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Center and the Molecular Laboratory for Gene Therapy, Capital Medical University School of Stomatology,
Beijing, China §Department of Oral and Maxillofacial Rehabilitation, Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences, Okayama, Japan ∥Peking University School of
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Abstract
Some clinical case reports have shown that immature permanent teeth with periradicular periodontitis
or abscess can undergo apexogenesis after conservative endodontic treatment. A call for a paradigm
shift and new protocol for the clinical management of these cases has been brought to attention.
Concomitantly, a new population of mesenchymal stem cells residing in the apical papilla of
permanent immature teeth recently has been discovered and was termed stem cells from the apical
papilla (SCAP). These stem cells appear to be the source of odontoblasts that are responsible for the
formation of root dentin. Conservation of these stem cells when treating immature teeth may allow
continuous formation of the root to completion. This article reviews current findings on the isolation
and characterization of these stem cells. The potential role of these stem cells in the following respects
will be discussed: (1) their contribution in continued root maturation in endodontically treated
immature teeth with periradicular periodontitis or abscess and (2) their potential utilization for pulp/
dentin regeneration and bioroot engineering.

Keywords
Apexogenesis; apical papilla; bioroot engineering; dental pulp stem cells; immature teeth;
periodontal ligament stem cells; pulp regeneration; stem cells from human exfoliated deciduous teeth;
stem cells from the apical papilla

A number of recent clinical case reports have revealed the possibilities that many teeth that
traditionally would receive apexification may be treated for apexogenesis. A call for a paradigm
shift and new protocol for the clinical management of these cases has been made by the authors
(1-3). A recent scientific finding, which may explain in part why apexogenesis can occur in
these infected immature permanent teeth, is the discovery and isolation of a new population of
mesenchymal stem cells (MSCs) residing in the apical papilla of incompletely developed teeth
(4,5). These cells are termed stem cells from the apical papilla (SCAP), and they differentiate
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into odontoblast-like cells forming dentin when implanted into the subcutaneous space of
immunocompromised mice using hydroxyapatite/tricalcium phosphate (HA/TCP) as a carrier
vehicle (4). Although SCAP show similar characteristics to dental pulp stem cells (DPSCs)
that were discovered earlier (6), they also behave differently in a number of aspects that were
assessed by histologic, immunohistochemical, cellular, and molecular analyses. Evidence is
accumulating to support the hypothesis that SCAP appear to be the source of primary
odontoblasts that are responsible for the formation of root dentin, whereas DPSCs are likely
the source of replacement odontoblasts. Conservation of these stem cells when treating
immature teeth may allow continuous formation of the root to its completion. The goal of this
review is to introduce the background of these recently described stem cells, their isolation,
and characterization. The potential role of these stem cells in the contribution of the continued
root maturation in endodontically treated immature teeth with periradicular periodontitis or
abscess and in autotransplanted teeth are discussed. The possibility of using SCAP and other
types of pulp stem cells for pulp/dentin regeneration and the combination of SCAP and
periodontal ligament stem cells (PDLSCs) for bioroot engineering shown by Sonoyama et al.
(4) in a swine model as a potential future clinical approach to replace dental implants will be
thoroughly described and analyzed.

Dental Papilla, Apical Papilla, and Pulp in Developing Teeth
It is well known that dental papilla is derived from the ectomesenchyme induced by the
overlaying dental lamina during tooth development (7,8). This developing organ evolves into
dental pulp after being encased by the dentin tissue produced by odontoblasts that come from
this organ. The apical portion of the dental papilla during the stage of root development has
not been described much in the literature. Most information regarding tooth development
comes from studies using animal models. Recently, we described the physical and histologic
characteristics of the dental papilla located at the apex of developing human permanent teeth
and termed this tissue apical papilla (5). The tissue is loosely attached to the apex of the
developing root and can be easily detached with a pair of tweezers (Fig. 1). Apical papilla is
apical to the epithelial diaphragm, and there is an apical cell-rich zone lying between the apical
papilla and the pulp. Importantly, there are stem/progenitor cells located in both dental pulp
and the apical papilla, but they have somewhat different characteristics (4,5). Because of the
apical location of the apical papilla, this tissue may be benefited by its collateral circulation,
which enables it to survive during the process of pulp necrosis.

