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Abstract

Dental pulp regeneration: An
overview of the current approaches

Regenerative  Endodontic  Procedures (REPs) are
biologically based procedures aimed at restoring the
damaged structures and physiological functions of the
pulp-dentine complex. Clinically, two strategies have been
proposed so far to induce REP: cell transplantation and cell
homing. REPs success relies primarily on the clinical and
biological conditions of the tooth; therefore, cell homing
strategies will not be consistently successful in every
condition. Root canal treatment remains the standard of
care for mature teeth with necrotic pulps and closed apex.

KEYWORDS Dental pulp regeneration;
Cell transplantation; Cell homing.

Introduction

Traumas and dental caries, or variability of dentinal substrate,
that compromise adhesion [Campanella, Gallusi, Nardi et al.,
2020; Campanella, Gallusi, Di Taranto et al., 2020] in immature
teeth may result in pulp damage through bacterial infection
[Pinna et al., 2017; Libonati et al., 2019; Gallusi et al., 2020].
In these cases, the tissue also become inflamed, and necrosis
can occur. As a result, odontoblast necrosis disturbs root
development [Nagata et al., 2014]. After proper and efficient
endodontic manual and rotary instrumentation [Libonati et
al., 2018; Severino et al., 2019; Campanella, Gianni et al.,
2020], traditionally these teeth undergo apexification therapy
[American Association of Endodontics,2003]. In this regard,
calcium hydroxide and mineral trioxide aggregate (MTA) have
been widely used to induce mineralisation and apical barrier
formation [Milia et al., 2012; Pinna et al., 2015; Usai et al.,
2019; Campanella, Di Taranto, et al., 2020]. However, while
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apexification promotes apical closure, it does not allow for
root development [Damle et al., 2012]. With the aim to provide
an apical healing and root maturation, tissue engineering and
biotechnology have suggested biological methods [Chieruzzi
et al., 2016]. Regenerative Endodontic Procedures (REPs) are
biologically based procedures aimed at restoring the damaged
structures and physiological functions of the pulp-dentine
complex finally leading to apical closure [Eramo et al., 2018].
Nevertheless, the clinical status of the teeth in need of
treatment is to be considered in order to achieve the desired
outcome [Schmalz et al., 2000]. REPs are based on the
combination and interplay of three key elements: appropriate
cells (stem or progenitor cells), appropriate signaling molecules
to regulate the cellular processes, and a matrix (scaffold) that
allows for cellular growth [Diogenes et al., 2013, Schmalz et
al., 2017]. In this context, the dental pulp stem cells (DPSCs),
the stem cells from the apical papilla (SCAP), stem cells from
human exfoliated deciduous teeth (SHED), periodontal
ligament stem cells (PDLSC), dental-follicle-derived stem cells
(DFSC), and the bone marrow stem cells (BMSCs) have been
largely explored [Campanella, 2018] (Table 1). Concerning
the signaling molecules, a great number of molecules have
been evaluated using several types of in vitro assays and
animal models with the purpose to induce chemotaxis of
endogenous cells, proliferation and differentiation of stem/
progenitor cells [Maioli et al., 2015; Moretti et al., 2015; Smith
et al., 2016; Wang et al., 2017]. Signaling models have been
mainly represented by the stromal cell-derived factor, basic
fibroblast growth factor, vascular endothelial growth factor,
platelet-derived growth factor, stem cell factor, and
granulocyte colony-stimulating factor [Eramo et al., 2017]
(Table 2). Regarding the scaffolds, they serve as transient,
three-dimensional, extracellular-matrix-mimicking porous
templates, which provide mechanical support and regulate
cell functions [Li et al., 2005; Bottino et al., 2012]. A wide
range of polymer scaffolds have been used with this purpose.
Among them, synthetic (i.e. polylactic acid) and natural
scaffolds (i.e. collagen), ranging from macroporous structures
obtained through salt leaching/solvent casting [Cordeiro et
al., 2008] and gas foaming [Huang et al., 2010], to nanofibrous
scaffolds processed via electrospinning, self-assembly, and
phase-separation. However, there is no single implantable
scaffold that can evenly coordinate the growth and
development of the different tissue types involved in the
functional regeneration of the pulp-dentin complex so far.
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Stem Cell Type Source Multipotentiality Main applications
DPSC Pulp Osteogenetic, Odontogenetic, Dentinogenetic, Pulp dentin regeneration
Adipogenetic, Condrogenetic, Miogenetic, Neurogenetic
SHED Pulp Osteogenetic, Dentinogenetic, Adipogenetic, Pulp-dentin-like tissue formation
Condrogenetic, Miogenetic, Neurogenetic
SCAP Apical Odontogenetic, Dentinogenetic, Adipogenetic, Pulp-dentin-like tissue regeneration )
papilla Neurogenetic Odontoblast like cells formation TABLE 1 Main
) . N i ) T types of dental
PDLSC Periodontal | Osteogenetic, Cementogenic, Adipogenetic, Root and periodontium-like tissue derived st
ligament Condrogenetic, Neurogenetic formation SmiEtl s em.
cells and their
DFSC Follicle Os'Feogeneti'c, Odontogenic,. Cerr'1entoge‘nic, Root ar'1d periodontium-like tissue applications in
Adipogenetic, Condrogenetic, Miogenetic, formation REPs

