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ABSTRACT 

Recently, therapeutic strategies for tooth regeneration have shifted to cell-based approaches. 
Embryologically, teeth are ectodermal organs derived from sequential reciprocal interactions between 
oral epithelial cells and cranial neural crest–derived mesenchymal cells. Teeth are a unique and 
complex organ and composed of both hard (dentin and enamel) and soft (pulp and periodontium) 
tissues. Throughout life, healthy teeth have a number of different types of stem cells that play a key 
role in the regenerative capacity of this tissue. Tooth loss is the most common organ failure. Can a 
tooth be regenerated? Can adult stem cells be orchestrated to regenerate tooth structures such as the 
enamel, dentin, cementum and dental pulp, or even an entire tooth? If not, what are the therapeutically 
viable sources of stem cells for tooth regeneration? Do stem cells necessarily need to be taken out of 
the body, and manipulated ex vivo before they are transplanted for tooth regeneration? How can 
regenerated teeth be economically competitive with dental implants? Would it be possible to make 
regenerated teeth affordable by a large segment of the population worldwide? The typical treatment 
for irreversibly inflamed/necrotic pulp tissue is root canal treatment. As an alternative approach, 
regenerative endodontics aims to regenerate dental pulp-like tissues using two possible strategies: cell 
transplantation and cell homing. The former requires exogenously transplanted stem cells, complex 
procedures and high costs; the latter employs the host’s endogenous cells to achieve tissue 
repair/regeneration, this review article explores existing and visionary approaches that address some 
of the above-mentioned questions. Tooth regeneration represents a revolution in dentistry and 
stomatology as a shift in the paradigm from repair to regeneration: repair is by metal or artificial 
materials whereas regeneration is by biological restoration. Tooth regeneration is an extension of the 
concepts in the broad field of regenerative medicine to restore a tissue defect to its original form and 
function by biological substitutes 
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Introduction 
 

A tooth is a major organ and consists of multiple tissues. The hard tissues of the tooth include the 
enamel, dentin and cementum. The only vascularized tissue of the tooth is dental pulp that is encased 
in the mineralized dentin (Poole, 1967). Life ends for a number of wildlife species after loss of 
complete dentition (Cuozzo and Sauther, 2004). In humans, tooth loss can lead to physical and mental 
suffering that compromise an individual’s self-esteem and quality of life (Pihlstrom et al., 2005). 
Contemporary dentistry or stomatology restores mis- sing teeth by dentures or dental implants. 
Whereas dental implants are becoming favorite choices in developed countries, a large segment of the 
world population, fre- quently in developing countries, cannot afford dental implants. Dental 
implants, despite being the currently preferred treatment modality, can fail and will not adapt with 
surrounding bone that necessarily remodels through- out life (Ferreira et al., 2007). A comparison of 
dental implants and regenerated teeth is provided in Table 1. Dental pro- fession has had the 
longstanding aspiration to regenerate teeth (Modino et al., 2005; Young et al., 2005; Mao et al., 
2006). 
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Table 1: Comparison of current dental  treatments including dental implants and dentures with tooth 
regeneration 

Items of comparison      Dental implants Tooth regeneration 

Materials Bone grafting 
Artificial materials 
Needed in ~50% cases 

Regenerated tissues.   Stimulates bone 
regeneration along with tooth 
regeneration.                                                                              

Remodeling potential 
Metal fails to remodel 
with 
host bone 

Regenerated periodontal bone  
remodels with existing alveolar bone  

Complications 
Aseptic loosening or 
infections, leading 
tofailure 

Regenerated teeth have native defense 
in  dental pulp and perio-  
dontal tissue 

 
Barriers of tooth regeneration towards clinical applications  

For the regeneration of the entire tooth or tooth elements, we are ingrained to believe that stem 
cells and/or other cells must be transplanted. When tissue engineering was initiated as an 
interdisciplinary approach to heal tissue defects, three key components were pro- posed: cells, 
biomaterial scaffolds and signaling factors (Langer and Vacanti, 1993). There is no question that cells, 
including stem/ progenitor cells, play central roles in tissue regeneration. However, do cells (including 
stem/progenitor cells) necessarily need to be taken out of the body, manipulated ex vivo and 
transplanted back into the patient?  