The Discovery of Multipotent SCAP
Stem-cell biology has become an important field for the understanding of tissue regeneration.
In general, stem cells are defined by having two major properties. First, they are capable of
self-renewal. Second, when they divide, some daughter cells give rise to cells that either
maintain stem cell character or give rise to differentiated cells. Mesenchymal stem cells (MSCs)
have been identified in many tissues and are capable of differentiating into many lineages of
cells when grown in defined conditions including osteogenic, chondrogenic, adipogenic,
myogenic, and neurogenic lineages (9-11). MSCs were initially described as “fibroblast-like”
in vitro as early as in the 1860s (12). Friedenstein et al. (13) in 1976 further identified MSCs
as colony-forming unit fibroblasts (CFU-Fs), which were able to commit into osteogenic
differentiation. Caplan (14) and Pittenger et al. (15) showed that MSCs underwent osteogenic,
chondrogenic, and adipogenic differentiation in response to different biochemical signals.
Bone marrow–derived mesenchymal stem cells (BMMSCs) are multipotent stem cells and
have been the most studied MSCs. They undergo osteogenic differentiation when stimulated
by osteogenic reagents in vitro such as dexamethasone, β-glycerophosphate, and bone
morphogenetic proteins. More interestingly, when transplanted into immunocompromised
mice, they are capable of forming bone and inducing recipient hematopoietic marrow
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components (6). So far there has been no evidence that BMMSCs have the capacity to undergo
dentinogenic differentiation. The first type of human dental stem cells was isolated from dental
pulp tissue of extracted third molars and characterized in comparison with BMMSCs (6). These
dental pulp–derived cells were named DPSCs for their clonogenic properties (ie, exhibiting
CFU-Fs in cultures) and, more importantly, their ability to differentiate into odontoblast-like
cells and form dentin/pulp-like complex when implanted into the subcutaneous space of
immunocompromised mice (6). Subsequently, a variety of dental MSCs have been isolated
including stem cells from human exfoliated deciduous teeth (SHED) (16), periodontal ligament
stem cells (PDLSCs) (17), and SCAP (4).

An MSC surface marker STRO-1 was found to be positive in apical papilla cells (4), which is
the first piece of evidence suggesting the existence of stem cells in this tissue. Using
collagenase/dispase digestion of detached apical papilla tissue, adherent clonogenic cell
clusters (ie, CFU-Fs) are formed, similar to that observed for different MSC populations.
Approximately 50 single colonies can be generated from 105 single cells cultured at low density
(4). This colony-forming cell population showed a high uptake rate for bromodeoxyuridine (an
indication of cell proliferation) and exhibited over 70 population doublings in vitro. Ex vivo–
expanded SCAP were also found to express the cell-surface molecule STRO-1 (4).

Isolated SCAP grown in cultures can undergo dentinogenic differentiation when stimulated
with dexamethasone supplemented with L-ascorbate-2-phosphate and inorganic phosphate.
Alizarin Red (a dye that binds calcium salts)–positive nodules form in the SCAP cultures after
4 weeks of induction, indicating a significant calcium accumulation in vitro. Furthermore,
cultured SCAP were found to express dentinogenic markers dentin sialophosphoprotein and
CBFA1/Runx2 (4). In addition to their dentinogenic potential, SCAP also exhibit adipogenic
and neurogenic differentiation capabilities when treated with respective stimuli (4,5). Human
SCAP were also independently isolated and characterized by Abe et al. (18) who found similar
properties of these cells to those observed in our studies.

SCAP Are a Unique Population of Postnatal Stem Cells
The capacity of SCAP to differentiate into functional dentinogenic cells in vivo has been
verified using an implantation technique in animal models (4). Ex vivo–expanded SCAP were
transplanted into immunocompromised mice using particles of HA/TCP as a carrier. A typical
dentin structure was generated in which a layer of dentin tissue was formed on the surface of
the HA/TCP along with connective tissue (4). Cells that are responsible for the dentin formation
stained positively with a human-specific antimitochondria antibody (4). In order to examine
whether SCAP are distinct from DPSCs, SCAP and DPSCs from the same tooth were isolated
and grown in cultures under the same conditions. It was found that SCAP showed a significantly
greater bromodeoxyuridine uptake rate, number of population doublings, tissue regeneration
capacity, and number of STRO-1–positive cells when compared with DPSCs (4). In addition,
SCAP express a higher level of survivin (anti-apoptotic protein) than DPSCs and are positive
for hTERT (human telomerase reverse transcriptase that maintains the telomere length) activity
(4), which is usually negative in MSCs. These lines of evidence suggest that SCAP derived
from a developing tissue may represent a population of early stem/progenitor cells, which may
be a superior cell source for tissue regeneration. Additionally, these cells also highlight an
important fact that developing tissues may contain stem cells distinctive from that of mature
tissues.

Despite SCAP expressing many dentinogenic markers after ex vivo expansion, they express
lower levels of dentin sialophosphoprotein, matrix extracellular phosphoglycoprotein,
transforming growth factor (TGF)βRII, FGFR3, Flt-1 (vascular endothelial growth factor
[VEGF] receptor 1), Flg (FGFR1), and MUC18 (melanoma-associated glycoprotein) than do
DPSCs (5). SCAP, as all ex vivo–expanded MSCs, are a heterogeneous population of cells.
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Subpopulations of STRO-1–positive SCAP are coexpressed with a variety of dentinogenic
markers (5). In addition, SCAP show a positive staining for several neural markers including
βIII tubulin, glutamic acid decarboxylase, NeuN (neuronal nuclear antigen), nestin,
neurofilament M, neuron-specific enolase, and CNPase (glial marker, 2′,3′-cyclic nucleotide
3′-phosphodiesterase) by immunocytochemical staining (5). The neurogenic potential of SCAP
could be because of the fact that SCAP are derived from neural crest cells or at least associated
with neural crest cells analogous to other dental stem cells such as DPSCs and SHED that have
been shown previously to possess a neurogenic potential (16,19). Whether the neurogenicity
of dental stem cells is more potent than that of BMMSCs has not been investigated. Evidence
has shown that BMMSCs have the potential for neuronal differentiation but at a much lower
scale compared with stem cells derived from neural tissues (20,21). If dental stem cells are
more capable of neurogenic differentiation than BMMSCs, they may present an appropriate
cell source for neural tissue regeneration.

