
Dentin and dental pulp regeneration by the patient’s
endogenous cells

SAHNG G. KIM, YING ZHENG, JIAN ZHOU, MO CHEN, MILDRED C. EMBREE, KAREN
SONG, NAN JIANG, and JEREMY J. MAO

Abstract

The goal of regenerative endodontics is to restore the functions of the dental pulp–dentin complex.

Two approaches are being applied toward dental pulp–dentin regeneration: cell transplantation and

cell homing. The majority of previous approaches are based on cell transplantation by delivering

ex vivo cultivated cells toward dental pulp or dentin regeneration. Many hurdles limit the clinical

translation of cell transplantation such as the difficulty of acquiring and isolating viable cells,

uncertainty of what cells or what fractions of cells to use, excessive cost of cell manipulation and

transportation, and the risk of immune rejection, pathogen transmission, and tumorigenesis in

associated with ex vivo cell manipulation. In contrast, cell homing relies on induced chemotaxis of

endogenous cells and therefore circumvents many of the difficulties that are associated with cell

transplantation. An array of proteins, peptides, and chemical compounds that are yet to be

identified may orchestrate endogenous cells to regenerate dental pulp–dentin complex. Both cell

transplantation and cell homing are scientifically valid approaches; however, cell homing offers a

number of advantages that are compatible with the development of clinical therapies for dental

pulp–dentin regeneration.

Introduction

Dental pulp, along with other dental structures such as dentin and cementum, originates

from neural crest-derived mesenchyme. Dental pulp is the only vascularized connective

tissue in the tooth and provides vital functions of homeostasis (1). Dentin and pulp work as a

physiological and functional unit. Dental pulp consists of heterogeneous cell populations,

among which stem/progenitor cells are anticipated to replenish odontoblasts upon infection

or trauma in adulthood. The pulp is richly vascularized and innervated, which are important

for homeostasis and pathology. Interestingly, there has apparently been no report of

neoplasm in dental pulp.

The American Dental Association (ADA) recently adopted a clinical procedure with a code

for “pulpal regeneration” (2). This procedure produces increased apical formation and

induction of periapical bleeding into the root canal, with a goal of restoring the vitality of

dental pulp in immature, young permanent teeth. However, clinical literature dating back

30–40 years suggests that the outcome of this procedure can positively re-establish partial
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vitality of the pulp but is highly variable amongst individuals (3). Thus, this ADA-approved

procedure may or may not lead to dental pulp regeneration in patients.

Significant progress has been made in our understanding of the biology of dental pulp at the

cellular and molecular levels, and more recently, approaches toward dental pulp–dentin

regeneration (1). However, a limited number of existing in vivo animal studies on dental

pulp–dentin regeneration have not illustrated a valid pathway toward clinical applications

for reasons that are outlined below. In this review, the authors will discuss the challenges

and opportunities in dental pulp–dentin regeneration by contrasting cell transplantation and

cell homing approaches.

Cell transplantation for dental pulp regeneration

Stem/progenitor cells in dental pulp derive from dental papilla during tooth development.

Hypothetically, mesenchymal stem/progenitor cells in the pulp replenish all pulp cells

including odontoblasts in post-natal life. It is, therefore, intuitive to transplant mesenchymal

stem/progenitor cells from dental pulp directly into endodontically treated root canals in

order to regenerate the dental pulp–dentin complex. However, cell transplantation for the

purpose of dental pulp–dentin regeneration has encountered numerous hurdles in clinical

application.

Cell transplantation has been a major in vivo preclinical pulp tissue regeneration approach

using stem/progenitor cells not only from dental pulp but also of other origins. The

transplanted stem/progenitor cells, irrespective of their origins, are thought to participate in

the regeneration/repair process not only by supplying cells per se but also by providing

growth factors or signaling molecules released from transplanted cells as trophic factors to

enhance the cellular activity of endogenous as well as transplanted cells (1,4-7). In a tooth

slice model, Cordeiro et al. showed that vascular pulp-like tissue was regenerated when a gel

seeded with stem cells from human exfoliated deciduous teeth was implanted into the

dorsum of immunodeficient mice (8). A similar study using an ectopic tooth fragment model

by Huang et al. demonstrated the formation of pulp-like tissue with deposition of dentin-like

tissue upon implantation of stem/progenitor cells from the apical papilla and dental pulp

stem cells (DPSC) in mice (9). In an effort to maximize the efficiency of cell transplantation,

