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Preface:

Parts of the text in this cummulative thesis derive from my first-author papers “Jin Chu
et al., Cells. 2020 9: 2047 and “Jin Chu et al., European Cells & Materials. 2021
41:20-33".



Zusammenfassung

Zusammenfassung

Einleitung: Als humanes periodontales Ligament (PDL) wird ein spezialisiertes, loses
Bindegewebe beschrieben, von welchem man annimmt, dass es aus dem Zahnfollikel
entsteht. Dieses Gewebe setzt sich aus parallelen Kollagenfasern zusammen, welche
die Zahnwurzel mit dem Alveolarknochen verbinden und die den Zahn stiitzende
Struktur bilden (Bosshardt et al., 2015). Parodontitis wird hauptsdchlich durch
Infektionen und/oder Entziindungen des Zahnfleisches verursacht und zerstort nach und
nach die zahntragende Struktur, was zum Zahnverlust fithren kann (Vo et al., 2020).
Epidemiologische Studien deuten darauf hin, dass iiber 50% der erwachsenen
Bevolkerung weltweit an Parodontitis leiden (Romandini et al., 2020). Aus diesem
Grund ist die Erforschung von wirksamen und sicheren Therapien zur Reparatur oder

Regeneration des PDL entscheidend fiir die Mundgesundheit.

Die derzeit angewandten konservativen Therapien der Wurzelbehandlung verhindern
das Fortschreiten der Parodontitis durch die Entfernung von Pathogenen und
nekrotischem Gewebe (Park, 2019). Allerdings kann das PDL an den behandelten
Stellen so nur teilweise regeneriert werden und die klinischen Ergebnisse bleiben hédufig
unbefriedigend (Chen and Jin, 2010). Tissue Engineering-basierte Therapien dienen
dazu, das geschiddigte PDL durch ein PDL-dhnliches Gewebe zu ersetzen. Beim
klassischen Tissue Engineering werden Wachstumsfaktoren, Biomaterialgeriiste und
Zellen kombiniert, um ein dreidimensionales (3D) Gewebemimetikum herzustellen
(Raju et al., 2020). Seit kurzem wecken Selbstassemblierungsmodelle fiir Organoide
wie Pellet- und ,,Cellsheet“-Kulturen groBes Interesse, da sie einerseits dem natiirlichen
Gewebebildungsprozess entsprechen und andererseits native Zell-zu-Zell- und Zell-zu-
Matrix-Interaktionen ermoglichen, welche geeignete und inhérente Zellsignalkaskaden
der verwendeten Zelltypen initiieren (Yan ef al., 2018). Diverse Studien berichten, dass

das Modell der Selbstorganisation ein groes Potenzial fiir Tissue Engineering
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Therapien birgt.

Zahnfollikelzellen (DFCs) sind Zellen, die aus dem Zahnfollikel gewonnen werden
(Luan ef al., 2006). Der Dentalfollikel umgibt den sich entwickelnden Zahn, bleibt bis
zum Zahndurchbruch bestehen (Morsczeck et al., 2005) und enthélt verschiedene
Vorlduferzellen, die aus dem Mesenchym stammen (Felthaus et al., 2014; Sarrafpour et
al., 2013). DFCs exprimieren mesenchymale Stammzellmarker wie CD90 und CD105,
jedoch keine hidmatopoetischen Marker (Liu et al., 2015; Zhou et al., 2019). In
mehreren in-vitro- und in-vivo-Modellen wurde bereits ein vielversprechendes PDL-
Differenzierungsprotokoll von DFCs etabliert (Nakashima et al., 2019). Das Ziel
meiner Dissertation war es, die Fahigkeit von DFCs, PDL-dhnliches Gewebe zu bilden,
mit Hilfe eines neuartigen 3D-Organoidmodells fiir die Ligamentogenese (Hsieh et al.,
2018; Yan et al, 2020) und durch detaillierte histomorphometrische Analysen,

quantitativen Polymerase-Kettenreaktionen (PCR) und Proteinanalysen zu untersuchen.

Material und Methoden: Die DFCs (n=6) wurden von AllCells (Alameda,

Kalifornien, USA) erworben. Die Zellen wurden aus den Weisheitszahnen junger (18-
25 Jahre), gesunder Personen extrahiert und durch durchflusszytometrische Analysen
(FACS) sowie einen Triple-Lineage-Differenzierungsassay validiert und charakterisiert.
Die PDL-hTERT-Zelllinie wurde bereits zuvor etabliert und charakterisiert (Docheva
et al.,2010; Em et al., 2017; Hsieh et al., 2016; Weider et al., 2020). DFCs und PDL-
hTERT-Zellen wurden in Zellkulturschalen ausplattiert, worauthin unser dreistufiges
Differenzierungsprotokoll angewendet wurde. Beide Zelltypen wurden {iber einen
Zeitraum von insgesamt fiinf Wochen der Organoidbildung und -reifung unterzogen.
Die ausgereiften Organoide wurden anschlieBend mittels Feuchtgewichtsanalyse,
Hématoxylin- und Eosinfarbung (H&E), quantitativer Analyse der Zellreihenstruktur,

Kernwinkelabweichung und Zelldichte, quantitativer PCR, Zytohistochemie und



Zusammenfassung

Dichteanalyse von Kollagen 1 (COL 1) und Kollagen 3 (COL 3) bewertet.