The Potential Role of SCAP in Continued Root Formation
The role of apical papilla in root formation may be observed in clinical cases. A human
immature incisor was injured and the crown fractured with pulp exposure. During the treatment,
the apical papilla was retained while the pulp was extirpated. Continued root-tip formation was
observed after root canal treatment (Fig. 2). Further investigation is needed to verify whether
the radiographic evidence of continued apical development is because of dentin formation from
the apical papilla or if it is merely cementum formation (3). Using minipigs as a model, a pilot
experiment was conducted. Surgically removing the apical papilla at an early stage of the root
development halted the root development despite the pulp tissue being intact. In contrast, other
roots of the tooth containing apical papilla showed normal growth and development (Fig.
2E). Although the finding suggests that root apical papilla is likely to play a pivotal role in root
formation, further research is needed to verify that this halted root development in the minipig
was not due to damage of Hertwig's epithelial root sheath (HERS) during the removal of the
apical papilla of that particular root apex.

The Potential Role of SCAP in Pulp Healing and Regeneration
Immature Teeth with Periradicular Periodontitis or Abscess Uudergo Apexogenesis

There have been sporadic case reports in the literature showing the potential of root maturation
even with the presence of periradicular pathoses of endodontic origin (22-27). More recently,
several clinical reports with careful documentation and follow-ups have further shown that
immature permanent teeth diagnosed with nonvital pulp and periradicular periodontitis or
abscess can undergo apexogenesis (1-3). These recent reports challenge the traditional
approach in managing immature teeth by applying apexification treatment, where there is little
to no expectation of continued root development. Instead, it is possible that alternative
biologically based treatments may promote apexogenesis/maturogenesis. A common aspect of
many of these reported cases is the preoperative presentation of apical periodontitis with sinus
tract formation, a condition normally associated with total pulpal necrosis and infection that
requires apexification. Although Iwaya et al. (1) and Banchs and Trope (2) applied the term
“revascularization” to describe this phenomenon, what actually occurred was physiological
tissue formation and regeneration.

The clinical presentation of a negative response to pulpal testing with the presence of apical
periodontitis is generally interpreted to indicate pulpal necrosis and infection. Lin et al. (28,
29), however, found that vital tissues can even be present in pulp chambers in mature permanent
teeth associated with periapical radiolucencies. The size of the lesions varies, and some may
be described as moderately extensive. In the case of immature teeth, this situation could be
more common, although there is a lack of histologic studies. The recent case reports of
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immature teeth that presented with radiolucent lesions and underwent remarkable apexogenesis
after conservative treatment suggest that vital pulp tissue must have remained in the canals
(1-3). Iwaya et al. (1) reported that during the treatment of an immature second mandibular
premolar with a periradicular abscess, the patient felt the insertion of a smooth broach into the
canal before reaching the apex suggesting a partial remaining vitality of the pulpal tissue.
Thirty-five months after the treatment, the root formation was complete and the tooth responded
to an electrical pulp test (1). Similarly, Chueh and Huang (3) reported four cases of immature
teeth with periradicular lesions or abscess. In some of these cases, the patients either felt the
entry of instruments into the pulp chamber or there was vital pulp tissue and hemorrhage
observed. The open apex provided a good communication from the pulp space to the periapical
tissues; therefore, it may be possible for periapical disease to occur while the pulp is only
partially necrotic and infected. Along the same line of reasoning, stem cells in pulp tissue and
in apical papilla may also have survived the infection and allowed regeneration of pulp and
root maturation to occur. The infection could have spread through survived pulp tissue reaching
the periapex (Fig. 3). Another possibility is that the bone resorption is the result of the released
proinflammtory cytokines from the inflamed pulp. However, this situation is less likely to cause
the formation of sinus tracts, an indication of abscess from severe infection. It should be noted
that prolonged infection may eventually lead to a total necrosis of the pulp and apical papilla;
under these conditions, apexogenesis or maturogenesis, a term that encompasses not just the
completion of root-tip formation but also the dentin of the root (30), would then be unlikely.

The Potential Role of SCAP in Replantation and Transplantation
The fate of human pulp space after dental trauma has been observed in clinical radiographs.
Andreasen et al. (31,32) and Kling et al. (33) showed excellent radiographic images of the
ingrowth of bone and periodontal ligament (PDL) (next to the inner dentinal wall) into the
canal space with arrested root formation after the replantation of avulsed maxillary incisors,
suggesting a complete loss of the viability of pulp, apical papilla, and/or HERS. Some cases
showed partial formation of the root accompanied with ingrowth of bone and PDL into the
canal space, and in some cases the teeth continued to develop roots to their completion,
suggesting that there was partial or total pulp survival after the replantation. It is noted,
however, that a pronounced narrowing of canal space is usually associated with a surviving
pulp. Skoglund et al. (34) observed revascularization of the pulp of replanted and
autotransplanted teeth with incomplete root development in dogs. Ingrowth of new vessels
occurs during the first few postoperative days. After 10 days, new vessels are formed in the
apical half of the pulp and, after 30 days, in the whole pulp. In some instances, anastomoses
seemed to form with preexisting vessels in the pulp. Although revascularization occurs, the
pulp space is eventually filled with hard tissue.