Iohara et al. used cell fractions such as CD31−/CD146− and CD105+ side population (SP)

cells from dental pulp for pulp regeneration; they possessed higher self-renewal capacity and

differentiation potential compared to unfractionated cells (10,11). These SP cells were

angiogenic and neurogenic, and therefore considered a promising cell source for pulp

regeneration (12). In an orthotopic canine model, Iohara et al. further showed that pulp-like

tissue with blood vessels and innervation was formed upon transplantation of CD105+ SP

cells in a collagen scaffold with stromal derived factor-1 after pulpectomy (13). Using a

similar orthotopic canine model, Ishizaka et al. demonstrated that CD31− SP cells from

dental pulp, bone marrow, and adipose tissue yielded pulp-like tissue upon cell implantation

into emptied root canals (14). The adipose-derived SP cells showed higher matrix formation

and odontoblastic differentiation than those from other sources (14). This suggests that

CD31− SP cells from adipose tissue may be an alternative to pulp-derived SP cells, similar

to the potential use of adipose stem cells in other tissue engineering applications (15,16).
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What are the scientific values of cell transplantation?

Cell transplantation has scientific value in preclinical research to answer the following

critical questions, although few studies on this have been undertaken (Table 1).

i. How do transplanted stem/progenitor cells participate in pulp regeneration? Cells

can be tagged with specific markers such as green fluorescent protein and

transplanted into the root canal space. In in vivo cell tracing studies, the proportions

of the transplanted cells in regenerated pulp tissues can be investigated relative to

host cells. Furthermore, in vivo cell lineage tracing may reveal the cellular

mechanisms of pulp regeneration and fate of transplanted cells in newly

regenerated tissues (e.g. how the cells give rise to specialized cells such as

collagen-forming cells, endothelial cells, and odontoblasts).

ii. Will some of the transplanted stem/progenitor cells maintain “stemness” in the

newly regenerated tissues? The transplanted cells can be harvested again from the

regenerated tissues and implanted in other animals to test their regeneration

potential. Serial transplantation may demonstrate if cells with stemness (including

self-renewal, potency, and clonogenicity) are truly present and participate in in vivo

pulp regeneration. This involves the development of orthotopic animal models to

reproducibly regenerate pulp tissues, and molecular assays to capture the specific

cell-cycle stages with signals dictating self-renewal and differentiation.

iii. How do systemic and local pathological conditions affect the transplanted cells in

the process of pulp regeneration? Systemic diseases such as congenital or inherited

disorders (e.g. sickle cell anemia, dentinogenesis imperfecta) and

immunocompromised conditions (e.g. chronic granulomatous disease, severe

combined immunodeficiency) may alter the intrinsic host mechanisms of wound

healing and change the behaviors of transplanted cells in pulp regeneration. Local

pathology such as the presence of microorganisms in root canals and/or periapical

lesions may also play a significant role in the regeneration process with the

involvement of neurogenic inflammatory reactions and immune responses.

What are clinically valid cell sources for dental pulp–dentin regeneration?

Suppose that a patient sits in a dental chair for pulp regeneration therapy; where can we

obtain cells to transplant into clinically prepared root canals? If the patient has a wisdom

tooth or a healthy tooth that needs to be extracted for orthodontic reasons, stem/progenitor

cells can be harvested from the extracted tooth. However, these patients are rarely found.

Other cell sources that have been used for dental pulp regeneration include postnatal stem/

progenitor cells such as stem cells from exfoliated deciduous teeth (17), stem cells from

apical papilla (9,18), dental follicle precursor cells (19-21), periodontal ligament stem cells

(22,23), and bone marrow mesenchymal stem/stromal cells (24,25). Invariably, complex cell

harvest procedures need to be followed, including tooth extraction, pulp extirpation, in vitro

cell culture, selection of stem/progenitor cell populations, ex vivo cell expansion, and storage

and shipping to the practitioner. Also, there are other hurdles such as potential

contamination during cell manipulation, storage, and transplantation, as well as the potential

risk of the development of tumorigenesis during ex vivo cell manipulation (26,27).
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Would induced pluripotent stem (iPS) cells be an ideal cell source for dental pulp

regeneration? Oda et al. demonstrated that mesenchymal stromal cells from pulp tissues of

third molars could be reprogrammed into iPS cells by retroviral transduction of Oct3/4,

Sox2, and Klf4 (28). Importantly, Oda et al. showed that iPS cells with a high yield could be

acquired without Myc (a universal amplifier of expressed genes in lymphocytes and

embryonic stem cells) when stromal cells from pulp tissues were used (28). Despite high iPS

generation efficiency, non-viral reprogramming methods such as plasmid, protein, and

microRNA need to be utilized in order to avoid genomic mutations before iPS cell

transplantation for therapeutic applications. Oh et al. demonstrated that epithelial-

mesenchymal transition (EMT) can be used to reprogram human epidermal keratinocytes by

ΔNp63α transduction to generate mesenchymal stem cells (MSCs) (29). The ΔNp63α-

transduced cells showed morphological and functional similarity to MSCs with upregulation

of pluripotent stem cell markers such as Nanog and Lin28. However, iPS cells also suffer

from excessive cost and safety concerns.

