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ABSTRACT

Introduction: Periodontal disease is a common oral infection which affects the tooth-supportive tissues
directly. Considering the limitation of present regenerative treatments for severe periodontal cases,
cytotherapies have been gradually introduced. Human periodontal ligament-derived mesenchymal
stromal cells (hPDLMSCs), while identified as one of the promising cell sources for periodontal regen-
erative therapy, still hold some problems in the clinical application especially their limited life span. To
solve the problems, human induced pluripotent stem cells (hiPSCs) are taken into consideration as a
robust supply for hPDLMSCs.

Methods: The induction of hPDLMSCs was performed based on the generation of neural crest-like cells
(NCLCs) from hiPSCs. Fibronectin and laminin were tested as coating materials for NCLCs differentiation
when following previous protocol, and the characteristics of induced cells were identified by flow
cytometry and RT-qPCR for evaluating the induction efficiency. Subsequently, selected dental ectoderm

signaling-related cytokines were applied for hPDLMSCs induction for 14 days, and dental mesenchyme-

related genes, dental follicle-related genes and hPDL-related genes were tested by RT-qPCR for the

evaluation of differentiation.

Results: Compared to the 58% in laminin-coated condition, fibronectin-coated condition had a higher

induction efficiency of CD271"8" cells as 86% after 8-day induction, while the mesenchymal potential of

induced NCLCs was similar between two coating materials.

It was shown that the gene expressions of dental mesenchyme, dental follicles and hPDL cells were

significantly enhanced with the stimulation of the combination with fibroblast growth factor 8b (FGF8b),

FGF2, and bone morphogenetic protein 4 (BMP4).

Conclusion: FN coating was more effective in NCLCs induction, and the FGF8b+FGF2-+BMP4 growth

factor cocktail was effective in hPDLMSC-like cell generation. These findings underscored the likely

regenerative potential of hiPSCs as an applicable and promising curative strategy for periodontal

diseases.

© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is

an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Abbreviations: hPDLMSCs, human periodontal ligament-derived mesenchymal stromal cells; hiPSCs, human induced pluripotent stem cells; NCCs, neural crest cells; FN,
fibronectin; LM, laminin; iNCLCs, induced neural crest-like cells; ECM, extracellular matrix; FGF8, fibroblast growth factor 8; FGF2, fibroblast growth factor 2; BMP4, bone
morphogenetic protein 4; EDA, Ectodysplasin A; EGF, epidermal growth factor; EB, embryonic body; ESCs, embryonic stem cells; ACTB, actin beta; NGFR, nerve growth factor
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1. Introduction

Periodontal disease is an inflammatory condition initiated by
plaque biofilm that destroys the structures supporting the teeth, ul-
timately resulting in tooth loss if left untreated [ 1]. Approximately 19%
of adults are affected by this disease worldwide, and their damaged
alveolar bone needs appropriate therapeutic methods for recon-
struction [2]. Periodontal regenerative therapy, such as guided tissue
regeneration and bone grafts, has been developed for decades and
applied for this purpose [3]. Although it offered an option for recon-
structing the alveolar bone, the clinical application is still limited due
to the indications and instability of bone formation [4]. For better
curative effects, including the regeneration of periodontal ligament
(PDL) that traditional treatments are hard to achieve, cytotherapeutic
approaches have been introduced and are gradually implemented [5].

Human periodontal ligament-derived mesenchymal stromal
cells (hPDLMSCs), which originate from neural crest cells (NCCs) at
the embryogenetic stage, have been identified as possessing stem
cell-like properties capable of generating cells related to peri-
odontal tissue [6]. Animal studies have also demonstrated the
regenerative abilities of hPDLMSCs, forming periodontium-like
structures with cementum-like tissue and well-oriented PDL-like
fibers in defective sites [7,8]. Consequently, without considering the
limitation in its source, hPDLMSCs are ideal and attractive for
periodontal regeneration, including their immunomodulatory
functions [9]. However, the necessity of tooth extraction and the
heterogeneity of hPDLMSCs greatly challenge the adequate and
stable obtention of the cells, and significantly limit the clinical
application of hPDLMSCs in regenerative therapy [5].