Other animal studies focusing on the changes in pulp tissue after replantation showed that
various hard tissues including dentin, cementum, and bone may form in the pulp space
depending on the level of pulp recovery. If pulp and apical papilla are totally lost, then the root
canal space may be occupied by cementum, PDL, and bone (35-40). By tracing the migration
of periodontal cells after pulpectomy in immature teeth, Vojinovic and Vojinovic (41) found
that periodontal cells migrate into the apical pulp space during the repair process. Therefore,
one may assume that when there is a total loss of pulp tissue but the canal space remains in a
sterile condition, the outcome is the ingrowth of periodontal tissues.

One of the clinical treatment options for missing teeth is autotransplantation. The process often
involves extraction of a supernumerary tooth or third molar and implantation into a recipient
site. With regard to the status of pulp survival and root formation of the transplanted immature
teeth, the clinical observations nicely shown by Tsukiboshi (42,43) have been that (1) if the
transplanted tooth has minimal root formation, there will be minimal, if any, further root
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development after transplantation; (2) if there is some root formation, it will continue to develop
to some extent or to completion after transplantation; and (3) pulp tissue will be eventually
replaced by hard tissue. It has been considered that as long as the HERS remains viable, it
stimulates the undifferentiated mesenchymal cells in periradicular tissues to differentiate into
odontoblasts that contribute to the formation of new dentin and root maturation. However, the
current understanding is that pulp cells are different from periodontal cells. Based on current
available information, it is likely that odontoblast lineages are derived from stem cells in pulp
tissue or apical papilla. Both SCAP and HERS appear to be important for the continued root
development after transplantation. SCAP are also highly probable to survive after
transplantation because minimal vascularity is found in apical papilla based on preliminary
findings (5). The reason that transplanting a tooth with little or no root formation results in
almost no further root development is unclear. One may speculate that the integrity of the entire
tooth organ at that stage is critical for the root development to continue. During the
transplantation, any disruption of the structure such as the follicle, HERS, and apical papilla
will prevent further root development.

Stem Cells for Pulp/Dentin Tissue Engineering and Regeneration
Dental pulp tissue engineering was first tested by Mooney's groups (44). Bohl et al. (45)
reported that culturing pulp cells grown on polyglycolic acid (PGA) in vitro resulted in high
cell density tissue similar to the native pulp. Buurma et al. (46) found that pulp cells seeded in
PGA and implanted into the subcutaneous space of immunocompromised mice produced
extracellular matrix. New blood vessels also penetrated the cells/PGA implants in vivo 3 weeks
after the implantation. Since the isolation and characterization of DPSCs and SHED (6,16),
using these stem cells for dentin/pulp tissue regeneration has drawn great interest (47-49).

Reparative dentin-like structure is deposited on the dentin surface if DPSCs are seeded onto a
human dentin surface and implanted into immunocompromised mice, suggesting the
possibility of forming additional new dentin on existing dentin (50). Nör has shown that by
seeding SHED onto synthetic scaffolds seated in pulp chamber of a thin tooth slice,
odontoblast-like cells can rise from the stem cells and localize against existing dentin surface
after implanting the tooth slice construct into immunocompromised mice (49). These findings
provide new light on the possibility of generating pulp and dentin in pulpless canals. However,
when implanting cells/scaffolds into root canals that have blood supply only from the apical
end, enhanced vascularization is needed in order to support the vitality of the implanted cells
in the scaffolds. Recent efforts in developing scaffold systems for tissue engineering have been
focusing on creating a system that promotes angiogenesis for the formation of a vascular
network (51-56). These scaffolds are impregnated with growth factors such as VEGF and/or
platelet-derived growth factor or, further, with the addition of endothelial cells. These
approaches are particularly important for pulp tissue engineering for the aforementioned reason
that blood supply is only from the apical end.

Collagen has been considered as a convenient pulp cell carrier and could conveniently be
injected into canal space to regenerate pulp clinically, yet collagen as the matrix has been found
to contract significantly when carrying pulp cells (47,57), which may considerably affect pulp
tissue regeneration. Our in vivo experiments using mouse as a study model showed that when
pulp cells were cast into collagen gel and placed into a canal space, the contraction interfered
in the pulp regeneration. This observation was also noted in vitro, where cells/collagen gel
filled the entire canal space right after casting but underwent contraction over time.
Contraction-resistant scaffolds such as PLG (D,L-lactide and glycolide) appear to be a more
suitable carrier for pulp cells. Seven weeks after seeding the DPSCs onto PLG scaffolds, no
observable contraction was noted in vitro, and the cells attached well onto the scaffold surface
(Fig. 4).
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Whether SCAP are a more suitable stem-cell source for pulp generation than DPSCs and SHED
because of their natural role as a source for primary odontoblasts than the replacement
odontoblasts requires further investigation (5). The utilization of stem cells and an optimal
scaffold system may one day be used clinically as depicted in Figure 5 in which engineered
constructs may be inserted into canals of immature teeth to allow regeneration of pulp and
dentin. The assumption for the multistep engineered tissue installments is based on the concern
that blood vessel ingrowth can only occur from the apical end. A single installment, although
it is more ideal and will avoid chances of introducing infection, may lead to the cell death in
the coronal third region because of a lack of nutrients. Whether impregnation of VEGF and
other angiogenic factors would make single installment a possibility awaits experimentation.
If the proposed clinical approach can be successful, it implies a fundamental breakthrough in
clinical endodontic treatments using cell and tissue engineering therapy.

