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A B S T R A C T

Objectives: This narrative review aims to summarize and contextualize more than two decades of research on 
human dental follicle cells (DFCs), focusing on their biological characteristics, regenerative capacity, and po
tential applications in dentistry and immunotherapy.
Design: Articles were selected based on the literature of non-human propedeutics since the 1990s and human DFC 
research since its inception in 2005. The focus was set on the isolation, characterization, cultivation, and ther
apeutic prospects of DFCs as progenitor cells derived from the mesodermal tooth germ.
Results: DFCs exhibit multipotent differentiation potential and pronounced immunomodulatory properties. Their 
developmental origin not only provides specific insights into the cellular processes underlying tooth formation 
and the regeneration of dental tissue, but also opens up perspectives for novel therapies in dentistry, such as the 
formation of a biological tooth root.
Conclusions: The findings highlight the potential of DFCs for regenerative dentistry and immunotherapies in 
general, and provide a solid basis for future work in these research areas.

1. Introduction

The biology of tooth germ tissue cells is not only one of the most 
exciting research areas in modern dental research, but also a prerequi
site for regenerative dentistry. Tooth development is a complex inter
play between cells of the dental epithelial and dental mesodermal tooth 
germ tissue, with the dental mesoderm originating from neural crest 
cells (Bastos et al., 2022; Diekwisch, 2001). A special type of tooth germ 
tissue, the dental follicle, plays a crucial role in tooth eruption, inducing 
bone resorption (Wise, 2009). However, this tissue also provides the 
precursor cells of the periodontal ligament, thus directly involving these 

cells in the formation of mineralizing tissue (Diekwisch, 2001). During 
periodontal formation, non-mineralizing periodontal fibroblasts also 
develop from these tooth germ cells, forming flexible connective tissue 
between the cementum and the alveolar bone. After tooth eruption and 
with the formation of the periodontium, the dental follicle disappears 
(Zhou et al., 2019). However, due to the late development of wisdom 
teeth, it is possible to obtain the dental follicle from impacted wisdom 
teeth. Although this may have been obvious for some time, the first work 
on the isolation and differentiation of human dental follicle cells from 
impacted wisdom teeth was not published until 2005 (Morsczeck et al., 
2005).
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Over the past 20 years, numerous studies have been published on 
human dental follicle cells also designated as dental follicle stem cells 
(DFCs), some of which are summarized in this article. Since it is not 
possible to discuss all research areas in detail, one focus, for example, is 
on a chronological overview of works that were essential for considering 
the isolation of human DFCs. For example, cells had already been iso
lated for example from the dental follicle of bovine tooth germs before 
(Handa et al., 2002; Handa et al., 2002). This work was significant, but 
the cells isolated from bovine dental follicles did not possess the stem 
cell properties that human dental follicle cells have. The first chapter 
addressing the scientific background, i.e., which scientific studies were 
down before research with non-human dental follicle cells have started. 
It examines the questions that were answered, for example, in the 1990s 
and early 2000s using cells from murine dental follicles. The aim of this 
work is to demonstrate that, following the isolation of human DFCs, 
research into cell therapy for the periodontal tissues, such as the for
mation of a biologic tooth root with a single stem cell type, is possible; 
although the principle of a biologic tooth root is also possible with a 
combination of different types of stem cells (Sonoyama et al., 2006). 
Unlike a systematic review, this article takes a narrative approach. We 
have deliberately selected several key studies to serve as exemplary 
benchmarks for the research period. This methodology was chosen—as 
is common for such analyses—to evaluate these pioneering works within 
their specific scientific context. This review examines the potential of 
DFCs and biomaterials in regenerative dentistry over the past few de
cades. Because many research groups have contributed only sporadi
cally to this field, the available evidence is highly complex and 
heterogeneous. Since this heterogeneity often limits the ability to draw 
generalizable conclusions, parts of this review are intentionally 
descriptive. The aim is to present the past and present state of research 
rather than to provide a definitive synthesis of the data.

2. First isolation and cultivation of non-human dental follicle 
cells

DFCs from rat molars were first successfully isolated and cultured in 
vitro in 1992 by Wise et al. (1992). This study described the method for 
extracting the dental follicles and adjacent enamel organs from the first 
and second mandibular molars of 6- to 7-day-old rats and subsequently 
cultivating them in a medium that promotes fibroblast growth. The aim 
of this early study was to determine whether the cells of the follicle could 
be cultured in vitro, and used the dental follicle cells for studies about 
tooth eruption. They characterized the cultured cells morphologically 
and immunologically as fibroblasts that could be stably cultured over 
many passages (Yao et al., 2004). Wise and colleagues also conducted 
anatomical studies that helped to show that the dental follicle is essen
tial for tooth eruption, as tooth eruption cannot occur without it (Marks 
et al., 1983; Marks & Cahill, 1984; Wise et al., 1985). These studies 
suggested that the dental follicle coordinates osteoclastogenesis, the 
formation of bone-resorbing cells (osteoclasts) in the upper (coronal) 
part of the follicle, to create a breakthrough canal in the alveolar bone. 
This is achieved through the infiltration of monoytes and their matu
ration into osteoclasts. Therefore, it was necessary to isolate cells from 
the dental follicle to elucidate the molecular processes involved. They 
identified with DFCs cytokines such as CSF− 1 (colony-stimulating 
factor− 1) and monocyte chemoattractant protein (MCP)− 1, which 
attract precursor cells for bone resorption into the follicle (Grier et al., 
1998; Wise et al., 1999, 2002). Further investigations with DFCs showed 
that genes for pro-inflammatory marker proteins such as interleukin 
(IL)− 1α and NFκB were spatially and temporally precisely activated 
within the follicle (Que et al., 1999). Additionally, neighboring tissues, 
such as the stellate reticulum, communicate with the dental follicle via 
proteins like PTHrP (parathyroid hormone-related protein) to trigger the 
expression of MCP− 1 and CSF− 1 for tooth eruption. These are regulated 
by the cells of the dental follicle via protein kinase A (Wise et al., 2000; 
Yao & Wise, 2003a). Protein kinase C also appears to be involved in the 