Because of their self-renewal and multipotent properties, coupled
with increasingly efficient and safer reprogramming techniques, hu-
man induced pluripotent stem cells (hiPSCs) have provided a prom-
ising platform for the cure of diverse diseases such as corneal disorder,
heart failure and spinal cord injury [10—13]. Therefore, the strategy
that utilizing hiPSCs as a robust and applicable supply for hPDLMSCs
generation has been on going [14]. Previous studies have indicated
that hiPSC-derived neural crest-like cells (NCLCs) can be further
induced into hPDL stem cell-like cells (hPDLSC-like cells) by culturing
with extracellular matrix (ECM) from hPDLSCs [15]. However, the
production of ECM from hPDLSCs still needs the harvesting of primary
cells, which cannot fundamentally solve the problem of cell source.
Hence, optimal and applicable induction strategies of hPDLMSCs
based on the stimulation of growth factors need to be investigated for
practical application.

In this study, we evaluated the induction methods of induced
NCLCs (iNCLCs) from hiPSCs depending on different ECMs (fibronectin
and laminin; FN and LM) and evaluated their mesenchymal differ-
entiation potential for downstream application of generating
hPDLMSC-like cells. Based on our method using FN for iNCLCs deri-
vation, we further investigated the differentiation strategy for
hPDLMSC-like cells generation by administrating different recombi-
nant growth factors, including fibroblast growth factor 8b (FGF8b),
FGF2, bone morphogenetic protein 4 (BMP4) and Ectodysplasin A
(EDA), and finally found that FGF2+FGF8b+BMP4 growth factor
cocktail was most effective. Our findings contributed to understand-
ing the molecular basis of hPDLMSCs development and demonstrated
the potential of hiPSCs for hPDLMSCs generation as an effective and
novel applicable approach.

2. Materials and methods
2.1. Ethics statement

This study was conducted according to the principles expressed
in the Declaration of Helsinki. The study was approved by the
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Institutional Review Board of Tokyo Medical and Dental University
Human Subjects Research (D2020-077). All patients or guardians
were fully informed and gave written consent for the donation of
their teeth and their subsequent use in this research project.

2.2. Cell culture

2.2.1. Cell maintenance

hiPSCs 1231A3 were purchased from RIKEN BRC (Tsukuba,
Japan), cultured on a vitronectin (Thermo Fisher Scientific, Massa-
chusetts, United States)-coated 6-well cell plate with a density of
1 x 10* cells per well, and maintained in StemFit AKO2N (Ajino-
moto, Tokyo, Japan). Cell passaging was conducted once a week.
Feeder free cell line 1231A3, was detached with TrypLE select
(Thermo Fisher Scientific) supplemented with 0.25 mM EDTA
(nacalai tesque, Kyoto, Japan). Colonies were dissociated manually
into single cells and then re-seeded in maintenance medium con-
taining 10 uM ROCK inhibitor (Y-27632; FUJIFILM Wako, Tokyo,
Japan). The medium was initially changed the following day to
remove the ROCK inhibitor, then it was replaced every other day.
hPDLMSCs were isolated from healthy patients as previously re-
ported [16], and were cultured in each T-225 flask with a density of
1 x 10° cells. A basic medium consisting of alpha-minimum
essential medium (o-MEM; Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (FBS; Thermo Fisher Scienti-
fic), 100 U ml~! penicillin and 100 pg ml~! streptomycin (P/S;
Thermo Fisher Scientific), was utilized for hPDLMSCs maintenance,
and as a standard for evaluating the differentiation of cells induced
from hiPSCs. Weekly cell passaging was followed. Cells were de-
tached with 0.25% Trypsin-EDTA (Thermo Fisher Scientific) and
then re-seeded in a new T-225 flask. Medium change was per-
formed every three days for hPDLMSCs. Through all experiments,
hiPSCs were used between passage number 18 and 25, while
hPDLMSCs were used at passage 7.