SCAP for Bioroot Engineering
Dental implants have recently gained momentum as a preferred option for replacing missing
teeth instead of bridges or removable dentures. However, although dental implants have had
great improvements over the past decades, the fundamental pitfall is the lack of a natural
structural relationship with the alveolar bone (ie, the absence of PDL). In fact, it requires a
direct integration with bone onto its surface as the prerequisite for success, an unnatural relation
with bone as compared with a natural tooth. The lack of natural contours and its structural
interaction with the alveolar bone make dental implants a temporary option until a better
alternative is available. This alternative may be tooth regeneration. Using animal study models,
cells isolated from tooth buds can be seeded onto scaffolds and form ectopic teeth in vivo
(58-62). Nakao et al. (62) recently engineered teeth ectopically followed by transplantation
into an othrotopic site in the mouse jaw. Tooth regeneration at orthotopic sites using larger
animals such as dogs and swine has also been tested (63,64). The study in dogs failed to show
root formation (63), whereas the swine model was able to show root formation with a 33.3%
success rate (64).

The other approach is to use SCAP and PDLSCs to form a bioroot (4). Using a minipig model,
autologous SCAP and PDLSCs were loaded onto HA/TCP and gelfoam scaffolds, respectively,
and implanted into sockets of the lower jaw. A post channel was precreated to leave space for
post insertion. Three months later, the bioroot was exposed, and a porcelain crown was inserted.
This approach is relatively a quick way of creating a root onto which an artificial crown can
be installed. The bioroot is different from a natural root in that the root structure is developed
by SCAP in a random manner. Nevertheless, the bioroot is encircled with periodontal ligament
tissue and appears to have a natural relationship with the surrounding bone. What remains to
be improved is the mechanical strength of the bioroot, which is approximately two thirds of a
natural tooth. There are also many other challenges; for example, a common question that has
been frequently raised in the field of tissue engineering and regenerative medicine is the source
of stem cells. Where shall we obtain the stem cells? Autologous stem cells are the best source
because allogenic or xenogenic are likely to have immunorejection issues. Banking teeth,
tissues, or stem cells for autologous use is a viable option. The recent revelation of the
immunosuppression properties of stem cells shed some light on the possibility of allogenic use
of stem cells. Many in vitro and in vivo studies have confirmed the immunosuppressive effects
of MSCs. The potential mechanisms underlying this immunosuppression can be explained by
downregulation of T, dendritic, NK, and B cells (65).

Conclusions
Understanding the biology of dental stem cells and the principle of tissue engineering/
regeneration provides us with a better knowledge base on which the clinical treatment plans
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can be established. As discussed in this review regarding the paradigm shift, a more
conservative approach for treating immature teeth with endodontic infection entitles our
attention. Although further research is needed to verify the role of SCAP in the continued root
formation after treatment, the clinical observations of this great healing potential of immature
teeth favors the possibility that SCAP in the apical papilla and in some cases perhaps along
with DPSCs in the survived dental pulp are important in this healing process. With regard to
the regeneration/engineering of pulp/dentin or bioroot engineering using SCAP, the issue of
cell source needs to be resolved simultaneously. Banking teeth as an autologous cell source
and the potential use of allogenic stem cells both require further research to determine the
ultimate benefits to our patients.

Acknowledgments
We thank Dr L.D. Shea for providing the PLG scaffolds. This work was supported in part by an Endodontic Research
Grant from the American Association of Endodontists Foundation (G.T.-J.H.), by the University of Southern California
School of Dentistry, and by grants from the National Natural Science Foundation of China #30428009 (S.W. and S.S.)
and National Institutes of Health RO1 DE17449 (S.S.).

References
1. Iwaya SI, Ikawa M, Kubota M. Revascularization of an immature permanent tooth with apical

periodontitis and sinus tract. Dental Traumatol 2001;17:185–7.
2. Banchs F, Trope M. Revascularization of immature permanent teeth with apical periodontitis: new

treatment protocol? J Endod 2004;30:196–200. [PubMed: 15085044]
3. Chueh L-H, Huang GTJ. Immature teeth with periradicular periodontitis or abscess undergoing

apexogenesis: A paradigm shift. J Endod 2006;32:1205–13. [PubMed: 17174685]
4. Sonoyama W, Liu Y, Fang D, et al. Mesenchymal stem cell-mediated functional tooth regeneration in

Swine. PLoS ONE 2006;1:e79. [PubMed: 17183711]
5. Sonoyama W, Liu Y, Yamaza T, et al. Characterization of the apical papilla and its residing stem cells

from human immature permanent teeth: a pilot study. J Endod 2008;34:166–71. [PubMed: 18215674]
6. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem cells (DPSCs)

in vitro and in vivo. Proc Natl Acad Sci U S A 2000;97:13625–30. [PubMed: 11087820]
7. D'Souza, R. Development of the pulpodentin complex.. In: Hargreaves, KM.; Goodis, HE., editors.

