features. When
placed under neural induction condition with chemi-
cals, such as retinoic acid (RA), neurotrophin-3,
nerve growth factor (NGF), cyclic adenosine mono-
phosphate (cAMP) and basic fibroblast growth factor
(bFGF), DPSCs differentiated to express mature neur-
onal markers (β-tubulin III and neurofilament–M)
and activated voltage-gated sodium pump channels
(Refs 75, 76). After transplantation into the brain of
newborn rats, DPSCs exhibited homing to the sites of
cortical lesion indicating their potential in rescuing or
replacing damaged neurons (Ref. 76). They are known
to exert paracrine neuro-tropism through their vast
expression of growth factors, including glial-derived
neurotrophic factor, ciliary neurotrophic factor and
brain-derived neurotrophic factor and NGF (Refs 77,
78). When transplanted into models of rat spinal cord
injury, DPSCs not only differentiated into oligodendro-
cytes, but also promoted spinal cord regeneration bymul-
tiple neurotrophic mechanisms including the reduced
apoptosis of spinal neurons and prevention of myelin
degeneration (Ref. 72). Similarly, intravitreal transplant-
ationofDPSC to a ratmodel of optic nerve injury resulted
in a greater survival ofBrn3a-expressing retinal ganglion
cell axons compared with control (Refs 77, 79).
DPSC differentiation towards specific neuronal fates

relies on chemical and environmental cues. When incu-
bated with sonic hedgehog, FGF8 and bFGF (mimick-
ing diffusible cues of midbrain), the cells were able to
differentiate into dopaminergic neurons with up-regu-
lated tyrosine hydroxylase, Nurr1, Engrailed1 and
Pitx3, and neuronal marker Map2ab (Ref. 80).
DPSCs in co-culture with rat retinal explants were
shown to enter into retinal neuronal fate with up-
regulated brain-derived neurotrophic factor (BDNF)
and retinal markers (Pax6, Ascl1, PSA-NCAM and
NeuroD1) (Ref. 81). Interestingly, rhodopsin, a
mature photoreceptor gene, was also induced. These
studies suggest that DPSC could be a lucrative source
of retinal-like SCs with the capacity to differentiate
into retinal neurons, and even photoreceptors (Fig. 2).
This may potentially be developed into a novel strategy
for rescuing retinal degeneration (associated with
AMD, diabetic retinopathy, retinitis pigmentosa,
macular dystrophy, artery or vein occlusion) as current
treatment modalities aim at delaying the disease

progress. However, once the retinal damage has com-
menced, retinal degeneration becomes inevitable. As
such, cell replacement therapy of retinal neurons, such
as rod photoreceptors, could be a potential treatment
strategy. Transplantation using donor cells from photo-
receptor precursors of newborn mice to precursors
derived in vitro from mouse ESC and human iPSC has
shown considerable retinal repair with cell integration,
albeit with limitations for clinical application (Refs 82,
83, 84).

PDLSCs
Periodontal regeneration offers clear evidence on the
existence of SCs in dental periodontium region,
which consists of gingiva, cementum of tooth root, sur-
rounding alveolar bone and interconnecting PDL
(Refs 85, 86). PDL tissue is unique in our body as it
is the only connective tissue interposed between two
mineralised hard tissues (the cementum of tooth root
and the alveolar socket). It surrounds the tooth root
and is dynamically and continually remodelling to
accommodate the growing tooth size in the alveolar
bone socket during dental development. It anchors
the tooth in its functional position and acts as a suspen-
sion for the tooth adapting to the mechanical load
during mastication. Periodonitis is a pathological
inflammation with symptoms of PDL regression
leading to tooth mobility and in severe cases, tooth
loss (Ref. 87). The regenerative property of PDL has
been shown by the fact that only PDL, not gingival
connective tissue or bone, possess cells that can
derive new connection fibres between the cementum
and alveolar bone (Ref. 88). It also contributes to the
reformation of the complicated periodontal ligament
tissue (Ref. 89). Adult PDL contains mixed cell types
consisting of fibroblasts, endothelial cells, epithelial
cell rests of Malassez, osteoblasts and cementoblasts
as well as progenitor cells (PDLSCs) that can self-
renew and differentiate (Ref. 90).
PDLSCs are originated from the cranial neural crest