Tooth regeneration by cell transplantation is a meritorious approach. However, there are hurdles 
in the translation of cell-delivery-based tooth regeneration into therapeutics. The most important one 
of these difficulties is inaccessibility of autologous embryonic tooth germ cells for human applications 
(Ikeda et al., 2009). Xenogenic embryonic tooth germ cells (from non-human species) may elicit 
immune rejection and tooth dysmorphogenesis. Autologous postnatal tooth germ cells (e.g. third 
molars) or autologous dental pulp stem cells are of limited availability and remain uncertain as a cell 
source to regenerate an entire tooth. Regardless of cell source, cell- delivery approaches for tooth 
regeneration, similar to cell-based therapies for other tissues, encounter translational barriers. The 
costs of commercialization process and difficulties in regulatory approval in association with ex vivo 
cell manipulation have precluded any significant clinical translation effort to date in tooth 
regeneration (Table 2).  As in tissue engineering of other biological structures, regeneration of an 
entire tooth or various tooth structure, including the enamel, dentin, cementum and dental pulp, by 
cell transplantation encounters a number of scientific, translational and regulatory difficulties (Mao et 
al., 2008). 
 
Table 2: Comparison of cell transplantation vs. cell homing approaches for tooth regeneration 

Items of comparison 
Regeneration by cell 

transplantation 
Regeneration by cell homing 

Isolation of cell from patient Yes-autologous cell No 
Ex vivo cell manipulation Yes No 
Cell transplantation Yes No 
Develop into off-shell product Difficult Possible 
Cost High Not as high 

 
Tooth regeneration by cell transplantation  

Table 3 provides a summary of various cell sources that have been used for tooth regeneration. 
Disassociated cells of porcine or rat tooth buds in biomaterials yielded putative dentin and enamel 
organ (Young et al., 2002; Duailibi et al., 2004). Tooth bud cells and bone marrow osteoprogenitor 
cells in collagen, PLGA or silk-protein scaffolds induced putative tooth-like tissues, alveolar bone and 
periodontal ligament (Young et al., 2005; Duailibi et al., 2008). Embryonic oral epithelium and adult 
mesenchyme together up-regulate odontogenesis genes upon mutual induction, and yielded dental 
structures upon transplantation into adult renal capsules or jaw bone (Ohazama et al., 2004). 
Similarly, implantation of E14.5 rat molar rudiments into adult mouse maxilla produced tooth-like 
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structures with surrounding bone (Mantesso and Sharpe, 2009). Multipotent cells of the tooth apical 
papilla in tricalcium phosphate in minipig incisor extraction sockets generated soft and mineralized 
tissues of the root (Sonoyama et al., 2006). Dental bud cells from unerupted molar tooth of a 1.5-
month-old swine were expanded and then seeded in gelatin-chrondroitin-hyaluronan-tri-copolymer 
scaffold. Cell-seeded scaffolds were implanted autologously in the swine’s tooth extraction socket. 
Thirty-six weeks after implantation, dentin/pulp-like complex structures were identified with 
odontoblast-like cells and blood vessels in the pulp and appearance of cellular cementum, however the 
regenerated teeth were much smaller in size than the normal teeth in the same host (Xu et al., 2008).  
Dental pulp is a vascularized tissue encapsulated in highly mineralized structures including dentin, 
enamel and cementum, and maintains homeostasis of the tooth as a viable biological organ. 
 