Seltzer and Bender's dental pulp. Quintessence Publishing Co, Inc; Carol Stream, IL: 2002. p. 13-40.
8. Bhasker, SN. Orban's oral histology and embryology. Vol. ed 11. Mosby-Year Book; St. Louis: 1991.
9. Baksh D, Song L, Tuan RS. Adult mesenchymal stem cells: characterization, differentiation, and

application in cell and gene therapy. J Cell Mol Med 2004;8:301–16. [PubMed: 15491506]
10. Tuan RS, Boland G, Tuli R. Adult mesenchymal stem cells and cell-based tissue engineering. Arthritis

Res Ther 2003;5:32–45. [PubMed: 12716446]
11. Wei X, Ling J, Wu L, Liu L, Xiao Y. Expression of mineralization markers in dental pulp cells. J

Endod 2007;33:703–8. [PubMed: 17509410]
12. Cohnheim J. Ueber entzündung und eiterung. Arch Path Anat Physiol Klin Med 1867;40:1.
13. Friedenstein AJ, Gorskaja JF, Kulagina NN. Fibroblast precursors in normal and irradiated mouse

hematopoietic organs. Exp Hematol 1976;4:267–74. [PubMed: 976387]
14. Caplan AI. Mesenchymal stem cells. J Orthop Res 1991;9:641–50. [PubMed: 1870029]
15. Pittenger MF, Mackay AM, Beck SC, et al. Multilineage potential of adult human mesenchymal stem

cells. Science 1999;284:143–7. [PubMed: 10102814]
16. Miura M, Gronthos S, Zhao M, et al. SHED: stem cells from human exfoliated deciduous teeth. Proc

Natl Acad Sci U S A 2003;100:5807–12. [PubMed: 12716973]
17. Seo BM, Miura M, Gronthos S, et al. Investigation of multipotent postnatal stem cells from human

periodontal ligament. Lancet 2004;364:149–55. [PubMed: 15246727]
18. Abe S, Yamaguchi S, Amagasa T. Multilineage cells from apical pulp of human tooth with immature

apex. Oral Sci Int 2007;4:455–8.

Huang et al. Page 8

J Endod. Author manuscript; available in PMC 2009 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



19. Gronthos S, Brahim J, Li W, et al. Stem cell properties of human dental pulp stem cells. J Dent Res
2002;81:531–5. [PubMed: 12147742]

20. Song S, Song S, Zhang H, Cuevas J, Sanchez-Ramos J. Comparison of neuron-like cells derived from
bone marrow stem cells to those differentiated from adult brain neural stem cells. Stem Cells Dev
2007;16:747–56. [PubMed: 17999596]

21. Raedt R, Pinxteren J, Van Dycke A, et al. Differentiation assays of bone marrow-derived multipotent
adult progenitor cell (MAPC)-like cells towards neural cells cannot depend on morphology and a
limited set of neural markers. Exp Neurol 2007;203:542–54. [PubMed: 17078948]

22. Rule DC, Winter GB. Root growth and apical repair subsequent to pulpal necrosis in children. Br
Dent J 1966;120:586–90. [PubMed: 5221182]

23. Saad AY. Calcium hydroxide and apexogenesis. Oral Surg Oral Med Oral Pathol 1988;66:499–501.
[PubMed: 3186225]

24. Matusow RJ. Acute pulpal-alveolar cellulitis syndrome V. Apical closure of immature teeth by
infection control: case report and a possible microbial-immunologic etiology. Part 1. Oral Surg Oral
Med Oral Pathol 1991;71:737–42. [PubMed: 2062525]

25. Matusow RJ. Acute pulpal-alveolar cellulitis syndrome. V. Apical closure of immature teeth by
infection control: the importance of an endodontic seal with therapeutic factors. Part 2. Oral Surg
Oral Med Oral Pathol 1991;72:96–100. [PubMed: 1891250]

26. Whittle M. Apexification of an infected untreated immature tooth. J Endod 2000;26:245–7. [PubMed:
11199729]

27. Selden HS. Apexification: an interesting case. J Endod 2002;28:44–5. [PubMed: 11806649]
28. Lin L, Shovlin F, Skribner J, Langeland K. Pulp biopsies from the teeth associated with periapical

radiolucency. J Endod 1984;10:436–48. [PubMed: 6593420]
29. Lin LM, Skribner J. Why teeth associated with inflammatory periapical lesions can have a vital

response. Clin Prev Dent 1990;12:3–4. [PubMed: 2376105]
30. Weisleder R, Benitez CR. Maturogenesis: is it a new concept? J Endod 2003;29:776–8. [PubMed:

14651290]
31. Andreasen JO, Borum MK, Jacobsen HL, Andreasen FM. Replantation of 400 avulsed permanent

incisors. 1. Diagnosis of healing complications. Endod Dent Traumatol 1995;11:51–58. [PubMed:
7641619]

32. Andreasen JO, Borum MK, Jacobsen HL, Andreasen FM. Replantation of 400 avulsed permanent
incisors. 2. Factors related to pulpal healing. Endod Dent Traumatol 1995;11:59–68. [PubMed:
7641620]

33. Kling M, Cvek M, Mejare I. Rate and predictability of pulp revascularization in therapeutically
reimplanted permanent incisors. Endod Dent Traumatol 1986;2:83–9. [PubMed: 3460802]

34. Skoglund A, Tronstad L, Wallenius K. A microangiographic study of vascular changes in replanted
and autotransplanted teeth of young dogs. Oral Surg Oral Med Oral Pathol 1978;45:17–28. [PubMed:
271284]

35. Nevins AJ, Finkelstein F, Borden BG, Laporta R. Revitalization of pulpless open apex teeth in rhesus
monkeys, using collagen-calcium phosphate gel. J Endod 1976;2:159–65. [PubMed: 819611]

36. Ritter AL, Ritter AV, Murrah V, Sigurdsson A, Trope M. Pulp revascularization of replanted immature
dog teeth after treatment with minocycline and doxycycline assessed by laser Doppler flowmetry,
radiography, and histology. Dent Traumatol 2004;20:75–84. [PubMed: 15025689]

37. Nevins A, Finkelstein F, Laporta R, Borden BG. Induction of hard tissue into pulpless open-apex
teeth using collagen-calcium phosphate gel. J Endod 1978;4:76–81. [PubMed: 98608]

38. Kvinnsland I, Heyeraas KJ. Dentin and osteodentin matrix formation in apicoectomized replanted
incisors in cats. Acta Odontol Scand 1989;47:41–52. [PubMed: 2718754]

39. Skoglund A, Tronstad L. Pulpal changes in replanted and autotransplanted immature teeth of dogs.
J Endod 1981;7:309–16. [PubMed: 6166699]

40. Thibodeau B, Teixeira F, Yamauchi M, Caplan DJ, Trope M. Pulp revascularization of immature dog
teeth with apical periodontitis. J Endod 2007;33:680–9. [PubMed: 17509406]

Huang et al. Page 9

J Endod. Author manuscript; available in PMC 2009 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



41. Vojinovic O, Vojinovic J. Periodontal cell migration into the apical pulp during the repair process
after pulpectomy in immature teeth: an autoradiographic study. J Oral Rehabil 1993;20:637–52.
[PubMed: 10412487]

42. Tsukiboshi M. Autogenous tooth transplantation: a reevaluation. Int J Periodontics Restorative Dent
1993;13:120–49. [PubMed: 8360005]

43. Tsukiboshi M. Autotransplantation of teeth: requirements for predictable success. Dent Traumatol
2002;18:157–80. [PubMed: 12442825]

44. Mooney DJ, Powell C, Piana J, Rutherford B. Engineering dental pulp-like tissue in vitro. Biotechnol
Prog 1996;12:865–8. [PubMed: 8983211]

45. Bohl KS, Shon J, Rutherford B, Mooney DJ. Role of synthetic extracellular matrix in development
of engineered dental pulp. J Biomater Sci Polym Ed 1998;9:749–64. [PubMed: 9686338]

46. Buurma B, Gu K, Rutherford RB. Transplantation of human pulpal and gingival fibroblasts attached
to synthetic scaffolds. Eur J Oral Sci 1999;107:282–9. [PubMed: 10467944]

47. Huang GT, Sonoyama W, Chen J, Park SH. In vitro characterization of human dental pulp cells:
various isolation methods and culturing environments. Cell Tissue Res 2006;324:225–36. [PubMed:
16440193]

48. Murray PE, Garcia-Godoy F, Hargreaves KM. Regenerative endodontics: a review of current status
and a call for action. J Endod 2007;33:377–90. [PubMed: 17368324]

49. Nör JE. Tooth regeneration in operative dentistry. Oper Dent 2006;31:633–42. [PubMed: 17153970]
50. Batouli S, Miura M, Brahim J, et al. Comparison of stem-cell-mediated osteogenesis and

dentinogenesis. J Dent Res 2003;82:976–81. [PubMed: 14630898]
51. Kanematsu A, Yamamoto S, Ozeki M, et al. Collagenous matrices as release carriers of exogenous

growth factors. Biomaterials 2004;25:4513–20. [PubMed: 15046942]
52. Peters MC, Polverini PJ, Mooney DJ. Engineering vascular networks in porous polymer matrices. J

Biomed Mater Res 2002;60:668–78. [PubMed: 11948526]
53. Sun Q, Chen RR, Shen Y, Mooney DJ, Rajagopalan S, Grossman PM. Sustained vascular endothelial

growth factor delivery enhances angiogenesis and perfusion in ischemic hind limb. Pharm Res
2005;22:1110–6. [PubMed: 16028011]

