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PERSPECTIVES

Dental pulp stem cells, a
paracrine-mediated therapy for the
retina
The functional loss that occurs after retinal/optic nerve injury is permanent and can arise through trauma or neurodegenerative conditions such
as glaucoma. Neurotrophic factors (NTFs) promote survival of injured
retinal ganglion cells (RGCs) and regeneration of their axons, suggesting
their clinical utility to prevent further damage and restore lost function.
Delivery of optimal concentrations of NTFs to RGCs is difficult to achieve
by injection but single implants of stem cells which naturally secrete
multiple NTFs for sustained periods better addresses this problem. This
review discusses a relatively new source of adult stem cells, the dental pulp
stem cells, and compares their efficacy and feasibility with other stem cells,
such as the well-studied bone marrow-derived mesenchymal stem cells
(BMSCs), in the context of cellular therapy for the retina.
Retinal and/or optic nerve damage after trauma or degenerative diseases
leads to partial or complete blindness. Like other parts of the central nervous system (CNS), RGC axons in the optic nerve fail to regenerate after injury and RGCs are not replaced after death (reviewed in Berry et al., 2008).
Unlike the rest of the CNS, death of RGCs is rapid after optic nerve injury
with over 90% lost after 21 days (Berkelaar et al., 1994), as there are no collateral axons to maintain the retrograde delivery of neuroprotective NTFs
to RGC somata. Thus, a major therapeutic goal is to develop new strategies
to promote both RGC neuroprotection and regeneration of their axons after trauma and in degenerative retinal disease.
A requirement for neuroprotection and axon regeneration is the delivery of an effective titre of NTFs to neuronal cell bodies. However, effective
delivery of exogenous NTFs to the eye is limited by disadvantages such as
the need for repeated intravitrealed injections (Ko et al., 2000, 2001), the
down-regulation of TrK receptors after bolus administration (Sommerfeld
et al., 2000; Chen and Weber, 2004) and the lack of efficacy when single
NTFs are used (Logan et al., 2006).
We have previously explored the application of cellular therapy to address these problems by intravitreal transplantation of cells which, due to
their placement at close proximity to the retina, will continuously supply
multiple NTFs directly to the RGC somata, promoting both RGC survival
and the regeneration of their axons after optic nerve injury. Intravitreal
rather than intranerve transplantation of NTF secreting cells avoids the formation of a sink of high NTF concentration that traps axons within transplant sites, preventing their forward growth along the optic nerve. In our
first study (Logan et al., 2006), we achieved this by intravitreal grafting of
fibroblasts engineered to express fibroblast growth factor-2 (FGF-2), neurotrophin-3 (NT-3) and brain-derived neurotrophic factor (BDNF) which led
to survival and axon regeneration of approximately 1.25% of RGCs (compared to intact retina) with axons extending 2 mm distal to the crush site.
Genetic modification of autologously transplanted cells however adds
costs and time required to prepare the therapy, making translation to the
clinic more challenging.
An emerging new therapeutic theme is the use of stem cells as a sustained source of multiple NTFs for CNS injury. For example, various
studies have attributed functional recovery after transplantation in models
of spinal cord injury to stem cell-derived NTFs (reviewed in Li and Lepski,
2013). These studies have demonstrated improvements in locomotion, but
few stem cell-derived neurons are formed, causing us and others to speculate that a paracrine mechanism, rather than neuronal differentiation is
responsible for the restoration of function (Burdon et al., 2011). Studies
from other laboratories in ocular models have explored this phenomenon
by transplanting BMSCs into the rat vitreous body after either optic nerve
transection (Levkovitch-Verbin et al., 2010) or episcleral vein ligation/
trabecular meshwork laser photocoagulation induced-glaucoma (Yu et
al., 2006; Johnson et al., 2010). Following BMSC transplantation, these
authors demonstrated significant RGC neuroprotection with the number
of surviving RGCs increased by 10–20% in animal models of glaucoma
(Yu et al., 2006; Johnson et al., 2010) and by 20% at 8 days after optic
nerve transection (Levkovitch-Verbin et al., 2010) compared to survival of
RGCs in untreated animals. Notably, GFP+ BMSCs survived in the eye for
at least 4 weeks post-transplantation (Yu et al., 2006; Johnson et al., 2010,
Levkovitch-Verbin et al., 2010). The failure of BMSCs to differentiate
into neurons and/or migrate and integrate into the retina, along with the

positive expression of NTFs by the transplanted BMSCs (Yu et al., 2006;
Levkovitch-Verbin et al., 2010) strongly suggests that their neuroprotective effects are paracrine-mediated.
We have recently explored the alternative use of dental pulp stem cells
(DPSCs) for neural protection and regeneration in the eye. The use of
DPSCs is a relatively recent development in the field of neuroregenerative
medicine and is of particular interest since they are neural crest-derived
cells that can be isolated from exfoliated or extracted adult teeth, making
them an easily accessible stem cell from patients of all ages (Gronthos
et al., 2000). We hypothesized that their neural crest origin and neural
characteristics make DPSCs more suited than other mesenchymal stem
cell sources, such as BMSCs, in the treatment of CNS injuries. Conflicting
evidence exists for the successful differentiation of DPSCs into neurons
in vitro with evidence for (Arthur et al., 2008; Kiraly et al., 2009) and
against, both from us (our unpublished data) and others (Aanismaa et al.,
2012). The evidence for a paracrine mechanism of DPSC action in neural
support (Nosrat et al., 2001) has recently been strengthened by the results
of a study using a rodent model of spinal cord injury (Sakai et al., 2012)
in which, compared to BMSCs, DPSCs significantly restored locomotory
function. Recovery was attributed to paracrine mechanisms, with the gene
expression of many NTFs, such as nerve growth factor (NGF), BDNF and
NT-3, being greater in DPSCs than BMSCs. However, other mechanisms
of action such as their neuronal and oligodendrocyte differentiation could
not be ruled out in this spinal cord injury study.