2.2.2. NCLCs induction from hiPSCs

Before iNCLCs induction, hiPSCs were detached from
vitronectin-coated plates and re-seeded on FN (Sigma-Aldrich,
Massachusetts, United States)-coated or LM (iMartrix-511 silk;
Nippi, Tokyo, Japan)-coated 12-well plates, with a density of
7.5 x 103 cells well ! and 2.5 x 10> cells well~!, respectively. Cells
were cultured in StemFit AKO2N for four days, then stimulated with
a differentiation medium consisting of StemFit AKO2N without
FGF2 (Ajinomoto), 10 uM SB431542 (Sigma-Aldrich) and 1 pM
CHIR99021 (FUJIFILM Wako) for 4, 6, 8, 10, or 12 days.

2.2.3. Mesenchymal stem cells induction from hiPSC-derived iNCLCs

As previously reported [17,18], before inducing the MSC, iNCLCs
were detached and re-seeded on fibronectin-coated 12-well plates
at 1 x 10% cells/cm? (Day 0) in iNCLCs maintenance medium con-
sisted of StemFit AKO2N without bFGF, supplemented with 10 uM
SB431542, 20 ng ml~! epidermal growth factor (EGF; FUJIFILM
Wako), and 20 ng ml~! FGF2 (FUJIFILM Wako). After 24 h, the
medium was changed to the basic medium (described previously)
and cells were cultured for 14 days with every three-day medium
change (from Day 1). Cell passaging was performed while cells
reached into 80% confluency.

2.2.4. hPDLMSC-like cells induction from hiPSC-derived iNCLCs
Before inducing the hPDLMSCs, iNCLCs were detached, re-
seeded, and maintained for 24 h. From Day 1, the culture medium
was switched into the basic medium containing 10 ng ml~! FGF2,
100 ng m1~! FGF8b (FUJIFILM Wako), 50 ng ml~! BMP4 (FUJIFILM
Wako), 25 ng ml~! EDA (recombinant ectodysplasin A1; R&D Sys-
tems, Minnesota, United States). Cells were induced for another 14
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days with every other-day medium change and collected for further
analysis. Recombinant growth factors were reconstituted according
to manufacturers’ instructions.

2.3. Differentiation assay of induced MSCs (iMSCs)

For evaluating the osteogenic differentiation ability of iMSCs,
5 x 10% cells were seeded on a 35 mm dish (Falcon, New York, USA)
and cultured with osteo-inductive medium consisting of the basic
medium containing 82.1 pg ml~' ascorbic acid (FUJIFILM Wako),
10 mM b-glycero-phosphate (Sigma-Aldrich), and 10 nM dexa-
methasone (DEX) (Fuji Pharma, Fuji, Japan) for 21 days. Medium
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change was performed every three days, and the differentiation
properties were evaluated by Alizarin Red staining (FUJIFILM
Wako; 1%, PH 5.4, RT) after the brief fixation by 4% para-
formaldehyde (Muto Pure Chemicals, Tokyo, Japan) (15 min; 4 °C).
For evaluating the adipogenesis differentiation ability of iMSCs,
5 x 10* cells were seeded on a 35 mm dish and cultured with
adipogenic medium consisting of the basic medium containing
100 nM DEX, 0.5 mM isobutyl-1-methylxanthine (Sigma-Aldrich),
and 50 mM indomethacin (FUJIFILM Wako) for 28 days. Medium
change was performed every three days, and the differentiation
properties were evaluated by Oil Red O staining (FUJIFILM Wako)
after the brief fixation by 4% paraformaldehyde (15 min; 4 °C).
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Fig. 1. Investigation of the induction strategy of iNCLCs from hiPSCs. (A) Schematic diagram of the iNCLCs induction protocol. hiPSCs were cultured in iMatrix-511 (LM)-coated or
Fibronectin (FN)-coated condition for 4 days, then the differentiation was induced by SB431542 (SB) and CHIR99021 (CHIR) for 4, 6, 8,10, or 12 days, respectively, followed by flow cytometry
analysis. (B) Flow cytometric analysis of CD271 positive cells. Representative histogram plots at each time point were shown, and the percentages of CD271'°" and CD271"&" cells in live
singlet iNCLCs from different coating methods are annotated (mean of three individual experiments; mean + SD). (C) Bar graph of the percentages of CD271"¢" cells in live singlet iNCLCs
from different coating methods. Data are presented as the mean + SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001; by two-way ANNOVA with multiple comparison via Sidak's test.
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Fig. 2. Evaluation of the influence of different coating materials on the gene expression of stem cell-related markers. The relative expression of pluripotency marker gene (POU5F1), and
NCC-related genes (NGFR, SOX10, TFAP2A, and FOXD3) in hiPSCs, sorted CD271" cells from different coating material conditions. CD271-positive cells were isolated by magnetic-activated
cell sorting. hiPSCs = 1; n = 3. Data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001; by one-way ANOVA with multiple comparison via Dunnett test.