and remain within PDL niche throughout adulthood.
After scraping PDL tissue from the middle one-third
of root surface from extracted tooth, single PDL cells
were isolated by enzymatic digestion with a mixture
of collagenase and trypsin. Under serum culture, the
cells were plastic adherent and showed clonal prolifer-
ation as fibroblast-like cells (Ref. 49). They express
markers for MSC (STRO-1, CD44, 90 and 146);
ESC (OCT4, SSEA4, Nanog) and NC (nestin, Snail,
Slug, p75/NTR) (Table 1) (Refs 91, 92). The percent-
age of SCs residing in PDL tissue is minimal when
compared with other tissues. However, as PDLSCs
are constantly activated for tooth/socket remodelling,
they can be more proliferative once clonal growth is
started. PDLSCs from young individuals may possess
a greater potential to differentiate into adipocyte-like
cells, rather than osteoblast-like cells. However, the
effect of donor age on postnatal SC functions is not
known. However, PDLSCs with retarded growth and
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FIGURE 2.

Diagram depicting the isolation of various dental stem cells, in vitro differentiation potential to ocular cell types and its potential therapeutic uses
for retinal diseases (such as age-related macular degeneration, diabetic retinopathy and Stargardt’s macular dystrophy) and corneal disorders

(including infectious keratitis, ectasia, corneal dystrophies and keratoconus).
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restricted differentiation ability are found in older sub-
jects and in patients with poor oral hygiene, dentition
and with a history of smoking. Tobacco smoking has
been shown to chronically destroy dental SCs, in par-
ticular PDLSCs (Ref. 93). Nicotine can activate α7
nicotinic acetylcholine receptor to down-regulate Wnt
pathway, resulting in reduced cell proliferation in
vitro, arrested migration and differentiation capabilities
(Refs 94, 95).
PDLSC exhibit multilineage differentiation poten-

tial, including adipogenic, chondrogenic, osteogenic
and neurogenic lineages, when cultured under appro-
priate inductive conditions (Refs 49, 96, 97). In vivo
transplantation of cultivated PDLSCs to immunocom-
promised mice formed PDL/cementum-like structure
that could contribute to periodontal repair (Ref. 98).
Interestingly, SSEA4-positive PDLSC contained the
capacity to form cells of three embryonic germ
layers: mesodermal (adipocytes, osteoblasts, chondro-
cytes), ectodermal (neurons) and endodermal (hepato-
cytes) lineages, indicating their pluripotency
(Refs 99, 100). Enriched human connexin43-expres-
sing PDLSCs were reported to express pluripotecy-
associated transcription factors (Oct4, Nanog and
Sox2), and markers specific for neural crest (SOX10,
p75/NTR and nestin) with the capacity to generate
tissue of three embryonic germ layers (Ref. 101).
Recently, ABCG2-expressing PDLSC side-population
has been shown to differentiate towards osteogenic,
chondrogenic and adipogenic lineages (Refs 102,
103). Trans-differentiation of human PDLSC into pan-
creatic cell lineage was also evidenced by the formation
of pancreatic islet-like clusters, insulin secretion in
response to high glucose, and pancreatic marker
expression (Ref. 104). Myotubular-like structures, indi-
cative of skeletal myogenic differentiation, have been
generated from human PDLSCs after 5-azacytidine
induction (Ref. 105). Rat PDLSCs have also been
shown to differentiate into vascular cells under phos-
phoinositol-3-kinase (PI3 K) pathway activation
(Ref. 106). The cellular expression of c-Myc and
OCT4 supports the notion of PDLSC to be a good
source for iPSC generation (Ref. 107). Besides the
trans-differentiation potential, PDLSC co-culture has
also been shown to enhance the differentiation of de-
differentiated fat cells into osteogenic lineage (expres-
sing RUNX2) (Ref. 108). Injection of human PDLSCs
into a rat model of crushed nerve injury improved
axonal regeneration and recovered sensory function,
comparable with Schwann cell therapy (Ref. 109). All
these findings highlight the differentiation and regen-
erative capacity of PDLSC.