We addressed this possibility in our latest study in which we studied
the paracrine-mediated neuroprotective and pro-regenerative properties
of DPSCs compared to BMSCs for axotomised RGCs both in vitro and in
an optic nerve crush model after intravitreal transplantation (Mead et al.,
2013). In vitro, we showed not only that DPSCs are more neuroprotective
and neuritogenic than BMSCs, but that these effects were abolished after
Fc-TrK blockade. This paracrine-mediated effect was corroborated by
ELISA showing greater titres of NGF, BDNF and NT-3 in the DPSC’s secretome compared to that of BMSCs. Finally, we transplanted DPSCs into the
rat vitreous body and observed a 27% increase in the number of surviving
RGCs 21 days after optic nerve crush compared to the survival of RGCs in
untreated/dead cell transplanted animals. This survival was significantly
greater than was seen after intravitreal BMSC transplants which yielded an
11% increase in the number of surviving RGCs 21 days after optic nerve
crush compared to the survival of RGCs in untreated/dead cell transplanted
animals. Compared to BMSCs, DPSC transplantation promoted over twice
the number of regenerating RGC axons which grew through the optic nerve
and lesion scar and over 1.2 mm into the distal optic nerve segment. Duplication of the in vitro experiments using human-derived stem cells have
now yielded similar results (Figure 1; unpublished data).
The paracrine basis of neuroprotection and axogenesis is the subject of
our current study and, although DPSC-derived NTFs have been clearly
implicated, the large and diverse secretomes of BMSCs and DPSCs suggest
other secreted molecules may also be involved in the stem cell-mediated
neuroprotection/axogenesis, such as platelet-derived growth factor (Johnson et al., 2013). One candidate neurotrophic signalling cascade is the
mTOR pathway which, when activated, promotes pronounced regeneration of axons in the optic nerve (Park et al., 2008), although it is currently
unknown if stem cells significantly activate the mTOR pathway. It is also
unknown if secreted growth factors directly interact with their cognate
receptors on the injured neurons or activate glia to signal RGC protection
and axon regeneration indirectly (Muller et al., 2009). Glia are activated
after DPSC transplantation (Mead et al., 2013) and this juxtacrine mechanism could supplement the local NTF supply.
Although we have shown DPSCs perform better as a cell therapy than
BMSCs in our models of retinal/optic nerve injury, comparisons with
other stem cells are necessary to ensure the correct stem cell type is taken
forward into clinical trials. Adipose-derived stem cells have proven efficacy in promoting neuritogenesis (Kalbermatten et al., 2011), yet have not
been tested in the eye. Similarly neural stem cells (NSCs), isolated from
foetal spinal cord and transplanted with growth factors have promoted
some of the most significant axon regeneration seen to date after transplantation in spinal cord injury sites (Lu et al., 2012), probably explained
by NSC differentiation into neurons which directly integrate into the host
circuitry, and not by paracrine mechanisms. However, intravitreal transplantation of undifferentiated NSCs has not yet been explored and would
determine any paracrine properties. Despite their efficacy, their foetal and
cadaveric source poses both ethical issues and a significant challenge in
obtaining adequate numbers of cells for transplantation, particular if the
therapy was to translate to the clinic. Secondly, unlike DPSCs, for which
autologous transplantation is feasible, patients receiving NSCs would re-
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Figure 1 Neuroprotection and neuritogenesis of axotomized/injured adult βIII-tubulin-positive (green) retinal neurons after culture with
human-derived dental pulp stem cells (DPSCs; A) and human-derived BMSCs (B). DPSCs more significantly promoted neuroprotection of
βIII-tubulin-positive retinal neurons and regeneration of their neurites compared to untreated βIII-tubulin-positive retinal neurons (C) or
those treated with bone marrow-derived mesenchymal stem cells (BMSCs). These effects are neurotrophin-dependent as emphasized by the
response abolition after addition of TrKA/B/C inhibitors (D), which block nerve growth factor, brain-derived neurotrophic factor and NT-3
receptor binding. Representative images shown with DAPI (blue) used as a nuclear counterstain, scale bars represent 50 µm.
quire lifelong immunosuppressive treatment.
With BMSCs already being used in clinical trials for retinal and optic
nerve damage (www.clinicaltrials.gov/show/NCT01920867), the future for
stem cell therapy in treating traumatic and degenerative ocular conditions
is fast becoming a reality. We have evidence that DPSCs may be a more
appropriate cell type than BMSCs for retinal therapy (although NSCs may
also be concluded as a strong alternative candidate)(Mead et al., 2013)
and we are engaged in further work to substantiate this claim. Thus, an in
depth comparison with other available stem cells is necessary as well as research into the exact mechanism behind DPSC-mediated RGC neuroprotection and axon regeneration to support the preclinical and translational
development of this cellular therapy.
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