2.4. Flow cytometry analysis

Cells were detached from culture plates using TrypLE select with
0.25 mM EDTA according to the manufacturer's instructions. After
performing surface staining with fluorescent-conjugated anti-
bodies diluted in staining buffer (2% FBS/DPBS) at 4 °C for 30 min,
cells were washed and resuspended in staining buffer. Each sample
was dyed by 7-AAD routinely for discrimination of dead cells, then
analyzed by Attune NxT (Thermo Fisher Scientific). Data were
analyzed with Flowjo Software V10 (BD Bioscience, New Jersey, US).

2.5. Magnetic-activated cell sorting

Differentiated cells were sorted by EasySep™ Release Human
PSC-Derived Neural Crest Cell Positive Selection Kit (STEMCELL
Technologies, Vancouver, Canada) according to the manufacturer's
instructions.

2.6. RT-qPCR

Total RNA was extracted from hiPSC-derived iNCLCs by RNeasy
Mini Kits (Qiagen, Dusseldorf, Germany), according to the protocol
manufacturer described. cDNA was synthesized from 300 ng of
total RNA using the Superscript VILO cDNA Synthesis Kit (Thermo
Fisher Scientific). RT-qPCR was performed with TagMan Fast
Advanced Master Mix (Thermo Fisher Scientific) utilizing the
thermal cycler dice real time system ii TP910 (TaKaRa-Bio, Shiga,
Japan). The primers were listed in. The relative expression levels
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normalized to internal reference control (ACTB) were calculated by
the delta delta Ct method.

2.7. Statistical analysis

All data shown in the graphs are presented as mean + standard
error of the mean values from at least three independent experi-
ments. Statistical analyses were performed using Prism 10
(GraphPad software, Boston, US). For comparisons among more
than two groups, significance was determined by one-way analysis
of variance (ANOVA) with Sidak's multiple comparisons test. For
comparisons among grouped data, two-way ANOVA with multiple
comparisons Dunnett's test was used. P < 0.05 was considered
statistically significant (P < 0.05; P < 0.01; P < 0.001;
***P < 0.0001; ns, P > 0.05).