molecular processes in the dental follicle that are responsible for trig
gering tooth eruption, such as the expression of TNF-α (Yao & Wise, 
2003b). Additionally, a study using conditioned medium of dental fol
licle cells from another group showed that this medium contains factors 
for the maturation of osteoclasts (Kawakami, 2000). Overall, these in
vestigations reinforced initial assumptions that the dental follicle is 
involved in tooth eruption and identified some factors that might play an 
important role, but a definitive model could not yet be established.

Dental follicle cells from mice were successfully isolated and char
acterized somewhat later by Martha Somerman's group (D’Errico et al., 
1995; Zhao et al., 2004). For many years prior, this research group had 
focused in particular on the function of matrix proteins such as bone 
sialoprotein (BSP) and adhesion molecules such as integrins in relation 
to their role in the development of periodontal tissue (MacNeil, Berry, 
D’Errico, Strayhorn, Piotrowski, et al., 1995; MacNeil, Berry, D’Errico, 
Strayhorn, & Somerman, 1995). And even today, the focus remains on 
questions about the importance of matrix proteins for periodontal 
development; for example, a recent study with Martha Somerman 
showed that while BSP is involved in the development of periodontal 
tissue, its function can probably be replaced by other proteins. (Nagasaki 
et al., 2022). As part of dental development, questions of regenerative 
medicine were addressed very early on, including the interaction of 
dental follicle cells with products already available in the clinic. They 
used DFCs to investigate the influence of matrix proteins such as the 
enamel matrix derivative (EMD), which are also used in clinical practice, 
on cell migration and biomineralization (Hakki et al., 2001). However, 
the cells that Somerman's group eventually used for cell culture studies 
were either immortalized or were used after a short cell culture expan
sion. (Hakki et al., 2001; Zhao et al., 2002, 2004). Later, other re
searchers took a further step in cell isolation by isolating primary dental 
follicle cells from mice (Bsoul et al., 2003). An initial study using murine 
DFCs for tissue engineering of periodontal tissues were not particularly 
successful (Zhao et al., 2004). In contrast, cells of the dental follicle 
impaired periodontal regeneration compared to the untreated control. 
However, prior to this study, the group was able to show that using bone 
morphogenetic protein (BMP) 2, murine DFCs can be differentiated into 
osteoblasts and/or cementoblasts (Hakki et al., 2001; Zhao et al., 2002). 
Interestingly, Wise's research group demonstrated in 2006 that BMP2 is 
more strongly expressed in the basal part of the follicle, while RANKL, 
the receptor for NFκB, is more strongly expressed in the coronal part 
(Wise & Yao, 2006). This suggests that cells of this tissue are hetero
geneous and can express different genes depending on whether they are 
involved in tooth eruption or periodontal formation.

In 2002, Handa et al. published that bovine DFCs (BDFCs) contain 
precursor cells (progenitor cells) for cementoblasts capable of forming 
cement-like matrix in vivo (Handa, Saito, Tsunoda, et al., 2002; Handa, 
Saito, Yamauchi, et al., 2002). Their most important contribution in this 
area is the identification of differentiation capacity. To this end, they 
isolated dental follicle cells from bovine tooth germs and investigated 
their differentiation potential by transplantation into immunodeficient 
mice. The transplanted cells formed cement-like tissue, proving that 
they contain precursor cells for cementoblasts (Handa, Saito, Yamauchi, 
et al., 2002). BDFCs differed phenotypically from bovine alveolar oste
oblasts and bovine periodontal ligament cells, making them a useful 
model for investigating the molecular mechanisms of cementogenesis. 
This research laid the foundation for the use of DFCs in tissue engi
neering, even though it could not demonstrate in vitro differentiation, 
which Hakki et al. had already shown using immortalized mouse DFCs 
(Hakki et al., 2001). The focus was on the regeneration of periodontal 
tissue and bone, as these cells exhibit a high potential for differentiation 
into various cell lineages (multipotent potential). In summary, Handa 
and his team provided crucial evidence that DFCs represent an acces
sible source of stem cells suitable for regenerative therapies in dentistry.
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3. Isolation of human dental follicle cells and establishment of a 
cell culture