Strategies in REPs

Clinically, two strategies have been proposed to induce REP:
cell transplantation and cell homing.

Cell transplantation is a cell-based approach, which involves
the transplantation into the root canal system of exogenous
stem cells together with signaling molecules loaded in
scaffolds. Collection of cells can be obtained from the host
(autologous) or from other individuals (allogenic). Then, the
cells are either processed or grown in cultures to increase
their numbers. However, this technique involves very complex
procedures and the risk of potential contamination and
tumorigenesis [Yildirim et al., 2011; Kim et al., 2012].

In the case of cell homing, the tissue repair/regeneration is
achieved through chemotaxis of host endogenous cells via
biological signaling molecules [Laird et al., 2008; Mao et al.,
2010]. Compared with stem cell transplantation, cell homing
is easier to perform, because there is no need to isolate and
manipulate stem cells in vitro [Kim et al., 2013; Huang and
Garcia-Godoy, 2014]. Bioactive scaffolds impregnated with
growth factors are injected into the pulpless root canal to
induce migration, proliferation and differentiation of
endogenous stem/progenitor cells from the root apex [Kao
et al., 2009; Chieruzzi et al., 2016]. The stem cells from the
apical papilla may play an important role in this technique.
At the base of the process, however, an effective root canal
disinfection and appropriate size of the apical foramen are
required to allow cell migration, new vascularisation and
innervation [Laureys et al., 2013]. Existing cells, biomaterials,
and the oral cavity’s natural chemistry are used to synthesize
a natural-like microenvironment needed for REP.

Conclusion
Despite significant progress, vasculogenesis/angiogenesis

and neurogenesis/re-innervation remain a significant challenge
in REPs treatments. The success relies primarily on the clinical

DPSC Recombinant human Bone Morphogenetic Proteins 2 or 4
SDF-1 Stromal cell Derived Factor
BFGF Basic Fibroblast Growth Factor
PDGF Platelet Derived Growth Factor
SCF Stem Cells Factor
G-CSF Granulocyte Colony-Stimulating Factor
VEGF Vascular Endothelial Growth Factor
TGFB1 Transforming Growth Factor beta 1

TABLE 2 Main types of Growth Factors used in REPs.
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and biological conditions of the tooth needing the treatment;
therefore, cell homing strategies will not be consistently
successful in every condition. Technigues using nanofibrous
scaffolds added to antibiotics are promising in this field, but
further investigations are required. Currently, root canal
treatment remains the standard of care for mature teeth with
necrotic pulp and closed apex.

References

> American Association of Endodontists. Glossary of endodontic terms, 7th
edn. Chicago: American Association of Endodontists; 2003.

»  Bottino MC, Pankajakshan D, Nor JE. Advanced scaffolds for dental pulp and
periodontal regeneration. Dental Clinics of North America 2017; 61:689—
711.

»  Campanella V. Dental Stem Cells: Current research and future applications.
Eur J Paediatr Dent 2018; 19(4):257.