3. Results

3.1. Modifying the efficiency of CD271"h cells induction by EN-
coating method

Since the previous study showed that CD271"" NCLCs were
applicable for MSC induction, we tried to induce them from the
feeder-free hiPS cell line 1231A3 as the cell source for hPDLMSCs
generation (Fig. 1A). However, the induction efficiency of NCLCs
confirmed by flow cytometry indicated that it was insufficient
when using LM coating as suggested by previous research
(Fig. 1B). To solve this problem, we attempted to induce the
differentiation via FN coating because it was used as ECM in
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Fig. 3. Verification of mesenchymal potential of NCLCs induced from different coating materials. (A) Schematic diagram of the iMSCs induction protocol. iNCLCs induced from LM/
FN-coated condition were maintained in StemFit AKO2N medium (exclusive bFGF) with EGF and FGF2, SB for 24 h. MSC differentiation was stimulated by basic complete medium for
14 days, Flowcytometric analysis were performed on day14. (B) Representative images of cells at different time points of iMSCs induction. Scale bar = 500 pm. (C) Flow cytometric
analysis of MSC-related surface markers (CD34, CD90, and CD105) in LM/FN-iNCLCs and LM/FN-iMSCs. Representative histogram plots are shown. (D) Evaluation of multipotent

differentiation properties of LM/FN-iMSCs from LM/FN condition. Representative images of alizarin red staining (for osteogenesis) and oil red O staining (for adipogenesis) are
shown. Scale bar = 100 pm.
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the NCLCs maintenance. Surprisingly, the induction efficiency
peaked on day 8 among the methods, and the percentages of
CD271Mgh cells were significantly higher in the FN group than the
LM group (Fig. 1B and C), suggesting the better NCLC induction
potential of FN.

3.2. Characterization of iNCLCs induced by two different coating
methods

Considering the possibility that differentiation methods might
affect the characteristics of the induced cells, we tested the
expression of NCC-related genes as a criterion. Comparable in two
methods, POU5F1, a pluripotent stem cell marker, showed a similar
reduction in all induced cells, suggesting that the coating material
did not interfere with the differentiation process of hiPSCs (Fig. 2).
Meanwhile, sorted CD271" cells from both conditions demon-
strated higher expression of NCC-related genes (NGFR, SOX10, and
TFAP2A) than hiPSCs, indicating that the pluripotent stem cells were
induced towards the direction of neural crest, and the character-
istics of sorted CD271" cells were similar between the methods
(Fig. 2). Notably, FOXD3, one of the first markers for NCCs specifi-
cation during their development, was expressed at higher levels in
captured FN-induced CD271" cells than in LM-induced cells. This
result was consistent with flow cytometric analysis (Fig. 1B), indi-
cating the better induction efficiency of the CD271"#" population in
the FN-coated condition.

Next, due to our main objective and the need to verify the
availability of our iNCLC generation method, we tested the
mesenchymal potential of LM/FN-induced iNCLCs (LM/FN-iNCLCs)
by culturing the cells of passage 0 in MSC-inductive media for 14
days (Fig. 3A). The morphology of the cells after reseeding showed
the original neural crest-like shape of active multipolar with nar-
row projections, then began to change slimmer and longer from
day 3. With the progression of differentiation, it was found that the
induced cells tended to close to MSC-like morphology, which was
characterized as elongated, fibroblastic-like, spindle-shaped
transforming forms (Fig. 3B). After inducing MSC differentiation for
14 days, we examined three commonly known MSC-related surface
markers (CD73, CD105, and CD90) in iMSCs. CD105 and CD73 were
negative in undifferentiated LM/FN-iNCLCs but highly expressed in
iMSCs, while CD90 was highly expressed in both populations
(Fig. 3C). Additionally, the markers representative of immune cells
(CD45, CD34, CD11b, CD19, and HLA-DR) were simultaneously
negative in iMSCs (Appendix Fig. 2), proving that the direction of
differentiation was toward the MSCs side. Based on the fact that
the expression pattern of MSC-related markers of iMSCs induced
from LM/FN-INCLCs was normal, we verified their osteogenic
and adipogenic differentiation potency in vitro by alizarin red and
oil red O staining, respectively (Fig. 3D). At the same time,
osteogenesis-related genes (SPP1 and BGLAP) and adipogenesis-
related genes (LPL and PPARy) were confirmed in corresponding
samples as well (Appendix Fig. 3). Considering that the mesen-
chymal multipotent characteristics of iMSCs induced from FN-
iNCLCs were similar to those of iNCLCs derived from LM condi-
tion (Fig. 3D), the FN-coating method demonstrated better effi-
ciency in inducing iNCLCs that ideal for producing the iMSCs in our
experiment.