In the early 2000s, the first research group isolated undifferentiated 
cells from the human dental follicle (Morsczeck, Gotz, et al., 2005). 
Human DFCs were characterized as multipotent progenitor cells and 
demonstrated the expression of typical stem cell markers such as 
Notch− 1 and Nestin (Morsczeck, Gotz, et al., 2005; Morsczeck, Moehl, 
et al., 2005; Morsczeck, 2006). DFCs differentiated into tooth-specific 
cells (osteoblasts, cementoblasts) under laboratory conditions 
(Morsczeck, Moehl, et al., 2005). The work of Philippe Kémoun and 
colleagues on human DFCs was published shortly thereafter (Kemoun 
et al., 2007). They identified these undifferentiated cells using the 
stem cell marker STRO− 1 and demonstrated the expression of bone 
morphogenetic protein receptors (BMPRs). A significant part of this 
work addresses how DFCs can be stimulated to produce cementum. They 
showed that stimulation with BMP− 2, BMP− 7, or EMD leads to DFCs 
acquiring characteristics of cementoblasts. During this period, it was 
also demonstrated that DFCs can be cultured under serum-free condi
tions and differentiate into cells that possess nerve cell-like properties 
(Völlner et al., 2009). These results demonstrate the multipotential na
ture of these cells.

Following isolation, an osteogenic in vitro model was established. An 
initial study demonstrated the ability of DFCs to differentiate into 
osteoblast-like cells after stimulation with dexamethasone (100 nM) and 
insulin (5 μg/ml) (Morsczeck, Moehl, et al., 2005). The cells showed a 
significant increase in alkaline phosphatase (ALP) activity and strong 
gene expression of BMP2 and osteocalcin, accompanied by calcium 
deposits (alizarin red S staining). A subsequent study (Morsczeck, 2006) 
analyzed the expression of transcription factors during differentiation 
with dexamethasone and insulin using quantitative RT-PCR and showed 
the expression of osteogenic transcription factors, with genes for the 
transcription factors Runx2, DLX5, and MSX2 being constitutively 
expressed. On the other hand, the gene for the transcription factor DLX3 
was induced. This expression dynamic did not reflect the known phases 
of osteoblastogenesis and positioned DFCs as a distinct preosteoblastic 
cell population (Morsczeck, 2006). Due to their origin, they are also 
capable of forming periodontal ligament, and therefore, for therapeutic 
purposes, a better understanding of the mechanisms of differentiation 
into osteogenic cells is of utmost importance. Analyses of the tran
scriptome and proteome were therefore performed to provide deeper 
insights into differentiation mechanisms. Morsczeck et al. (Morsczeck, 
Petersen, et al., 2009) characterized the proteome using 2D-gel-electro
phoresis and MALDI-TOF-MS. After osteogenic differentiation, 115 
differentially expressed proteins were identified. Proteins associated 
with cell cycle progression and protein metabolism were down
regulated, while proteins involved in catabolism, cell motility, and de
fense against oxidative stress were upregulated (Morsczeck et al., 2009). 
In parallel, an additional study characterized gene expression profiles 
using Affymetrix microarray analysis (Morsczeck, Schmalz, et al., 2009). 
Osteogenic differentiation induced the upregulation of 98 genes, 
including insulin-like growth factor (IGF)2 and IGF-binding protein 
(IGFBP)5, known osteogenic differentiation markers, while an activator 
of the WNT signaling pathway, such as WNT2, was downregulated. 
Saugspier et al. (2010) extended this study by performing gene expres
sion analysis at an earlier time point (day 7). Pathway analyses showed 
the induction of ZBTB16 and the BMP-signaling pathway by a 
dexamethasone-containing differentiation medium. More interestingly, 
it was shown that neither the differentiation nor the expression of 
ZBTB16 is dependent on activation of the BMP signaling pathway. On 
the other hand, it was shown that induction of BMP2 induced the dif
ferentiation, but not the expression, of ZBTB16. These data suggested 
the possibility of a BMP-dependent and ZBTB16-independent 
mechanism.

This established model for investigating osteogenic differentiation 
under in vitro conditions has been used since its inception and has 

yielded new insights into the molecular mechanisms. These findings 
have been summarized extensively in recent years (Morsczeck, 2022; 
Morsczeck et al., 2023). Therefore, the focus of this article will be on the 
evaluation of DFCs for regenerative dentistry (medicine).