Therapeutic models

Pulp regeneration by cell transplantation dictates a point-of-care (POC) therapy. Unless the

clinician is trained to isolate and culture cells, one must rely on commercial stem cell

products. POC refers to one doctor treating one patient using the patient’s own cells from

the point of cell harvesting to transplantation. The use of patient-specific cells is clinically

beneficial because the cells carry the same genetic information as the host and thereby will

efficiently engraft without immune rejection upon transplantation. When allogeneic cells are

used, donor-associated variation such as age, gender, and method of isolation may

substantially influence the characteristics of harvested cells and will likely cause variable

treatment outcomes. Phinney et al. showed large variation in the in vitro growth and

differentiation capacity of donor cells within and among the donors (30). Notably, MSCs

simultaneously isolated at different locations from the same donor also showed a large

growth rate difference (30). Therefore, the heterogeneity in cell characteristics associated

with donor variability can be a limitation in POC therapy. The lack of practitioner training in

cell harvesting and handling procedures will be another challenge in this therapeutic

approach.

Currently, there are no stem cells approved for cell therapy of any disease. When approved,

commercial stem cells may be an alternative to the patient’s own cells. Due to the limited

source of patient-specific cells, human allogeneic cells will likely be used for

commercialized stem cell products with the premise that the allogeneic donor cells do not

mount an immune response against the tissues of the recipient (immune rejection) (31-33).

Regardless of the therapeutic model, pulp regeneration therapy using cell transplantation is

likely to suffer from a lack of clinical viability, difficulty with regulatory approval, and the

high cost associated with storage (cell cryopreservation/banking system) and packaging, not

to mention the risk of immunorejection, pathogen transmission, and tumorigenesis during

engraftment.

Most stem cells remain in a quiescent state in vivo. For example, the osteoblastic niche

harbors hematopoietic stem cells in a quiescent state, while the vascular niche plays a role in
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the mobilization, proliferation, and differentiation of stem cells (34,35). Quiescent stem cells

may be activated by microenvironment changes such as tissue injury or disease (36). Cell

quiescence is critical in maintaining stem cell populations in a tissue without exhausting

their proliferative potentials (37,38). However, in clinical regenerative therapy, stem cells

must enter the cell cycle and be activated from their quiescent form. A recent study by Feng

et al. showed that, in response to pulp tissue damage, MSCs can be activated and migrate

from their distinct niche, perivascular area, or cervical loop end toward the site of injury,

proliferate, and differentiate into odontoblasts (39). But it was noted that few cells could be

mobilized to replenish damaged odontoblasts.

Cell transplantation often requires in vitro cell expansion before cells are transplanted into a

tissue (6,40). Stem cells for pulp regeneration therapy also need to be expanded in in vitro

culture before transplantation but there are certain risks associated with this process. During

in vitro expansion, cells can lose their potency and experience cell transformation (41-43),

although a mechanical method of scale-up with minimal risk of potency loss has been

elaborated in a recent study using DPSC (44). Nonetheless, some findings have yielded

positive results (45-47). Sadri-Ardekani et al. (45) demonstrated that human spermatogonial

cells can be subcultured from testicular cell cultures and propagated for as long as 28 weeks.

The expression of spermatogonial stem cell markers was found to be maintained in the

subcultured cells throughout the entire culture period. Yu et al. (46) showed that the

proliferation potential of STRO1+ DPSC was maintained for up to 9 passages. In an attempt

to optimize a cell culture condition for stem cells, Liu et al. (47) added BMP-4 to cell culture

media in order for periodontal ligament stem cells to maintain stemness potentials. With the

addition of BMP-4, the expression of stem cell markers including SOX2, Oct-4, and c-Myc

was maintained in periodontal ligament stem cells for as long as 7 passages. However, it is

still a challenge to achieve safe and reliable in vitro cell expansion that obviates the risks of

cell transformation and potential loss of stemness during long-term cell expansion (48,49).