3.3. hPDLMSC-like cells generation from iNCLCs

For hPDLMSC-like cells generation, we focused on FGF8b, well
known as a trigger signal coming from epithelium [19], as the main
growth factor and examined the effects of FGF8b with other vital
cytokines during development. Built on our robust protocol of
NCLCs generation, we treated FN-iNCLCs of passage O in MSC-
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inductive media with FGF8b and FGF2 as basal, and added BMP4
(BMP4+ group), EDA (EDA+ group) or both of them (BMP4/EDA+
group) for 14 days (Fig. 4A). Setting iMSCs as a control, the mRNA
expression levels of typical dental mesenchyme-related genes
(PAX9 and LHX8, highly expressed in hPDLMSCs as well [20]) were
significantly upregulated in BMP4+ or BMP4/EDA+ group rather
than EDA+ group. Meanwhile, DLX1 expression was relatively
consistent between treated groups but upregulated when
compared with iMSCs. MSX1 expression was lower than iNCLCs and
had no clear change in each experimental group (Fig. 4B and
Appendix Fig. 4B). In addition, FOXF1 and FOXF2, the dental follicle
markers [21,22] and high-expressing genes in hPDLMSCs [20], were
also analyzed. Notably, their expressions were significantly upre-
gulated compared to iMSCs, especially in the BMP4+ group. Be-
sides, we also examined the temporal effects of BMP4 and EDA
stimulation on different stages of differentiation (specific groups
were described as cytokine + addition period, such as BMP4+D1-7
for cells added BMP4 during day 1 to day 7; Appendix Fig. 4A). We
found that PAX9 and LHX8 were mainly upregulated in BMP4+D1-7
and D8-14 or BMP4/EDA+ D1-7 and D8-14 groups, which clearly
indicated that the addition of BMP4 at an earlier stage was better
for their differentiation initiation. But for FOXF2, its expression was
mainly enhanced in the BMP4+D8-14 or BMP4+D1-14 group,
suggesting that BMP4 would have a major effect on FOXF2
expression at a later stage. These results illustrated the possibility
that growth factor-mediated stimulatory signal has a temporal
sequentiality associated with different stages of hPDLMSCs devel-
opment, which may be related to the activation of different tran-
scription factors (TFs) (Appendix Fig. 4B).

Furthermore, we confirmed the expression levels of S100A4 and
POSTN, the markers that reported relatively expressing higher in
human periodontal ligament (hPDL) cells compared to bone
marrow mesenchymal stem cells (BMMSCs) or human gingival fi-
broblasts (hGFs) [16]. POSTN was upregulated in the BMP4+D1-14
group when compared to hPDLMSCs, but highly expressed in
iMSCs at the same time (Fig. 5 and Appendix Fig. 5). There was no
significant difference in S100A4 gene expression between treat-
ment groups, but it displayed higher compared with iNCLCs and
iMSCs. Together, these results suggest that BMP4 can effectively
promote the differentiation of neural crest mesenchyme into
hPDLMSC-like cells under the stimulation of FGF8b and FGF2.