4. First experiments for tissue engineering with non-human 
DFCs

Following the initial isolation of human DFCs, the field attracted 
growing interest, prompting numerous research groups to establish 
parallel models using non-human organisms. Animal studies 
conducted—particularly after 2005—were crucial for future trans
lational research; they provided essential concepts in tissue engineering 
and regenerative dentistry, thereby directly driving progress toward the 
subsequent application of human DFCs. For example, one study con
ducted experiments to examine cell-cell interactions, using co-cultures 
of rat papilla cells and rat DFCs (Bai et al., 2010). Osteogenic differen
tiation of the DFCs was observed only in the presence of dental papilla 
cells; without this contact, only connective tissue was retained. DFCs 
therefore appear to have a strong tendency towards fibroblastoid dif
ferentiation. Therefore, most research on DFCs focuses on protocols 
aimed at optimizing osteogenic processes. This involves the use of 
de-mineralized dentin, or extracellular matrix proteins, or soluble fac
tors like vitamin D metabolites. However, advanced studies in this field 
have also been conducted with DFCs that were not derived from human 
dental follicles. This included the work of Wu et al., who used 
collagen-free proteins from dentin to support the differentiation of rat 
DFCs into mineralizing cells (Wu et al., 2008). This result suggests a 
mechanistic relationship between dentin-derived matrix proteins and 
cementogenesis, which could be used therapeutically for targeted 
regeneration of root cementum. Furthermore, Xu et al. (Xu et al., 2009) 
analyzed the combined effect of BMP− 2 and dexamethasone on the 
osteogenic differentiation of rat dental follicle precursor cells embedded 
in a three-dimensional β-tricalcium phosphate (β-TCP) scaffold. The 
results showed that BMP− 2 and dexamethasone, both individually and 
synergistically, enhance the osteogenic differentiation of dental follicle 
cells on β-TCP, with the combination in particular leading to pro
nounced expression of osteoblast-specific markers and dense minerali
zation within the three-dimensional scaffold (Xu et al., 2009). This 
confirmed β-TCP as a promising scaffold material. Tsuchiya et al. (2008)
conducted initial experiments investigating how a collagen I matrix 
influences the behavior of purified porcine dental follicle cells at the 
molecular and cellular levels. The results showed that collagen I could 
play an active role in regulating the DFC phenotype, inducing the 
expression of osteogenic markers such as bone sialoprotein. Interest
ingly, the search for a suitable carrier material continues to this day. 
Vitamin D-loaded chitosan nanostructures and human-derived decal
cified tissues have also been tested as carrier materials (Muresan et al., 
2025; X.-H. Zhang et al., 2025).

These works show that DFCs exhibit a high tendency towards 
fibroblastoid differentiation and require external stimuli from specific 
growth factors or extracellular matrices for osteogenic or cementogenic 
regeneration. The use of carrier materials such as β-TCP in combination 
with factors such as BMP− 2 promotes differentiation and mineraliza
tion, thus giving DFCs great potential for the targeted regeneration of 
periodontal.

5. Tissue engineering with human DFCs

Tissue engineering is an important part of human dental stem cell 
research (Zhou et al., 2019) and optimizing osteogenic differentiation is 
an important area of research. Khanna-Jain et al. investigated, for 
example, whether vitamin D₃ metabolites can induce osteogenic differ
entiation in human DFCs (Khanna-Jain et al., 2010). DFCs were cultured 
with 1α,25-dihydroxyvitamin D₃ and 25-hydroxycholecalciferol in 
osteogenic medium. The study showed that vitamin D₃ metabolites 
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significantly increased the expression of osteoblast-specific genes and 
matrix mineralization. This study was one of the first to attempt to 
optimize osteogenic differentiation of human DFCs. In another study, 
human DFCs were considered for dentin regeneration, and experiments 
were conducted with a demineralized matrix derived from dentin for 
optimization and tissue engineering (Guo et al., 2009). DFCs were 
seeded onto this matrix, ad subsequently, differentiation was investi
gated in vitro, while the ability to form dentin-like structures was 
examined in vivo (e.g., subcutaneously in an animal model). The study 
showed that DFCs on the dentin matrix scaffold exhibit pronounced 
differentiation into cells expressing odontoblast markers (Guo et al., 
2009). These results represent a first step towards using DFCs for tis
sue engineering of non-periodontal tissue and demonstrate the multi
potent potential of human DFCs.

Suitable carrier materials are needed for stem cells to create tissue- 
like structures, which is why studies often focus on the interactions 
between cells and biomaterial. Initial studies on tissue engineering with 
human DFCs showed the successful attachment, proliferation and dif
ferentiation on already available bone substitute materials such as tri
calcium phosphate (Viale-Bouroncle, Bey, et al., 2011; Viale-Bouroncle 
et al., 2013). However, tricalcium phosphate induced apoptosis in 
human DFCs, but simultaneously induced the expression of osteogenic 
differentiation markers, making this combination very special 
(Viale-Bouroncle et al., 2013). A subsequent study also showed that 
allogeneic bone substitute materials could be suitable as carrier mate
rials, although apoptosis was induced here as well (Gosau et al., 2015). 
Although DFCs appear to have more robust antioxidant protection 
compared to related stem cells (J. Li et al., 2016), this does not allow for 
the definitive conclusion that the induction of apoptosis has no inhibi
tory effect on osteogenic differentiation. The selection of material for 
DFCs for bone formation is further complicated by the fact that higher 
stiffness inhibits osteogenic differentiation (Viale-Bouroncle, Völlner, 
et al., 2011). This is related to their potential to also be precursor cells 
for periodontal fibroblasts. Overall, DFCs are, as expected, probably 
more suitable as precursor cells for the formation of the periodontal 
apparatus, a combination of mineralized tissue and connective tissue. 
However, in another study with human DFCs, the influence of titanium 
implants with hydroxyapatite was investigated. This modification of the 
implant led to significantly better adhesion than untreated implants. The 
authors described this as natural osteogenic differentiation (Lucaciu 
et al., 2015). Interestingly, graphene oxide also appears to be suitable 
as a support material for DFCs, as it generates very little oxidative stress 
in the cells (Olteanu et al., 2015). However, a recent study showed that 
graphene composite dental materials exhibit good systemic and local 
biocompatibility in experimental mandibular bone defects (Dreanca 
et al., 2020). Non-mineralized materials such as lyophilized 
platelet-rich fibrin (PRF) (Q. Li et al., 2014), collagen I (Viale-Bouroncle 
et al., 2014) and electrospun cotton cellulose scaffolds (He et al., 2015) 
with DFCs have also been successfully tested as scaffold materials for 
differentiation into osteoblasts or bone formation.