»  Campanella V, Gianni L, Libonati A, Gallusi G. Shaping Ability of Reciproc
R25 File and Mtwo System Used in Continuous and Reciprocating Motion. J
Contemp Dent Pract 2020; 21(2):171-177.

> Campanella V, Di Taranto V, Beretta M, Colombo S, Gallusi G. Paediatric
endodontics. Part. 1: Portland Cements Apical Plug. Eur J Paediatr Dent
2020; 21(3):248-250.

»  CampanellaV, Gallusi G, Nardi R, Mea A, Di Taranto V, Montemurro E, Marzo
G, Libonati A. Dentinal substrate variability and bonding effectiveness: SEM
investigation. J Biol Regul Homeost Agents 2020; 34(1 Suppl. 1):49-54.

> Campanella V, Gallusi G, Di Taranto V, Cugini C, Nardi R, Mea A, Marzo G,
Libonati A. Effect of pressure and light curing of composite micro hardness.
J Biol Regul Homeost Agents 2020; 34(1 Suppl. 1):39-47.

»  Chieruzzi M, Pagano S, Moretti S, Pinna R, Milia E, Torre L, Eramo S.
Nanomaterials for Tissue Engineering in Dentistry. Nanomaterials 2016;
6:134.

»  Cordeiro MM, Dong Z, Kaneko T, Zhang Z, Miyazawa M, Shi S, Smith AJ., Nor
JE. Dental pulp tissue engineering with stem cells from exfoliated deciduous
teeth. J Endod 2008; 34:962-969.

> Damle SG, Bhattal H, Loomba A. Apexification of anterior teeth: a
comparative evaluation of mineral trioxide aggregate and calcium hydroxide
paste. J Clin Pediatr Dent 2012; 36:263-268.

> Diogenes A, Henry MA, Teixeira FB, Hargreaves KM. An update on clinical
regenerative endodontics. Endod Top 2013; 28:2-23.

> EramoS, Natali A, Pinna R, Milia E. Dental pulp regeneration via cell homing.
Int Endod J 2018; 51:405-419.

> Gallusi G, Campanella V, Montemurro E, Di Taranto V, Libonati A.
Antibacterial activity of first and latest generation bioceramic sealers on the
elimination of enterococcus faecalis: an in vitro study. J Biol Regul Homeost
Agents 2020; 34(3 Suppl. 1):73-79.

> Huang GT, Yamaza T, Shea LD, Djouad F, Kuhn NZ, Tuan RS, Shi S. Stem/
progenitor cell-mediated de novo regeneration of dental pulp with newly
deposited continuous layer of dentin in an in vivo model. Tissue Eng Part A
2010; 16:605-615.

»  Huang GT, Garcia-Godoy F Missing concepts in de novo pulp regeneration.
Journal of Dental Research 2014; 93:717-724.

> Kim SG, Zhou J, Ye L Cho S, Suzuki T, Fu SY, Yang R, Zhou X, Mao JJ.
Regenerative endodontics: barriers and strategies for clinical translation.
Dent Clin North Am 2012; 56, 639—-649.

EuroPEAN JOURNAL oF PAEDIATRIC DENTISTRY voL. 21/3-2020



EJPD 2020 CLINICAL FOCUS: PAEDIATRIC ENDODONTICS

Kim SG, Zheng Y, Zhou J, Chen M, Embree MC, Song K, Jiang N, Mao JJ.
Dentin and dental pulp regeneration by the patient’s endogenous cells.
Endod Topics 2013; 28:106-117.

Laird DJ, von Andrian UH, Wagers AJ. Stem cell trafficking in tissue
development, growth, and disease. Cell 2008; 132:612-30.

Laureys WG, Cuvelier CA, Dermaut LR, De Pauw GA. The critical apical
diameter to obtain regeneration of the pulp tissue after tooth transplantation,
replantation, or regenerative endodontic treatment. J Endod 2013; 39:759—
763.

LiL, Wang Z. PDGF-BB, NGF and BDNF enhance pulp-like tissue regeneration
via cell homing. RSC Advances 2016; 6:109519—-109527.