4. Discussion

Aiming to induce hPDLMSC-like cells from hiPSCs, NCC induc-
tion is an indispensable step from the perspective of embryonic
development. At the beginning of our project, we followed the
previously reported protocol to generate iNCLCs [18]. However, we
failed to achieve enough efficiency with the original protocol due to
the possible nuances in inductive media components, the mainte-
nance period, the condition of hiPSCs or the lot of coating materials.
Therefore, we discussed different conditions (coating materials and
inductive periods) during the generation process of iNCLCs. Based
on the previous research [23], FN is a better ECM for NCCs main-
tenance and growth than LM, but few studies have applied it for
iNCLCs induction from hiPSCs before. A comparison between two
coating materials in our study interestingly showed that cells
exhibited a “2D-3D-2D” hybrid culture phenomenon in FN-coated
culture condition (Appendix Fig. 1), which was partially similar to
the process of NCCs induction from embryonic stem cells (ESCs) by
the way of embryonic body (EB) formation [23]. We speculated that
this phenomenon was mainly due to the difference in adhesion
ability of hiPSCs between materials. According to the study focusing
on different coating methods in hiPSCs culture, FN was the only
material with lower electrical potential as an uncoated surface [24].
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Fig. 5. Evaluation of hPDL-related genes in induced hPDLMSC-like cells. The relative expression of hPDL-related genes (POSTN and S100A4) in hPDLMSCs, iNCLCs, iMSCs and induced
hPDLMSC-like cells with the stimulation of growth factors for 14 days. hPDLMSCs = 1; n = 3. Data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001,
*xk%P < 0,0001, ns. is not shown; by one-way ANOVA with multiple comparison via Dunnett test. (compared to hPDLMSCs).

Considering that the cell surface usually has a negative resting
potential [25], this factor may have provided an inadequate adhe-
sive environment for hiPSCs and led to the formation of a 3D
structure in the early period like suspension culture [23]. Never-
theless, as the iNCLCs induction progressed, cells migrated out of
the EB-like structures and reattached to plates for NCC differenti-
ation like LM-coated samples (Appendix Fig. 1). In addition, these
FN-iNCLCs had a higher differentiation efficiency while maintain-
ing similar characteristics to LM-coated induced cells, with the
similar ability of iMSCs induction as well (Figs. 1-3). Although the
specific mechanism of the phenomenon deserves further investi-
gation, our FN-coating induction method realized better produc-
tion efficiency for iNCLCs that did not need further purifications.

In the phenotypic evaluation of iNCLCs, we found that NCC-
related markers were enriched in sorted CD2717 cells. Notably,
the gene expression of FOXD3 and SOX10 was higher in the FN-
CD2717" cell population than in the LM-CD271% cell population.
FOXD3 and SOX10 are well-known as vital TFs that are activated in
response to the BMP and WNT signalings, which are important for
the NCCs identification [26]. Meanwhile, their functions in NCC
specification, multipotency maintenance and migration also indi-
cated their essential roles during the differentiation [27]. While
these findings partially explained the higher efficiency of iNCLC
induction, the relationship between the FN coating condition and
the expression of FOXD3 and SOX10 remains to be elucidated.
Considering that previous study showed that fibronectin is the
only substrate tested that can promote the migration of NCC
in vitro [28], the difference in FOXD3 and SOX10 expression be-
tween coating materials may be related to the migratory ability of
iNCLCs in FN.

Researchers have been studying the specific markers of
hPDLMSCs for a long time, but they are not yet available. According
to the previous studies, hPDLMSCs displayed the high expression
on typical dental mesenchyme-related genes such as MSX1 and
LHXS, as well as the DF-related marker FOXF1. These characteristics
distinguished hPDLMSCs from MSCs of other various origins and
extra somatic stem cells [20]. Noticeably, LHX8 exhibited higher
expression levels than MSCs derived from jaw bones, same origin as
hPDLMSCs, making it available as specific marker for hPDLMSCs
examination. Aside from that, PAX9 and FOXF2 were also found to
be highly expressed in hPDLSCs and PAX9 was identified as
responsible factor for hPDLSCs induction [29], which can be a
candidate to discriminate the feature of hPDLMSCs as well.