Overall, these studies showed that there is a wider selection of 
different biomaterials suitable for tissue engineering with DFCs. 
Following these studies on finding a suitable carrier material for DFCs, 
initial studies have also been conducted that more specifically attempted 
to construct a complex of the periodontal apparatus (Nivedhitha 
Sundaram et al., 2016) or therapeutic strategy for spinal cord defect 
(X. Li et al., 2015). To replicate the complex architecture of the perio
dontium, Nivedhitha Sundaram et al. (Nivedhitha Sundaram et al., 
2016) developed a two-layered construct consisting of an electrospun 
poly(caprolactone)-(PCL) multiscale membrane to mimic the formation 
of the periodontal ligament from DFCs and a chitosan/CaSO₄ scaffold to 
form alveolar bone. The expression of osteoblastic and fibroblastic 
markers after differentiation of the DFCs showed that the developed 
two-layered construct could be a promising candidate for periodontal 
regeneration and that this process can be controlled using biomaterials. 
Tian and colleagues (X. Li et al., 2015) produced an aligned electrospun 

PCL/PLGA material (tissue-engineered scaffolds made of 
polylactic-co-glycolic acid (PLGA), polycaprolactone (PCL)) on which 
DFCs could proliferate and transplanted this construct into a rat with 
spinal cord damage to repair the defect. Functional observations were 
performed, but the results did not show statistical significance. Subse
quent histological analyses demonstrated that DFCs were able to express 
the oligodendrogenesis marker Olig2 in vivo, which may have contrib
uted to remyelination. Although the authors concluded that DFCs may 
represent a promising resource for neuronal regeneration, applications 
of DFCs in this field are difficult. However, there are always studies that 
investigate different biomaterials for the differentiation of DFCs in 
neuronal cells (Heng et al., 2017).

It therefore appears much more promising to use DFCs for tissue 
regeneration in dentistry. Li et al. (H. Li et al., 2017) investigated 
whether a xenogeneic bio-root, consisting of porcine treated dentin 
matrix combined with DFCs, is capable of functionally forming a tooth 
root. The used dentin matrix is similar to that used in previous studies 
(see above (Guo et al., 2009)), derived from porcine dentin, but with a 
treated matrix that retains a bioactive surface structure (H. Li et al., 
2017). This matrix was combined with human DFCs and tested in two 
transplantation models. In the first model, a rat (subcutaneous insertion) 
was used to analyze the early immune and remodeling response, with a 
key aspect being the characterization of macrophage phenotypes over 
time. The authors interpret a shift in the expression pattern of the 
infiltrated macrophages to an M2 type at a later time point during 
transplantation as indicating that the xenogeneic material is not only 
tolerated but actively remodeled into functional tissue (H. Li et al., 
2017). Following intraoral transplantation into the jawbone of a rhe
sus monkey in the second model of this study, functional tests such as 
masticatory loading and periodontal ligament (PDL) formation were 
performed over six months. The authors discovered the formation of 
periodontal ligament-like collagen fiber bundles running between the 
Bio-Root surface and the surrounding alveolar bone (H. Li et al., 2017). 
Blood vessels are found in the formed tissue, indicating metabolically 
active, vital connective tissue. The reconstructed Bio-Root unit exhibits 
properties that allow for certain masticatory loads—i.e., it is elastically 
coupled, similar to a natural tooth root with PDL (H. Li et al., 2017). 
These findings led the group to further refine the protocol in a more 
recent study, enabling the long-term testing of a biological tooth root in 
non-human primates. Human DFCs were grown on dentin matrix, 
formed into cell sheets, and constructed as functional biological tooth 
roots. After crown construction, the monkey chewed normally without 
resorption (up to 2 years) (Yang et al., 2023). Another group used 
human DFCs to create a composite with a drilled porous, decalcified 
dentin matrix (Feng et al., 2018). This composite was implanted under 
the renal capsule of mice, resulting in structured fibrous tissue with 
mineralization. These studies demonstrate that the strategy of using a 
dentin matrix is a promising approach for tissue engineering and high
light the potential of tissue engineering with DFCs for clinical dental 
implants as an alternative to titanium in the future. Table 1 briefly 
summarize representative contributions to tissue engineering with DFCs 
that have been discussed in this article.

In summary, the present body of research underscores the significant 
versatility of DFCs within the field of tissue engineering, particularly for 
applications in dental and maxillofacial surgery. While initial studies 
prioritized the optimization of scaffold materials—ranging from trical
cium phosphate and collagen to advanced graphene 
composites—subsequent investigations have successfully engineered 
complex tissue constructs that replicate the periodontium and functional 
bioroot structures. Although the potential for neural regeneration re
mains a secondary area of interest, the primary clinical promise of DFCs 
clearly resides in the regeneration of dental tissues. Their demonstrated 
capacity to form organized, vital connective and mineralized tissues in 
vivo highlights their therapeutic value. Consequently, the ongoing 
refinement of scaffold designs and bioactive materials, coupled with a 
more granular understanding of DFC differentiation pathways, is poised 
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to transition these cells into clinical applications for periodontal and 
tooth root regeneration.