Retinal fate determination of PDLSC

Human adult PDLSCs have the capacity to enter into
retinal fate, becoming retinal progenitors exhibiting
Rx+Pax6nuclear phenotype (Ref. 110). Through the for-
mation of embryoid body-like spheroids, neural crest
progenitors could be enriched and have been shown

to be positive for neurogenic markers (nestin, p75/
NTR, Pax6) (Fig. 2). With the inhibition of bone mor-
phogenic protein andWnt signalling and under the sup-
plementation of insulin-like growth factor (IGF) and
bFGF, retinal progenitor-like cells expressing eye
field transcription factors (Rx, PAX6, Lhx, Otx2)
were generated. The associated molecular pathways
were related to anterior neural plate development and
mimicked the guided signalling along mammalian
retinal neurogenesis. Such approach has been demon-
strated using human ESC and iPSC (Refs 111, 112).
Under competence modelling, the multipotent retinal
progenitors can pass through a series of competent
states in which different types of post-mitotic neurons
are generated. Further in vitro studies showed that
PDLSC-derived retinal progenitors generated mixed
types of retinal neurons with a predominant photo-
receptor phenotype expressing both rhodopsin and
Nrl (Ref. 110). However, there was heterogeneity of
cell type (composition and numbers within a clone),
independent of the induction condition or the donor
source. These variations could be genetically encoded
(deterministic) or stochastically decided, and needs
further clarification. Yet these exciting findings show
the potential of differentiating PDLSC towards a
retinal fate and could overcome the major drawbacks
of the potential utilisation of ESC and iPSC.

Potential to differentiate dental SCs to CSKs for the
clinical management of corneal opacities

As mentioned earlier, corneal transparency is essential
for optimal vision. ‘Corneal opacities’, because of
trauma, infection, immunological disorders and inher-
ited diseases, is a leading cause of worldwide blindness
(Refs 113, 114). Altered density and activity of CSKs
and stromal nerves are common pathological features
(Ref. 115). Besides the reduced light transmission,
there is a compromise of stromal tissue integrity and
corneal steepening leading to refractive alteration,
astigmatism and increased light scattering. However,
the deteriorated eyesight can be restored when the opa-
cities are removed. Therefore, development of an alter-
native therapy that replaces the damaged stromal cells
by healthy and functional CSKs could attain a
long-term restoration of visual function (clearance of
opacities for light transmittance and stromal tissue
strengthening for refraction). Intrastromal CSK injec-
tion and lamellar transplantation of engineered CSK-
scaffold constructs are the potential routes of cell
administration for the defective cornea. Minimally-
invasive intrastromal cell injection is technically
much simpler than the highly-invasive corneal trans-
plantation. Repeated injection is also feasible to
improve the efficacy in cases of disease recurrence. A
successful cell injection treatment requires a sufficient
number of healthy CSKs (∼104 cells per μl per injec-
tion site experimentally) (Refs 116, 117). However,
unlike corneal epithelial and endothelial cells that are
expandable in culture, CSKs are difficult to propagate
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ex vivo. When isolated CSKs are cultured under serum-
and cytokine-supplemented condition, they proliferate
but quickly transform to fibroblasts. Such change is
irreversible, and the stromal fibroblasts are phenotypic-
ally and biologically different from CSKs. This is evi-
denced by (1) a change of cell morphology from highly
dendritic shape to bipolar fibroblastic morphology and
the formation of intracellular stress fibres; (2) a rapid
loss of keratocyte gene expression (including kerato-
can, lumican, aldehyde dehydrogenases) and activation
of α5-integrin, fibronectin and α-smooth muscle actin
(αSMA), indicative of fibroblast and myofibroblast
transformation; and (3) a lack of production of
keratan sulphate-containing proteoglycans. In addition,
the actin-mediated extracellular matrix (ECM) contrac-
tion will deregulate the proper collagen fibril align-
ment, leading to stromal tissue opacification. The
recent discovery using a mixture containing soluble
amnion stromal extract, Rho kinase inhibitor and
IGF1 has shown that it is possible to propagate
human CSKs ex vivo without transition to fibroblasts
(Ref. 118). However, the low proliferation rate
remains a major limitation in its potential application
for cell therapy and tissue engineering. Hence, alterna-
tive autologous cell sources with proliferative and ker-
atocyte-differentiation capability must be sought. The
identification of adult human corneal stromal SCs
also offers the opportunity to develop functional kera-
tocytes (Ref. 119). They could produce stroma-like
ECM but are yet to be organized globally to produce
functional stromal tissue (Refs 120, 121, 122). Lack
of unique markers also makes the isolation of homo-
genous SC population difficult (Ref. 123). In addition,
human ESC-derived neural crest-like cells have been
induced to differentiate into keratocyte-like cells
expressing keratocan and ALDH3A1 (Ref. 124).
However, the induction efficiency and cell purity
have to be optimized and the safety issue of using
ESCs in clinical treatment need to be overcome.
Adult bone marrow-derived and neonatal umbilical
cord-derived MSC, when intrastromally injected to
lumican-null (Lum−/−) and keratocan-null (Kera−/−)
mice have been shown to assume dendritic cell morph-
ology and express CSK markers (keratocan, lumican
and CD34) with an improved corneal transparency
(Refs 116, 117). However, the molecular pathways
associated with CSK differentiation from MSC were
not delineated in these studies. More recently, Syed-
Picard et al. reported the capability of human DPSCs
to differentiate to CSKs ex vivo under induction with
bFGF, transforming growth factor β3 (TGFβ3) and
ascorbate-2-phosphate (Ref. 125). Intrastromal cell
injection to mouse corneas demonstrated clear
corneas with the production of human collagen I and
keratocan. These promising data support the hypothesis
that dental SCs can be a feasible autologous cell source
for corneal stromal cell regeneration.
Similar to DPSC, PDLSC share the same develop-