54. Sheridan MH, Shea LD, Peters MC, Mooney DJ. Bioabsorbable polymer scaffolds for tissue
engineering capable of sustained growth factor delivery. J Control Release 2000;64:91–102.
[PubMed: 10640648]

55. Richardson TP, Peters MC, Ennett AB, Mooney DJ. Polymeric system for dual growth factor delivery.
Nat Biotechnol 2001;19:1029–34. [PubMed: 11689847]

56. Stiver SI, Tan X, Brown LF, Hedley-Whyte ET, Dvorak HF. VEGF-A angiogenesis induces a stable
neovasculature in adult murine brain. J Neuropathol Exp Neurol 2004;63:841–55. [PubMed:
15330339]

57. Chan CP, Lan WH, Chang MC, et al. Effects of TGF-beta s on the growth, collagen synthesis and
collagen lattice contraction of human dental pulp fibroblasts in vitro. Arch Oral Biol 2005;50:469–
79. [PubMed: 15777529]

58. Young CS, Terada S, Vacanti JP, Honda M, Bartlett JD, Yelick PC. Tissue engineering of complex
tooth structures on biodegradable polymer scaffolds. J Dent Res 2002;81:695–700. [PubMed:
12351668]

59. Duailibi MT, Duailibi SE, Young CS, Bartlett JD, Vacanti JP, Yelick PC. Bioengineered teeth from
cultured rat tooth bud cells. J Dent Res 2004;83:523–8. [PubMed: 15218040]

60. Young CS, Abukawa H, Asrican R, et al. Tissue-engineered hybrid tooth and bone. Tissue Eng
2005;11:1599–1610. [PubMed: 16259613]

61. Komine A, Suenaga M, Nakao K, Tsuji T, Tomooka Y. Tooth regeneration from newly established
cell lines from a molar tooth germ epithelium. Biochem Biophys Res Commun 2007;355:758–63.
[PubMed: 17321500]

62. Nakao K, Morita R, Saji Y, et al. The development of a bioengineered organ germ method. Nat
Methods 2007;4:227–30. [PubMed: 17322892]

63. Honda MJ, Ohara T, Sumita Y, Ogaeri T, Kagami H, Ueda M. Preliminary study of tissue-engineered
odontogenesis in the canine jaw. J Oral Maxillofac Surg 2006;64:283–9. [PubMed: 16413902]

Huang et al. Page 10

J Endod. Author manuscript; available in PMC 2009 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



64. Kuo T-F, Huang A-T, Chang H-H, et al. Regeneration of dentin-pulp complex with cementum and
periodontal ligament formation using dental bud cells in gelatin-chondroitin-hyaluronan tri-
copolymer scaffold in swine. J Biomed Mater Res A. 2007doi: 10.1002/jbm.a.31746. [Epub ahead
of print]

65. Chen XI, Armstrong MA, Li G. Mesenchymal stem cells in immunoregulation. Immunol Cell Biol
2006;84:413–21. [PubMed: 16869941]

Huang et al. Page 11

J Endod. Author manuscript; available in PMC 2009 March 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Apical papilla. (A) An extracted human third molar depicting three immature roots with two
pieces of apical papilla being removed from their apices (arrow heads) and one piece of apical
papilla being peeled away from the root end but not completely detached (arrow). (B) A
developing root tip with attached apical papilla was cultured in vitro for 3 days before being
processed for hematoxylin and eosin (H&E) staining. Odontoblasts (black arrows), apical cell-
rich zone (open arrowheads), and apical papilla tissue are indicated. (C) Magnified view of the
area indicated by the yellow rectangle.
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Figure 2.
The potential role of apical papilla in root maturation in human and minpig. (A) Human incisor
crown fracture (arrows) occurred before the completion of root development. (B) Immediate
root canal treatment was performed on the fractured tooth. Pulp tissue was completely removed
and root canal was sealed with filling material. (C) Three months after endodontic treatment,
the root tip continued to develop. (D) Seven months after treatment, a significant amount of
root tip was formed. (E) When distal buccal root apical papilla of the lower first molar was
surgically removed from a 9-month-old minipig, the distal buccal root stopped developing at
the 3-month follow-up (black arrows), but other roots show a normal growth and development
(red arrows).
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Figure 3.
The hypothetical pathway of infection of immature permanent teeth. The infection may pass
through the survived pulp and apical papilla reaching the periradicular tissues and causing
extensive bone resorption.
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Figure 4.
DPSCs grown in PLG in vitro. DPSCs were seeded onto PLG scaffolds cylindrical shape, 5
(diameter) × 2 (height) mm with pore diameters between 250 and 425 μm kindly provided by
Dr L.D. Shea (Northwestern University, Evanston, IL) and cultured in vitro for 7 weeks. Cells
attached onto the inner surfaces of the scaffold (H&E). The scaffolds without cells (control,
not shown) were also processed for H&E, and no visible staining was observed (original
magnification: A, ×100; B, ×400).
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Figure 5.
A schematic illustration of proposed stepwise insertion of engineered pulp tissue in the clinical
setting.
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