6. Miscellaneous studies on basic research with DFCs for 
regenerative dentistry

Publications in the field of regenerative dentistry have become 
highly significant for research with DFCs. Although these studies often 
focused on various aspects and were not as closely aligned with clinical 
application as the experiments on a biological periodontal apparatus in 
the previous chapter (Yang et al., 2023), many studies and findings will 
help to translate DFCs into clinical practice. Among other things, a study 
was conducted in which the use of material from human and porcine 
dentin was compared (H. Li et al., 2021). A key focus of this research was 
the optimization of DFCs for clinical use. For example, a study by Okada 
et al. (2016) demonstrated that plasma-rich proliferative growth factors 
(PRGF) stimulates proliferation, migration, and gene expression asso
ciated with bone formation in human DFCs. The authors showed in vitro 
that PRGF dose-dependently induces the expression of osteogenic 
markers, leading to increased mineralization and representing a prom
ising approach for regenerative dentistry. This underscores the potential 
of autologous growth factors to promote alveolar bone healing. How
ever, there are also proteins that inhibit osteogenesis. The effect of 
parathyroid hormone-associated peptide (PTHrP 1–34) on DFCs during 
tooth development inhibits osteogenesis by inactivating the Wnt/β-ca
tenin signaling pathway, thus accelerating tooth eruption (J. Zhang 
et al., 2019). Sclerostin has also been identified as a regulator of oste
ogenic differentiation, which is induced by protein kinase C (De 
Pellegrin et al., 2024). Protein kinase C appears to play a significant 
role in the control of osteogenic differentiation and the induction of 
senescence in DFCs, and thus represents an interesting target for the 
targeted induction of differentiation, especially after induction of 
senescence (Ji et al., 2024; Morsczeck et al., 2026; Pieles et al., 2021).

Another preclinical study using DFCs employed autologous bio
scaffold material for bone regeneration – the liquid phase of concen
trated growth factor (CGF) loaded with DFCs. In vitro and ex vivo results 
showed improved cell adhesion, proliferation, and osteoinduction via 
VEGF and BMP signaling, with significant regeneration of trabecular 
bone in critical defects (Z. Li et al., 2024). A study using DFCs suggests 
that dietary silicon may promote bone homeostasis and bone health. 
They demonstrated the inductive effects of soluble silicon on osteogenic 
differentiation via Connexin− 43 (CX43) gap junction communication in 
DFCs (Uribe et al., 2020). This may lead to increased communication via 
gap junctions, which promotes differentiation into osteoblasts. Another 
publication of Zhang et al. investigated how N-acetylcysteine (NAC) 
improves the bioroot regeneration of bioroots by protecting DFCs from 
oxidative stress, which impairs their viability, proliferation, migration 
and differentiation after transplantation (J. Zhang et al., 2021). In vitro 
experiments showed that NAC pretreatment reduces H₂O₂-induced 
damage, while in vivo experiments demonstrated that NAC promotes 
cell survival and enables better long-term bioroot regeneration with 

transdifferentiation. Another study investigated the effect of NAC on 
alveolar bone regeneration with DFCs. NAC protects against oxidative 
stress caused by reactive oxygen species (ROS) via the AKT signaling 
pathway (Meng et al., 2022). In vitro experiments showed that NAC 
pretreatment with 5 mM protected against H₂O₂-induced damage, but a 
higher concentration did not (Meng et al., 2022). Interestingly, this was 
the same concentration of NAC as in the previous study (J. Zhang et al., 
2021).

There are also studies that aim to optimize the cultivation of DFCs. 
One publication investigated how an agarose-based spheroid culture 
improves the stem cell properties of human dental follicle cells (HDFCs) 
and promotes their odontogenic differentiation potential (M. Li et al., 
2021). Another group also investigated how biomimetic nanofiber 
gelatin microspheres, designed to mimic the natural stem cell niche, 
affect the stem cell properties of DFCs. Tests showed very good cell 
adhesion, proliferation, metabolic activity, and differentiation on this 
material. It is ideally suited as an injectable scaffold for stem cell 
transplantation because it offers structures similar to the extracellular 
matrix (Sarviya et al., 2022).

However, studies have also been conducted that did not use DFCs for 
regeneration through the generation of new dental tissues. Extracellular 
vesicles for immunomodulation are also obtained for preclinical studies 
on the treatment of periodontitis and other diseases (Liang et al., 2024; 
Sun et al., 2024). Last year, new studies were conducted to generate 
neural tissue cells from DFCs. These studies differentiated DFCs into 
retinal and corneal cells (Lee et al., 2025; Lin et al., 2025). A similar 
study was conducted many years ago using murine DFCs (Ernst et al., 
2009). It remains exciting to see what therapeutic options will be 
evaluated with DFCs in the future. Some of the questions surrounding 
the possibilities of dental stem cells are already being clinically evalu
ated and summarized elsewhere (Ivanovski et al., 2024; Song et al., 
2023).

Before we move to the next stage this chapter will be summarized. 
Studies across very different research areas showed that DFCs possess 
the ability for tissue regeneration, which is significantly enhanced by 
combining them with biocompatible scaffolds or autologous growth 
factors such as PRGF. A critical lesson is the importance of synergy: 
substances such as silicon or N-acetylcysteine, alongside advanced 3D 
cultivation techniques like spheroids, drastically improve the cells' 
survival rates, stability, and overall efficiency. Furthermore, the 
research highlights that mastering specific signaling pathways—such as 
Wnt/β-catenin, Protein Kinase C, and AKT—is essential for precisely 
controlling cell maturation and stress resistance. Perhaps the most 
groundbreaking insight is that the potential of DFCs extends far beyond 
dentistry; their ability to modulate the immune system and differentiate 
into neural or ocular cells opens new therapeutic horizons for treating 
complex systemic diseases.