As well, the potency of cells observed in in vitro conditions may not be adequately

expressed in the transplanted site, resulting in the formation of tissues far from their original

architectures (50). Additional potential risks such as immunorejection and pathogen

transmission are the other concerns related to cell transplantation (26).

Cell homing for dental pulp regeneration

Cell homing has been underexplored in the field of tissue engineering. From a therapeutic

perspective, cell homing may circumvent many of the challenges associated with cell

transplantation as outlined in Table 1. Cell homing is defined as the migration of cells,

including stem/progenitor cells, to tissue defects. In tissue regeneration, cell homing should

be followed by tissue synthesis by homed and/or locally resident cells (1,51-53). Cell

homing describes the migration and mobilization of cells, including stem/progenitor cells, to

the site of regeneration and/or injury, the process of which is induced by biological signaling

molecules (53,54). In order to harness the innate healing potentials of endogenous cells,

different types and forms of signaling molecules with scaffolds have been added to the

tissues to engineer in vivo. For example, the articular surface of the synovial joint was

regenerated in vivo with a cell-free approach using an anatomically correct bioscaffold

embedded with a growth factor, TGFβ3 (53). The regenerated avascular cartilage was
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integrated with regenerated subchondral bone. In a recent study by Kim et al. (55),

regeneration of tooth-like structures was demonstrated using a cell homing approach.

Anatomically shaped tooth scaffolds mimicking a human mandibular first molar were

fabricated by three-dimensional (3D) bioprinting with 80% (m/m) polycaprolactone (PCL)

and 20% (m/m) of hydroxyapatite (HA). A porous structure with 3D microstrands and 200-

μm diameter interconnecting microchannels allows for cell migration and proliferation. A

cocktail of stromal cell-derived factor 1 (SDF1) and bone morphogenetic protein 7 (BMP7)

was added to a 2 mg/mL neutralized type 1 collagen solution. The scaffolds embedded with

the mixture of SDF1, BMP7, and collagen solution were implanted in subcutaneous tissues.

At nine weeks post-surgery, human-shaped mandibular first molar scaffolds retrieved from

the dorsum of rats showed that endogenous cells were recruited into microchannels of the

scaffold with isolated mineralization. Notably, significantly more cells and blood vessels

were observed in the microchannels of the scaffolds with SDF1 and BMP7 delivery than

without the growth factor delivery. In addition, regeneration of periodontal ligament-like

tissues and newly formed alveolar bone were also observed in an orthotopic model using rat

incisor scaffolds after nine weeks.

Cell homing has been utilized to induce the regeneration of dental pulp-like tissues. Kim et

al. (56) showed that several growth factors such as vascular endothelial growth factor

(VEGF), basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF),

nerve growth factor (NGF), and BMP7 served as signaling molecules for pulp regeneration.

Human extracted canines and incisors were endodontically treated without root canal filling

materials. The emptied root canals were filled with collagen scaffolds impregnated with

growth factors. The teeth were implanted into the dorsum of mice for 3 weeks. Upon

retrieval of the implanted teeth, vascular pulp-like tissues with innervation and odontoblast

layers were observed along the entire length of the root canals. With the delivery of bFGF

and/or VEGF, newly formed recellularized and revascularized connective tissues were

integrated into native dentinal wall in root canals. With the combined delivery of bFGF,

VEGF, or PDGF with a basal set of NGF and BMP7, cellularized and vascularized tissues

positive of VEGF antibody staining were regenerated with new dentin formation over the

native dentin in some endodontically treated teeth. Newly regenerated dental pulp tissues

were dense with cells and extracellular matrix. This study in an ectopic model is the first to

demonstrate that host endogenous cells can migrate, proliferate, and differentiate into cells

that constitute pulp tissue. This complicated regeneration process is thought to be guided by

growth factors that filled the emptied root canals of the extracted teeth. For example, bFGF

and PDGF were biological cues for chemotaxis; PDGF and VEGF for vasculogenesis/

angiogenesis; NGF for neuronal growth and survival; and BMP-7 for odontoblast

differentiation and mineralization. It is anticipated in the foreseeable future that a diseased

dental pulp could be treated with less invasive root canal therapy including minimal

mechanical instrumentation for pulp regeneration. Sufficient disinfection followed by

delivery of injectable bioactive cues will provide a microenvironment for the recruited cells

to overcome the residual infection, if any, in the root canals with native defense mechanisms

and proliferate and differentiate into cells that contribute to pulp regeneration. Some of the

advantages of cell homing for dental pulp–dentin regeneration in comparison to cell

transplantation are summarized below.
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• Cell homing circumvents some of the safety issues associated with cell

transplantation such as potential immune rejection, pathogen transmission and

tumorigenesis, the manufacturing issues such as high costs associated with storage

(cell cryopreservation/banking system), packaging, and shipping, the technical

issues related to lack of training of handling cells for practitioners, and the

regulatory issues for FDA approval.