Libonati A, Montemurro E, Nardi R, Campanella V. Percentage of Gutta-
percha-filled Areas in Canals Obturated by 3 Different Techniques with and
without the Use of Endodontic Sealer. J Endod 2018; 44(3):506-509.
Libonati A, Di Taranto V, Mea A, Montemurro E, Gallusi G, Angotti V, Nardi
R, Paglia L, Marzo G, Campanella V. Clinical antibacterial effectiveness
Healozone Technology after incomplete caries removal. Eur J Paediatr Dent
2019; 20(1):73-78.

Maioli M, Basoli V, Santaniello S, Cruciani S, Delitala AP, Pinna R, Milia E,
Grillari-Voglauer R, Fontani V, Rinaldi S, Muggironi R, Pigliaru G, Ventura
C. Osteogenesis from Dental Pulp Derived Stem Cells: A Novel Conditioned
Medium Including Melatonin within a Mixture of Hyaluronic, Butyric, and
Retinoic Acids. Stem Cells Int 2016; 2016:2056416.

Mao JJ, Prockop DJ. Stem cells in the face: tooth regeneration and beyond.
Cell Stem Cell 2012; 11:291-301.

Milia E, Castelli G, Bortone A, Sotgiu G, Manunta A, Pinna R, Gallina G.
Short-term response of three resin-based materials as desensitizing agents
under oral environmental exposure. Acta Odontol Scand 2012; 71: 599—
609.

Moretti S, Bartolommei L, Galosi C, Renga G, Oikonomou V, Zamparini

EuroPEAN JOURNAL OF PAEDIATRIC DENTISTRY voL. 21/3-2020

F, Ricci G, Borghi M, Puccetti M, Piobbico D, Eramo S, Conti C, Lomurno
G, Bartoli A, Napolioni V, Romani L. Fine-tuning of Th17 Cytokines in
Periodontal Disease by IL-10. J Dent Res 2015; 94(9):1267-75.

Nagata JY, Soares AJ, Souza-Filho FJ, Zaia AA, Ferraz CCR, Almeida JFA,
Gomes BPFA. Microbial evaluation of traumatized teeth treated with triple
antibiotic paste or calcium hydroxide with 2% chlorhexidine gel in pulp
revascularization. J Endod 2014; 40:778-783.

Pinna R, Usai P, Filigheddu E, Garcia-Godoy F, Milia E. The role of adhesive
materials and oral biofilm in the failure of adhesive resin restorations. Am J
Dent 2017; 30:285-292.

Schmalz G, Widbiller M, Galler K M. Signaling Molecules and Pulp
Regeneration. J Endod 2017; 43(95):57-S11.

Schmalz G, Widbiller M, Galler KM. Clinical Perspectives of Pulp
Regeneration. J Endod 2020; 46(9S):S161-5174.

Severino M, Libonati A, Di Taranto V, Montemurro E, Campanella V.
Comparative analysis of cleaning ability of two rotary instrument systems:
Mtwo and ProTaper® universal. An in vitro scanning electron microscopic
study. J Biol Regul Homeost Agents 2019; 33(3 Suppl. 1):51-61.

Usai P, Campanella V, Sotgiu G, Spano G, Pinna R, Eramo S, Saderi L,
Garcia-Godoy F, Derchi G, Mastandrea G, Milia E. Effectiveness of Calcium
Phosphate Desensitising Agents in Dental Hypersensitivity Over 24 Weeks of
Clinical Evaluation. Nanomaterials (Basel) 2019; 9(12):1748.

Wang F, Jiang Y, Huang X, Liu Q, Zhang Y, Luo W, Zhang F, Zhou P, Lin
J, Zhang H. Pro-inflammatory cytokine TNF-a attenuates BMP9-induced
osteo/odontoblastic differentiation of the stem cells of dental apical papilla
(SCAPs). Cell Physiol Biochem 2017; 41:1725-1735.

Yildirim S, Fu SY, Kim K, Zhou H, Lee CH, Li A, Kim SG, Wang S, Mao JJ. Tooth
regeneration: a revolution in stomatology and evolution in regenerative
medicine. Int J Oral Sci 2011; 3(3):107-116.

333