7. Immunotherapies with DFCs

In regenerative dentistry, promising approaches exist for 

Table 1 
Representative studies on tissue engineering with dental follicle cells (DFCs).

Focus Area Scaffold / Material Key Findings Reference

Bioroot 
Engineering

Treated Dentin Matrix (TDM) Formation of a functional "Bio-Root" with PDL-like fibers and masticatory load 
capacity in primates.

H. Li et al. (2017); Yang et al. (2023)

Periodontal 
Complex

PCL membrane & Chitosan/ 
CaSO₄

Successful dual-layer construct mimicking both periodontal ligament and 
alveolar bone.

Nivedhitha Sundaram et al. (2016)

Bone Regeneration β-TCP + BMP− 2/Dex Synergistic effect leads to dense mineralization and osteoblast-specific marker 
expression.

Xu et al. (2009)

Dentin 
Regeneration

Demineralized Dentin Matrix hDFCs differentiate into odontoblast-like cells forming dentin-like structures in 
vivo.

Guo et al. (2009)

Bone Substitute TCP / Allogeneic Bone Successful differentiation but noted induction of apoptosis in hDFCs. Viale-Bouroncle et al. (2013); Gosau 
et al. (2015)

Neural Repair Electrospun PCL/PLGA DFCs expressed Olig2 in vivo, potentially contributing to remyelination in 
spinal cord defects.

X. Li et al. (2015)
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immunotherapies using DFCs and the extracellular vesicles (EVs) 
derived from them. Immunotherapies using dental stem cells are being 
tested, particularly in the treatment of inflammatory diseases such as 
pulpitis and periodontitis. Immunomodulatory, anti-inflammatory, and 
regenerative effects of dental stem cells have also been investigated in 
oral and systemic models. These studies have also yielded insights into 
therapeutic mechanisms. For example, DFC-EVs can reprogram macro
phage metabolism and promote anti-inflammatory M2 polarization in 
pulpitis (Tian et al., 2025). LPS-pretreated EVs exert antioxidant effects 
via ROS/MAPK signaling and reduce apoptosis and alveolar bone loss in 
periodontitis (Y. Huang et al., 2024; Y. L. Huang et al., 2022). EVs also 
inhibit the pathogenicity of Porphyromonas gingivalis and modulate 
neutrophil activity (Y. Huang et al., 2023; Kriebel et al., 2018). It 
therefore seems plausible that EVs could be used for periodontal 
regeneration. Further studies have shown that they provide biochemical 
signals for periodontal ligament regeneration and promote osteogenesis 
via PLC/PKC/MAPK and RANKL/OPG balance (Ma et al., 2022; Yi et al., 
2022). Furthermore, DFCs support paracrine regeneration in pulpitis 
(Hong et al., 2020). Interestingly, EVs derived from other mesenchymal 
stem cells can be taken up by DFCs and, among other things, protect 
against oxidative stress (Fu et al., 2023). The addition of EVs could thus 
enhance cell therapy with DFCs. This also makes DFCs interesting for the 
immunomodulation of systemic diseases. Further studies have yielded 
remarkable results with DFCs. They alleviate glandular dysfunction in 
Sjögren's syndrome, suppress T-cell responses in Crohn's disease, and 
preserve tissue in sepsis (Genc et al., 2022; Topcu Sarica et al., 2020; 
Zibandeh et al., 2020). These effects are based on broad immunosup
pressive properties. Finally, and exceptionally, EVs from DFCs are also 
being discussed as cell-free therapeutics for the repair of spinal cord 
injuries, which should demonstrate their great importance for regener
ative medicine (Wen et al., 2024). Table 2 briefly summarize important 
contributions to immunomodulation with DFCs that have been dis
cussed in this article.

These studies underscore the therapeutic potential of DFCs and their 
EVs as pivotal agents in immunomodulatory and regenerative medicine. 
By orchestrating macrophage polarization and regulating the RANKL/ 
OPG axis, DFC-derived EVs facilitate potent anti-inflammatory and 
osteogenic responses. However, despite these promising results in oral 
and systemic models, significant barriers to clinical translation remain. 
Critical challenges include the standardization of EV isolation protocols, 
the scalability of production, and the precise characterization of cargo 
heterogeneity. Addressing these pharmacological and regulatory 

hurdles is essential to move from experimental proof-of-concept to 
reliable, cell-free therapeutic applications in regenerative medicine.