• Clinicians do not require special training for the delivery of cell homing products

(signaling molecules) due to their ease of delivery into root canals, whereas

clinicians need to learn how to properly handle and apply stem cell products via

special training.

• Commercialized cell homing products that are approved by the FDA already exist

in the market. FDA approval of other signaling molecules is expected to be

relatively easier than that of stem cell products.

Since the earlier work by Nygaard-Østby et al. (57), there have been a number of clinical

studies investigating the regeneration of pulp tissue. However, most of the studies were case

reports or case series in young patients (58-68). With few exceptions, the following clinical

scenarios were stated in these studies. Root canals were disinfected with antimicrobial

solutions followed by intracanal medicaments such as calcium hydroxide or triple/double

antibiotics. After the symptoms disappeared, bleeding was induced in the root canals, which

were then sealed with permanent restorations with or without mineral trioxide aggregates. A

recent study by Shimizu et al. (67) showed that this clinical pulp revacularization/

regeneration procedure could regenerate the pulp tissues in a human immature permanent

tooth with irreversible pulpitis. It was demonstrated in this case report that pulp-like

connective tissues were regenerated in the root canal space with odontoblast-like cell layers.

From the perspective of the cell-free approach, however, there were no growth factors

involved in these studies, although some growth factors might be released from the dentin

matrix. A recent case report by Torabinejad & Turman used platelet-rich plasma (PRP) in a

replanted, immature, necrotic maxillary premolar following accidental extraction (68). PRP,

although not a pure form of growth factors, can be considered a combination of biological

signaling molecules such as PDGF, transforming growth factor beta (TGFβ), FGF, VEGF,

and connective tissue growth factor (69,70). In this study, PRP from the patient’s blood was

injected into the root canals after disinfection. At about the 5-month recall, continued root

maturation was observed radiographically, suggesting that vital tissue regeneration in the

root canal space was achieved. Pulp regeneration using PRP is a novel approach but suffers

from disadvantages such as drawing blood from the patient and additional centrifuge and

purification processes.

Growth factors

An understanding of the functions of growth factors is fundamental in the cell homing

approach (71). Among many growth factors, vascular endothelial growth factor (VEGF),

basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), nerve growth

factor (NGF), and bone morphogenetic protein-7 (BMP7) may be important in pulp

regeneration as shown by Kim et al. (56).
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VEGF is a heparin-binding protein and plays an essential role in vasculogenesis/

angiogenesis (72). VEGF induces the proliferation of endothelial cells and increases their

survival while stimulating new blood vessel formation at the site of the injury (73). It was

shown in an in vivo study by Mullane et al. that the density of microvessels in tooth slices

with severed dental pulp significantly increased when the teeth were treated with VEGF and

implanted into subcutaneous tissues of severe combined immunodeficiency (SCID) mice

(74). Marchionni et al. showed the differentiation of DPSC into endothelial cells based on

the immunophenotypical profile, increased expression of VEGF receptors, and microvessel

formation after VEGF treatment (75). The osteogenic differentiation of DPSC under

osteogenic conditions may be enhanced by the addition of VEGF (76).

Basic fibroblast growth factor (bFGF), also known as FGF2, may play an important role in

pulp regeneration due to its potent angiogenic potential in the dental pulp (77-80), along

with PDGF (81,82) and VEGF (74). bFGF is also potent in recruiting DPSCs. In a study by

Suzuki et al. using a transwell migration assay, significantly more DPSCs were mobilized in

the bFGF group compared with the growth factor-free group and the BMP7 group (83).

bFGF is also potent in stimulating the proliferation of DPSCs without differentiation (84).

PDGF, released by platelets, is of significance in cell proliferation and angiogenesis (81,82).

However, PDGF has little potency in mineralization because it inhibits alkaline phosphatase

(ALP) activity in dental pulp cells in cultures (85-87). Four isoforms of PDGF are present as

homodimers (PDGF-AA, -BB, -CC, and -DD) whilePDGF-AB is a heterodimer (88). The

expression of dentin sialoprotein (DSP) is stimulated by PDGF-AB and PDGF-BB but is

inhibited by PDGF-AA, suggesting that the effects of PDGF on odontoblast differentiation

depend on its dimeric form (89). PDGF-BB also enhances the expression of VEGF in

osteoblasts and promotes angiogenesis (82).