Pulp regeneration by transplantation 

Recent advances in stem cell biology have aided stem cell therapy to regenerate the pulp/dentin 
complex for conservation and complete structural and functional restoration of the tooth by the triad 
of tissue engineering: 1) mesenchymal stem cells (MSCs), 2) growth/differentiation factors r 
cytokines, and migration/homing factors, and 3) the microenvironment (scaffold, extracellular 
matrix)(Nakashima and Reddi, 2003). We have demonstrated complete pulp regeneration by 
harnessing autologous dental pulp stem cell (DPSCs) subsets transplanted with stromal cell-derived 
factor 1 (SDF1) in a collagen scaffold into a canine pulpitis model (Nakashima and Iohara, 2011; 
Iohara et al., 2011). Next, a novel isolation method was developed employing an optimal granulocyte 
colony stimulating factor (G-CSF)-induced mobilization of DPSCs for clinical-grade mesenchymal 
stem cells from a small amount of pulp tissue by good manufacturing practice (GMP)-grade 
guidelines (Murakami et al., 2013). G-CSF was already approved by the Food and Drug 
Administration (FDA) for clinical use. The isolated human mobilized DPSCs (MDPSCs) were 
characterized further by the higher migratory activity and trophic effects including migration, anti-
apoptosis, and immunosuppression compared with colony-derived DPSCs in vitro. Furthermore, 
human MDPSCs demonstrated higher regeneration potential using an ectopic tooth root 
transplantation in severe combined immunodeficient (SCID) mice. Thus, MDPSCs have potential 
utility for pulp regeneration ((Ikeda et al., 2009). G-CSF was evaluated as an optimal GMP-grade 
migration/ homing factor for pulp regeneration, having a variety of effects including anti-apoptosis on 
the transplanted and migrated cells, engraftment of the transplanted cells, angiogenesis, and 
immunosuppression (Iohara et al., 2013). The potential stem cell therapy for pulpitis harnessing 
MDPSCs with G-CSF was then examined in a preclinical study. Initially, the human MDPSCs 
isolated in a totally enclosed system in a GMP-compliant facility were evaluated by their karyotype, 
safety, and efficacy. Then, canine MDPSCs were isolated by the similar standard operating procedure 
(SOP) used in humans, and the preclinical feasibility, safety, and efficacy of pulp regeneration was 
established by autologous transplantation of the MDPSCs with GMP-grade G-CSF into the 
pulpectomized tooth in a canine pulpitis model (Iohara et al., 2013). On the basis of these preclinical 
safety and efficacy results and its mechanism for pulp regeneration, the protocol of a clinical study for 
pulp regenerative therapy was developed and approved by Institutional Review Boards and by the 
Japanese Ministry of Health, Labor and Welfare. 
 
Periodontal tissue regeneration by transplantation. 

Various approaches have been developed to restore the structure and function of destroyed 
periodontium, the final goal of periodontal therapy, and treatments, including bone grafting, guided 
tissue regeneration, and enamel matrix derivatives, have already been approved for clinical use. 
However, complete regeneration is rarely accomplished by these methods (Esposito et al., 2010). 
Progress in tissue engineering has offered a new option to supplement existing treatment regimens for 
periodontal disease. Furthermore, the discovery of progenitor/stem cells residing in the periodontium 
raises the possibility of restoring damaged periodontal tissues by recruiting their latent regenerative 
potential. Owing to the difficulties encountered in isolating specialized cells and the associated 
morbidity involved, stem cells serve as a better alternative. 