8. Conclusion

DFCs were first isolated from the follicles of impacted wisdom teeth 
over 20 years ago. They have gained increasing importance in regen
erative medicine due to their multipotent differentiation capacity into 
osteoblasts, cementoblasts, and periodontal ligament fibroblasts, mak
ing them a promising candidate for the regeneration of the periodontal 
ligament in diseases such as periodontitis or alveolar bone defects, 
including the cultivation of artificial tooth roots through the targeted 
induction of cementum and bone formation. They modulate inflamma
tory microenvironments, reprogram immune cells such as macrophages, 
and significantly promote the regeneration of bone volume and soft 
tissue, as demonstrated by preclinical studies in animal models, despite 
potentially low survival rates after implantation. Tables 1 and 2 briefly 
summarize important contributions to tissue regeneration and immu
nomodulation with DFCs that have been discussed in this article. A 
major advantage of DFCs lies in their uncomplicated autologous har
vesting from impacted wisdom teeth and their high proliferation ca
pacity. However, in the future, therapies with non-autologous DFCs may 
also be possible, as has already been shown for dental pulp stem cells in a 
clinical study (Liu et al., 2025). Over the next decade, the prospect is for 
personalized therapies that combine DFCs with biomaterials (e.g., 
enriched with BMP− 2), and 3D bioprinting (rapid prototyping) in 
periodontal and bone regeneration—including implantable artificial 
tooth roots. The integration of computer-assisted stem cell banking and 
treatment planning could po-tentially extend these therapies to a 
broader range of medical indications (Fig. 1).

Despite extensive global research since the initial isolation of human 
DFCs in 2005, the field remains almost in the preclinical stage. While the 
first clinical data—expected soon—are eagerly awaited and will yield 
important initial insights, they are also likely to highlight the significant 
translational challenges that lie ahead. A major obstacle is the inherent 
biological heterogeneity among individual isolates. Because these 
donor-specific differences persist, achieving true standardization of the 
manufacturing process is difficult; furthermore, standardized cultivation 
protocols are unlikely to fully overcome this fundamental biological 
limitation. Nevertheless, these challenges underscore the fact that 
robust basic research is more important than ever. Elucidating the 
fundamental cellular mechanisms and biological properties of DFCs 
provides the essential mechanistic understanding that will ultimately 
pave the way for the safe and successful development of future regen
erative therapies.Table 2 

Representative studies on immunomodulation and systemic applications of DFCs 
and DFC-EVs.

Target 
Condition

Agent Mechanism / Outcome Reference

Pulpitis DFC-EVs Reprogramming of macrophage 
metabolism and promotion of 
anti-inflammatory M2 
polarization.

Tian et al. 
(2025)

Periodontitis LPS- 
pretreated 
EVs

Antioxidant effects via ROS/ 
MAPK; reduction of apoptosis 
and alveolar bone loss.

Y. Huang et al. 
(2024)

Sjögren’s 
Syndrome

DFCs Alleviation of glandular 
dysfunction via systemic 
immunosuppressive properties.

Topcu Sarica 
et al. (2020)

Crohn’s 
Disease

DFCs Suppression of T-cell responses 
and reduction of intestinal 
inflammation.

Zibandeh et al. 
(2020)

Spinal Cord 
Injury

DFC-EVs Evaluated as cell-free 
therapeutics for neural tissue 
repair and functional recovery.

Wen et al. 
(2024)

Oxidative 
Stress

NAC / DFC- 
EVs

Protection against H₂O₂- 
induced damage via AKT and 
ROS signaling; improved cell 
survival.

J. Zhang et al. 
(2021); Fu 
et al. (2023)

Fig. 1. Vision of a future therapy using isolated DFCs. For tissue engineering of 
bone replacements or biological roots, individual scaffolds are printed based on 
patient data, on which DFCs are specifically placed and differentiate into dental 
tissues for use in patients.
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Akkoç, T. (2020). Human dental follicle mesenchymal stem cells alleviate T cell 
response in inflamed tissue of Crohn’s patients. Turkish Journal of Gastroenterology, 
31(5), 400–409. https://doi.org/10.5152/tjg.2020.19358

C. Morsczeck et al.                                                                                                                                                                                                                             Archives of Oral Biology 189 (2026) 106661 

9 

https://doi.org/10.1088/1748-6041/4/6/065010
https://doi.org/10.1016/j.cej.2022.138738
https://doi.org/10.1111/j.1365-2184.2004.00309.x
http://refhub.elsevier.com/S0003-9969(26)00167-6/sbref89
http://refhub.elsevier.com/S0003-9969(26)00167-6/sbref89
http://refhub.elsevier.com/S0003-9969(26)00167-6/sbref89
https://doi.org/10.1016/S0003-9969(03)00115-8
https://doi.org/10.1186/s13287-022-02721-6
https://doi.org/10.1186/s13287-022-02721-6
https://doi.org/10.1186/s13287-021-02237-5
https://doi.org/10.1186/s13287-021-02237-5
https://doi.org/10.1002/jcp.27857
https://doi.org/10.1016/j.bbrc.2025.151297
https://doi.org/10.1902/jop.2004.75.1.154
https://doi.org/10.1359/jbmr.2002.17.8.1441
https://doi.org/10.1155/2019/9159605
https://doi.org/10.1155/2019/9159605
https://doi.org/10.5152/tjg.2020.19358

	A historical perspective on the discovery of human dental follicle cells for regenerative dentistry
	1 Introduction
	2 First isolation and cultivation of non-human dental follicle cells
	3 Isolation of human dental follicle cells and establishment of a cell culture
	4 First experiments for tissue engineering with non-human DFCs
	5 Tissue engineering with human DFCs
	6 Miscellaneous studies on basic research with DFCs for regenerative dentistry
	7 Immunotherapies with DFCs
	8 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	References