mental origin – cranial neural crest, as CSK. It is

reasonable to consider that PDLSC can be differen-
tiated into CSK (Fig. 2). This shortened differentiation
will be advantageous over the reprogramming of adult
cells to pluripotent cell stage followed by direct differ-
entiation. This will eradicate the safety concerns over
potentially uncontrolled tumour formation. In addition,
PDLSC share much similarity to CSK, including (1)
the expression of key stromal proteoglycans, lumican
and decorin and (2) similar pro-survival responses to
IGF (Refs 126, 127, 128). The success of generating
CSK from PDLSC offer advantages over the ex vivo
expanded CSK as PDLSC are readily propagated
ex vivo and can be cryopreserved, hence offering suffi-
cient number of viable cells for CSK differentiation for
future cell therapy and stromal tissue engineering
applications.

Generating CECs from PDLSC

Owing to the innate nature of human corneal endothe-
lium, the CECs are not able to regenerate within the
eye. Loss of CECs because of trauma or dystrophies
of corneal endothelium, to the extent of affecting
their ability to regulate corneal hydration, will result
in corneal decompensation leading to blindness
(Ref. 129). Partial thickness corneal endothelium trans-
plantation (such as Descemet’s stripping automated
endothelial keratoplasty and Descemet membrane
endothelial keratoplasty) to replace the dysfunctioned
CECs can restore vision but again the outcome is
restricted by the global shortage of donor corneas
(Refs 38, 130). To alleviate the problem, alternative
treatment approaches, such as CEC injection and
tissue-engineered graft equivalents with cultivated
CEC, have been proposed (Refs 130, 131, 132).
However, research revolving around the use of culti-
vated human CEC has been slow, significantly ham-
pered by the difficulty to propagate these primary
cells efficiently (Ref. 133). Though recent reports
have described relatively robust approaches in the
primary CEC expansion ex vivo (Refs 134, 135), the
propagation capacity is rather limited, in particular
when compared with that of a SC source. There is
also significant variation among donors. Several
reports have shown that peripheral CECs express
LGR5, a somatic SC marker, OCT4, SOX2 and
PAX6, however these cells were not characterized
extensively nor they were shown to possess the
ability of clonogenic self-renewal (Refs 136, 137). As
such, there remains an unmet need for efficient propa-
gation of primary human CEC for potential therapeutic
use.
Similar to CSK development, CEC is also derived