Research in tissue engineering has shown the therapeutic advantages of delivering stem cells and 
growth factors in biodegradable scaffolds, which supply the necessary environment to recreate a 
suitable niche for cellular proliferation and differentiation (Chen, and Jin, 2010).Periodontal ligament 
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stem cells (PDLSCs) with characteristics of putative mesenchymal stem cells (MSCs) represent a 
promising cell-based therapy in reconstructive dentistry for the treatment of periodontal disease 
(Mrozik et al., 2010). It can be isolated from periodontal ligament (PDL) cells, providing a unique 
reservoir of stem cells from an accessible tissue resource. Once isolated, PDLSCs can be expanded 
sufficiently in vitro and the complex differentiation processes involved in periodontal regeneration 
can be optimized in the right location. The transplantation of ex vivo-expanded PDLSCs was 
suggested to hold promise as a therapeutic approach for the reconstruction of tissues destroyed by 
periodontal diseases (Seo et al., 2004). The use of autologous PDLSCs to treat periodontal defects in 
animal models of periodontitis has further demonstrated the feasibility of using PDLSC-mediated 
tissue engineering to treat periodontal diseases (Liu et al., 2008). Cells, scaffolds, and growth factors 
are the three main factors for creating a tissue-engineered construct, and incorporation of DNA into 
tissue-engineering matrices and its subsequent sustained release may provide an optimal means to 
engineer tissues (Zhang et al., 2006). The biomaterial based gene transfer method that combines gene 
therapy and tissue engineering to promote tissue regeneration has been developed. Periodontal tissue 
engineering using ex vivo gene transfer has been reported to offer a safe new approach for repairing 
periodontal defects(Chang et al., 2009). 
 
Tooth regeneration by cell homing  

As an initial attempt to regenerate teeth, we first fabricated an anatomically shaped and 
dimensioned scaffold from biomaterials, using our previously reported approach (Lee et al., 2009; 
Stosich et al., 2009). The dimensions of the permanent mandibular first molar were derived from 
textbook averages and therefore IRB exempt. Scaffolds with the shape of the human mandibular first 
molar ((Figure 2A, B, C, D). Cell homing offers an alternative, especially regarding clinical 
translation, to previous meritorious methods of tooth regeneration by cell transplantation. The 
omission of cell isolation and ex vivo cell manipulation accelerates regulatory, commercialization and 
clinical processes (Lee et al., 2010). The cost of cell-homing - based tooth regeneration is not 
anticipated to be as robust as cell delivery with regard to both commercialization process and as a 
treatment cost to the patient. Cell homing is an under-recognized app roach in tissue regeneration 
(Mao et al., 2010). Here, all cells in growth-factor delivery or growth-factor-free scaffolds are host 
derived endogenous cells. Tissue genesis requires condensation of sufficient cells of correct lineages 
(Yelick  and Vacanti, 2006). 

 
Fig. 2: Tooth regeneration by cell homing. (A) A 3D biomaterials scaffold was fabricated by layer by 

layer fabrication via bioprinting. In a clinical setting, a patient's missing tooth can be 
reconstructed by multi-slice imaging using CT or MRI of the contralateral, normal tooth or 
from anatomic averages. Microchannels are built in the 3D biomaterial human tooth shaped 
scaffold and serve as conduits for cell recruitment and vascularization. (B) Harvest of human 
shaped tooth scaffold following 9-week in vivo implantation. (C) A rat shaped tooth scaffold 
was implanted to replace the rat lower incisor that was freshly extracted. (D) Harvest of 
regenerated tooth scaffold showed the formation of multiple dental tissues including newly 
formed alveolar bone (ab), periodontal ligament-like tissue (pdl), dentin-like tissue (d) and 
dental pulp-like tissue (dp) with blood vessels (arrows). Bar: 200 μm. 
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Dental pulp regeneration via cell homing 
Dental pulp trauma or infections, frequently manifested as pulpitis, are commonly treated by 