NGF promotes the survival and maintenance of sympathetic and sensory neurons as well as

non-neuronal cells (90,91). The expression of NGF and its receptors was shown to increase

in dental pulp cells at the injury site (92) and during tooth development (93). NGF has been

shown to induce differentiation of immortalized dental papilla cells into odontoblasts in

vitro, suggesting its role as a stimulant for mineralization (94).

BMP7, also known as osteogenic protein-1 (OP-1), is effective in dentinogenesis as shown

in several animal models such as rats (95), ferrets (96), and miniature swine (97). This

dentinogenic effect relies on the odontoblast differentiation induced by BMPs including

BMP2 (98-104), BMP4 (101,102), BMP7 (103,104), and BMP11 (105,106).

Remaining tasks

The use of biological signaling molecules for the cell homing approach makes pulp

regeneration more approachable by practitioners because the delivery of growth factors is

not nearly as complicated and costly as cell transplantation. Immune rejection, potential

contamination during cell manipulation, and unintended differentiating patterns of

transplanted cells leading to tumorigenesis are minimized (Table 2). Regulatory approval

and commercialization of signaling molecules are not as complicated as with stem cell

transplantation. Several existing FDA-approved growth factor products are being used in
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patients. For example, GEM-21S® (Osteohealth, Shirley, NY) is β-tricalcium phosphate

loaded with PDGF-BB for periodontal tissue regeneration. INFUSE® bone graft

(Medtronic, Minneapolis, MN) has human recombinant BMP-2 as an active ingredient to

promote bone regeneration. However, there are many other growth factors that play key

roles in pulp regeneration and also need to be approved by the FDA and commercialized for

therapeutic use.

Until now, no randomized controlled trials have been performed to investigate the outcome

of dental pulp-dentin regeneration using either cell transplantation or cell homing

approaches. Without a reasonable rate of cure, pulp regeneration will not be an alternative to

conventional root canal therapy. Therefore, the outcome of clinical pulp regeneration needs

to be reported as a result of controlled studies and must be reasonably high in order to allow

clinicians to implement this treatment as an alternative therapy. As a means to meet this

clinical demand, the American Association of Endodontists (AAE) Foundation has sought

proposals for clinical research on regenerative endodontic therapy with up to $2.5 million

grants (107).

Concluding Remarks

Dental pulp–dentin regeneration using cell transplantation has encountered significant

hurdles and, to date, has not illustrated a clinically viable pathway. Cell homing is a

clinically translatable approach for dental pulp–dentin regeneration and circumvents some of

the key challenges associated with cell transplantation. Whereas new knowledge about

dental pulp–dentin regeneration will result from both cell transplantation and cell homing

studies, cell homing presents clear advantages in terms of clinical application.
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Fig 1.
Diagrams of the cell transplantation and cell-free approaches. (a) In the cell transplantation

approach, stem/progenitor cells are placed into root canals in the form of cell-seeded

scaffolds. The transplanted cells are thought to participate in the regeneration process not

only by supplying cells per se but also by providing growth factors released from the

transplanted cells as trophic factors. (b) In the cell-free approach, scaffolds impregnated

with growth factors are injected into root canals to induce the migration, proliferation, and

differentiation of endogenous stem/progenitor cells residing around the apex of a root.
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Table 1

Goals and methods to study stem cells in dentin—pulp regeneration

Fates of transplanted cells In vivo cell tracing
In vivo cell lineage tracing

Stemness Serial transplantation
Cell cycle analysis
Evaluation in orthotopic animal models

Effects of local and systemic
pathology on regeneration

Development of disease models
Molecular assays
Immune epitope analysis
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Table 2

Comparison of cell transplantation and cell homing

Cell transplantation Cell homing

Cell source Transplanted cells Host endogenous cells

Risks Immune rejection
Pathogen transmission
Tumorigenesis

Few biological concerns except
for shortage of endogenous
cells in defect sites

Shortcomings High cost for commercialization and
manufacturing stem cell products
Special training required for cell
handling
No FDA pathways

Existing FDA approval
pathways (growth factors)

Advantages Ability to control cell number
Ability to control cell type
(subpopulation of stem cells)

Harness the patient’s innate
healing potential
No special training for use of
growth factor product
No immune rejection
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