from cranial neural crest via the intermediate periocular
mesenchyme (Ref. 138). It is thus plausible to envisage
the derivation of CEC from PDLSC using key develop-
mental signalling molecules (Fig. 2). To date, although
the exact mechanisms of CEC specification from neural
crest or more specifically from the periocular mesen-
chyme have not been fully elucidated, various key
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signalling pathways and transcription factors have been
identified. For example, TGFβ signalling is associated
with the formation of corneal endothelium (Ref. 139).
Along with RA signalling, the induction of key tran-
scription factors (PITX2 and FOXC1) is necessary
for CEC development (Refs 140, 141). Recent tran-
scriptome profiling comparing human CEC and CSK
further suggested the involvement of Wnt signalling
(Refs 142, 143). However, deeper understanding of
these pathways within the context of CEC development
and studies into the temporal involvement of various
signalling molecules are required in understanding
the complex differentiation of PDLSC towards CEC.

Tooth banking: the first step to future tissue
engineering
The harvesting of dental SCs (from extracted teeth) is a
significant upside when compared with bone marrow,
umbilical cord or adipose-derived MSCs, as well as
other forms of adult SCs that require more invasive pro-
cedures, which are usually associated with pain and the
risk of adverse events. Although dental SCs can be
found in all teeth, the third molar is the most
common source for cell isolation, as it is the last
tooth to develop, and is normally in a premature
stage of development. In most humans, it is usually
unused hence the SC quality should be well preserved.
The relatively large tooth volume and surface area gen-
erally yield more dental pulp tissue for the isolation of
DPSC and PDL for PDLSC. Although the percentage
of adult SCs usually decreases with age, dental SC
population is always present, even in older subjects
(Ref. 61). Wisdom tooth extraction is generally per-
formed worldwide and these extracted teeth are
merely disposed as medical waste. Hence, their use
for SC research and application has minimal ethical
issues. With such advantage, the concept of ‘tooth
banking’ was initiated in 1966 (Ref. 144). There have
been several reports on tooth cryopreservation but
very limited data have been provided for subsequent
isolation efficiency of dental SCs. Lee et al. showed
that DPSCs were viable when isolated from cryopre-
served teeth under controlled cooling condition
without cryoprotectants (Ref. 65). The cooling proced-
ure was performed using a programmable freezer
coupled to a magnetic field generated by 75 mA elec-
tric current and the temperature was controlled at
−5°C for 15 min, followed by temperature drop at
0.5°C/min to −30°C and the final storage temperature
at−150°C. Hence, the absence of detailed preservation
methodology for teeth and/or dental SCs remains a
significant limitation. Further research on this aspect
will allow the design of proper storage of autologous
SCs for future use, guaranteeing donor matching
without immunological or genetic incompatibility.
Besides a facility development to obtain high-quality
dental SCs, the concept of tooth saving and banking
should begin with the dentist and dental caregiver as
this could impact their practice protocol. They are in

a pivotal position to control the quality of tooth materi-
als, which is affected by a number of daily habits.
General public should be provided with information
regarding the option of tooth or dental SC banking,
emerging research outcome and potential clinical use.
They need to be educated with ways to maintain oral
hygiene and eliminate the contaminating oral flora.
Smoking is a great impact to the healthy dental SC
population and restricts their differentiation potential
(Ref. 95). Hence, eligible patients should be educated
to minimise smoking, which can preserve the health
of SC population and this would be beneficial to the
patients’ future.

Conclusion
Dental SCs could be a milestone in personalised regen-
erative medicine. Advances in the isolation and under-
standing of these SC populations as well as their
differentiation capabilities could open up new fields
of research and novel treatment modalities for degen-
erative and aging disorders in ophthalmology and
other clinical areas.
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