removing the pulp and replacing it with inorganic materials (gutta-percha and sealer cement) via root 
canal treatment (RCT). Pulp extirpation may make endodontically treated teeth brittle, susceptible to 
postoperative fractures and reinfections due to coronal leakage or periapical microleakage (Ingle and 
Bakland, 2002; Dammaschke et al., 2003). Moreover, they lose pulpal sensation to hot/cold 
stimulation and the ability to detect secondary infections (Caplan et al., 2005). As an alternative 
approach, regenerative endodontics aims to replace inflamed/necrotic pulp tissue with regenerated 
pulp-like tissue. Two strategies can be applied towards dental pulp regeneration: cell transplantation 
and cell homing. The former approach is cell-based, which means transplanting exogenous stem cells 
loaded onto scaffolds incorporated with signaling molecules into the root canal system of the host to 
allow regeneration. The transplanted cells are collected from the host (autologous) or from other 
individuals (allogenic) and may be either processed (separation from tissues) or grown in cultures to 
increase their numbers. In this case, stem cells are the key for tissue regeneration. About 10 years 
after the discovery of dental pulp stem cells (Gronthos et al., 2000), pulp/dentine regeneration was 
accomplished using exogenously transplanted dental stem cells in small and large animals (Huang et 
al., 2010; Iohara et al., 2011). However, cell-based therapy faces many hurdles in clinical translation 
because complex procedures need to be followed, such as tooth extraction, pulp extirpation, in vitro 
cell culture, selection of stem/progenitor cell populations, ex vivo cell expansion,storage and 
shipping. Also, there are other concerns including potential contamination and development of 
tumorigenesis during ex vivo cell manipulation (Yildirim et al., 2011; Kim et al., 2012) .Therefore, 
cell transplantation for pulp regeneration therapy is likely to suffer from a lack of clinical viability, 
difficulty with regulatory approval and the high costs, besides the risks of immune rejection, pathogen 
transmission and tumorigenesis during engraftment. Despite its scientific validity, dental pulp 
regeneration using cell transplantation is unlikely to be economically viable or competitive with 
current RCT or dental implants. From a therapeutic viewpoint, cell homing may circumvent many of 
the challenges associated with cell transplantation. In tissue regeneration, cell homing is defined as 
active recruitment of endogenous cells, including stem/progenitor cells, into an anatomic 
compartment (Laird et al., 2010; Mao et al., 2010). The concept of cell homing is to achieve tissue 
repair/regeneration through chemotaxis of host endogenous cells to injured tissue via biological 
signaling molecules. Compared with stem cell transplantation, cell homing strategies might be easier 
to perform clinically, because there is no need to isolate and manipulate stem cells in vitro (Kim et al., 
2013; Huang and Garcia-Godoy, 2014; Xiao and Nasu, 2014). 
 
Periodontal Ligament Regeneration via cell homing (Scaffolds and Stem Cells). 

The PDL fibers connect the cementum on the tooth root surface to the alveolar bone and fix the 
tooth in the alveolar socket to attenuate the occlusal stresses. The regeneration of PDL is an important 
requirement for periodontal regeneration. The ideal outcome would be that the regenerated highly-
organized collagen fibers could re-insert perpendicularly and firmly attached to the regenerated 
cementum and new bone (Zhu et al., 2015).Inflammation in the periodontal pocket can change the 
cell biology in the pathological periodontium. Once it is damaged, the periodontium has an only 
limited capacity for regeneration, which relies on the availability of MSCs. Several types of MSCs 
remain and are responsible for tissue homeostasis, serving as a source of renewable progenitor cells to 
generate other required cells throughout adult life. In addition, studies to date have shown that 
periodontal stem cells can be transplanted into periodontal defects with no adverse immunologic or 
inflammatory consequences. Therefore, periodontal regeneration relies on the successful recruitment 
of locally-derived renewable progenitor cells to the lesion site for tissue homeostasis and subsequent 
diffrentiation into PDL, cementum and bone-forming cells (Bartold et al., 2006). New PDL like 
tissues were successfully formed via the delivery of stem cells to the defect sites (Mitsiadis et al., 
2012; Catón et al., 2011), including the delivery of periodontal ligament stem cells(PDLSCs), bone 
marrow mesenchymal cells(BMMSCs) (Du et al., 2014), adipose-derived stem cells (ADSCs) 
(Mohammed et al., 2018), and induced pluripotent stem cells (iPSCs) (Duan  et al., 2011). PDLSCs 
were cultured and osteogenically induced and then seeded on a biphasic calcium phosphate scaffold 
(BCP), then the PDLSC-seeded scaffolds were transplanted into six dogs. The results showed that the 
transplantation of  PDLSC-seeded BCP promoted effective periodontal regeneration, including new 
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bone formation and PDL with reorganized and reborn collage fibers inserting into adjacent cementum 
and bone at the right angle, along with abundant blood vessels at 12 weeks. Therefore, PDLSC-seeded 
scaffolds were a promising method for periodontal regeneration. However, several implantations of 
bone substitute materials into the periodontal wounds produced a long junctional epithelium (LJE) but 
did not have the ability to regenerate a real periodontium (Bosshardt and Sculean, 2009). As shown in 
Figure 3, the formation of an LJE only reduced the periodontal pocket depth but had no regeneration 
of PDL fibers (Figure 3b). In contrast, ideal periodontal tissue regeneration, needed well-organized 
fibers attaching to the adjacent new cementum and bone (Figure 3c) (Siaili et al., 2018). A barrier 
membrane was used to maintain the space between the defect and the root surface to enhance the 
proliferation of PDLSC and the synthesis of both PDL and bone (Figure 3e) (Siaili et al., 2018). 
Animal studies showed periodontal regeneration histologically (Figure 3f–h) (Bosshardt and Sculean, 
2009). Therefore guided tissue regeneration, GTR could guide the soft tissue regeneration without 
down-growth into the bone defects, thereby promoting the regeneration of the periodontium (Bottino 
et al., 2012). Non-resorbable materials were prone to be exposed to the oral environment to increase 
the risk of post-operative infection (Cash, 2019).  
 