It has been reported that the odontogenic capacity of mouse
dental mesenchyme (DM) would disappear when cultured in vitro
without dental epithelium (DE) [30], suggesting that the oral
ectoderm signalings played an important role in DM development
[31,32]. FGF8b has been reported to be a key odontogenic factor,
and it functions on the expression of a specific group of TFs rep-
resented by DLX, PAX9, LHX8, and MSX1, which have been well
demonstrated to be expressed in DM [33,34]. Meanwhile, since
FGF2 played a positive role in cell expansion during the induction
process [35,36], we set FGF8b and FGF2 as basic cytokines for the
induction of hPDLMSC-like cells from iNCLCs. With the combina-
tion of BMP4 or EDA, it is shown that BMP4 + FGF8b + FGF2
induced higher expression of DM-related markers (PAX9, LHX8, and
DLX1), DF-related (FOXF1 and FOXF2) and hPDL-related genes
(POSTN and S100A4) compared with iNCLCs (Fig. 4), which repre-
sented the process of transition into hPDLMSC-like cells from
neural-crest-like mesenchyme. Comparatively, MSX1 expression

Fig. 4. hPDLMSC-like cells induction from hiPSC-derived iNCLCs. (A) Schematic diagram of the hPDLMSC induction screening. Through definitive NCLC induction protocol, iNCLCs
induced from FN-coated condition were maintained in StemFit AKO2N medium (exclusive bFGF) with EGF and FGF2, SB for 24 h. hPDLMSC differentiation was stimulated by basic
complete medium with FGF8b and FGF2 for 14 days, BMP4/EDA-adding was screened by qPCR. (B) The relative expression of dental mesenchyme-related genes (PAX9, LHX8, DLX1,
and MSX1), and dental follicle-related genes (FOXF1 and FOXF2) in iNCLCs, iNCLCs-derived iMSCs, and induced hPDLMSC-like cells with the stimulation of growth factors for 14 days.
iNCLC = 1; n = 3. Data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns. is not shown; by one-way ANOVA with multiple comparison via

Dunnett test (compared to iMSCs).
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was reduced by FGF8b + FGF2 stimulation and rescued to some
extent by the application of BMP4, which is consistent with pre-
vious studies reporting that BMP4 is essential for the activation of
MSX1 expression in DM development [37,38]. Although EDA has
been suggested to play an active role in tooth initiation and tooth
root development [32], it did not appear to have an obvious effect
on hPDLMSCs induction in our experiment. The functions and the
action sequence of these TFs should be further analyzed to refine
the complicated and multi-organized process of hPDLMSCs
development.

Furthermore, the stream of NCCs fated into dental mesenchyme
should be coming from the first branchial arch (BA1), and the
hPDLMSC-like cells should also be generated from iNCLCs with the
characteristic of specific NCCs related to BA1. However, it is still
difficult to determine specific makers of NCCs from BA1, and the
TGF-beta inhibition/WNT activation protocol tended to derive het-
erogeneous NCC populations [18]. These facts also lead to insuffi-
ciency of refined control of hPDLMSC-like cells induction and make
hPDLMSC-like cells partially different from the original hPDLMSCs
yet (Fig. 4). Although our study succeeded in generating hPDLMSC-
like cells expressing part of hPDL cells makers using FGF8b, FGF2,
and BMP4, we still lack the investigation of other signaling pathways
related to tooth formation. For example, WNT and SHH, which have
been reported to have interactive crosstalk with FGF, BMP, and EDA
signaling pathways [39—42], are valuable for additional assessment
for further optimization of hPDLMSCs induction. Besides, the func-
tional properties especially the vivo evaluation of hPDLMSC-like
cells also need to be analyzed in the next step.

5. Conclusion

With the unexpected finding of the prominent effect of FN
coating in the iNCLCs derivation, we demonstrated the importance
of ECM in NCCs induction. Moreover, our FGF8b + FGF2 + BMP4
strategy preliminary established the basis for hPDLMSC-like cell
induction from iNCLCs. Although investigations for multiple
signaling relationships and optimizations for differentiation strat-
egy are still needed, our work has taken the application of hiPSCs
for hPDLMSCs generation to the next level.
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