 
 Fig. 3:   Periodontal regeneration. (a) inflamed soft tissue and bone resorption in periodontitis; (b) 

periodontal long junctional epithelium (LJE) repair; (c) ideal periodontal regeneration; (d) 
schematic of the four compartments from which cells could grow into periodontal wound 
and repopulate the root surface after periodontal treatment: O1 oral gingival epithelium; 
O2 gingival connective tissue; O3 bone; O4 PDL; (e) schematic of guided tissue 
regeneration (GTR). (f) optical micrograph shows LJE ending at the coronal-most end of 
the regenerated cementum (C) and dentin (D); (g) LJE and partial periodontal 
regeneration, indicated by the formation of new cementum (NC) and new bone (NB). The 
arrowhead indicates the apical end of the junctional epithelium, whereas the arrow shows 
the apical border of the defect. (h) optical micrograph showing periodontal regeneration, 
with the formation of new PDL fibers (NPLF) attaching to both NB and NC. R: root. 

 
In most periodontal regeneration studies, the quality of the attachment function was questionable, 

because the newly-formed cementum was cellular intrinsic fiber cementum (CIFC), instead of the 
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desired AEFC. The numerical density of the inserting fibers in CIFC was low, and the interfacial 
tissue bonding appeared to be weak (Foster et al., 2012). Several cementum-specific proteins were 
shown to promote new cementum and bone formation for the damaged periodontal tissues (Arzate et 
al., 2015). These proteins included cementum-derived growth factor (CDGF), cementum attachment 
protein (CAP) and cementum protein-1 (CEMP1). They could induce several signaling pathways 
associated with mitogenesis, increase the concentration of cytosolic Ca2+,activate the protein kinase C 
cascade, and promote the migration and preferential adhesion of progenitor cells. These actions could 
result in the cementoblast and osteoblast differentiation and the production of a mineralized 
extracellular matrix resembling the cementum (Arzate et al., 2015). The stem cells in the PDL, 
gingiva, and alveolar bone served as sources for cementoblast progenitors (Bosshardt et al., 1996; 
producing cementum-specific markers and cementum-like mineralized nodules in culture (Bar-Kana 
et al., 1998). Indeed, PDLSCs, stem cells from the dental follicle (DFSCs), and  adipose derived stem 
cells(ADSCs) were all able to diffrerentiate into cementoblasts and regenerate the periodontium to 
form cementum-like tissue, as well as PDL fibers and periodontal vessel regeneration in vivo (Zhu 
and Liang, 2015). 
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