Ergebnisse: Die Auswertung der Genexpression von zweidimensional (2D)
kultivierten DFCs und PDL-hTERT-Zellen zeigte eine unterschiedliche Expression von
9 verschiedenen ligamentbezogenen Genen und 2 multipotenzbezogenen Genen in den
DFCs. Die Analyse des Feuchtgewichts der Organoide ergab, dass beide Organoidtypen
am 14. Tag der Reifung ein vergleichbares Gewicht aufwiesen. Die H&E-Farbung und
die histomorphometrische Analyse von DFCs und PDL-hTERT 3D-Organoiden zeigten
deutliche und signifikante morphologische Unterschiede. Die DFCs hatten eine gut
ausgerichtete Struktur mit einstrdngigen Zellreihen, wihrend die PDL-hTERT-Zellen
eine gebiindelte Morphologie und mehrstringige Zellreihenstrukturen aufwiesen. Die
Winkelabweichung der Kernachsen war in PDL-hTERT-Organoiden signifikant hoher
als die der DFC-Organoiden. Weitere zytohistochemische Untersuchungen zeigten eine
starkere Ablagerung von COL 3 in DFC-Organoiden und eine stirkere Ablagerung von
COL 1 in PDL-hTERT-Organoiden. Das Genexpressionsprofil der DFC-Organoide
stimmte jedoch weitgehend mit dem der PDL-hTERT-Organoide iiberein. Nur 7
verschiedene Gene zeigten einen signifikanten Unterschied zwischen den zwei

Gruppen.

Schlussfolgerung: In dieser Doktorarbeit wurde mit Hilfe des geriistfreien 3D-
Organoidmodells gezeigt, dass DFCs in ein PDL-&hnliches Gewebemimetikum
ausdifferenzieren konnen. Dariiber hinaus wiesen DFCs im Vergleich zur PDL-hTERT-
Zelllinie eine bessere Organoid-Morphologie, Zellreihenorganisation und
Winkelabweichung sowie eine hohere Konzentration verschiedener ligamentbezogener
Gene auf. Dieses 3D-Organoidmodell konnte somit eine neue Strategie zur Steuerung
des Verhaltens von DFCs sein, welches zudem fiir den Gebrauch im funktionellen PDL-

Engineering weiterentwickelt werden konnte.
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Summary

Introduction: Human periodontal ligament (PDL) is a specialized loose connective
tissue that is believed to arise from a dental follicle. It is composed of parallel collagen
fibres binding the tooth root to the alveolar bone, and constituting the tooth-supporting
structure (Bosshardt et al., 2015). Periodontitis is caused mainly by infections and/or
inflammation of the gums and progressively destroys the tooth-supporting structure
until tooth loss occurs (Vo et al., 2020). Epidemiological studies suggest that over 50%
of worldwide adult population suffers from periodontitis (Romandini et al., 2020).
Therefore, investigating effective and safe therapies to repair or regenerate PDL is

critical for the oral health.

Currently, ideal conservative therapies in use, such as scaling and root planning, prevent
progression of periodontitis by physically removing pathogens and necrotic tissue (Park,
2019). However, PDL can only be partially regenerated at the treated sites and clinical
outcomes frequently remain unsatisfactory (Chen and Jin, 2010). Tissue engineering-
based therapies serve to replace the impacted PDL with an engineered PDL-like tissue.
Classical tissue engineering combines growth factors, biomaterial scaffolds and cells to
produce a three-dimensional (3D) tissue mimetic (Raju et al., 2020). Recently, self-
assembly organoid models such as pellet and cell sheet cultures have gained a lot of
interest, because they parallel the natural tissue formation process and facilitate native
cell-to-cell and cell-to-matrix interactions, which initiate appropriate and inherent cell
signaling cascades of the cell types used (Yan et al., 2018). Several studies report that

self-assembly model holds a great potential for tissue engineering therapy.

Dental follicle cells (DFCs) are cells extracted from the dental follicle (Luan et al.,
2006). The dental follicle surrounds the developing tooth, is present until tooth eruption

(Morsczeck et al., 2005), and contains various progenitor cells which are derived from
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condensed mesenchyme (Felthaus et al., 2014; Sarrafpour et al., 2013). DFCs have
been shown to express mesenchymal stem cell markers, such as CD90 and CD105, but
not hematopoietic markers (Liu et al., 2015; Zhou et al., 2019). Several in vitro and in
vivo models have suggested a promising PDL differentation protential of DFCs
(Nakashima et al., 2019). Thus,the objective of my thesis was to investigate the PDL
tissue-forming ability of DFCs using a novel self-assembly 3D organoid model for
ligamentogenesis (Hsieh et al., 2018; Yan et al., 2020) and by carrying out detailed

histomorphometric, quantitative polymerase chain reaction (PCR) and protein analyses.

Materials & Methods: Commercial DFCs (n=6) were purchased from AllCells

(Alameda, California, USA). Cells were extracted from impacted wisdom teeth of
young (18-25 years old) healthy individuals and were validated and characterized by
flow cytometry analyses (FACS) and triple-lineage differentiation assay. The PDL-
hTERT immortal cell line was established and characterized previously (Docheva et al.,
2010; Em et al., 2017, Hsieh et al., 2016; Weider et al., 2020). DFCs and PDL-hTERT
were plated in cell culture dishes and our three-step differentiation protocol was
employed. Both cell types were subjected to organoid formation and maturation for a
total duration of 5 weeks. Afterward, the matured organoids were cross evaluated using
wet weight analysis, hematoxylin & eosin (H&E) staining, quantitative analysis of cell
row structure, nuclear angular deviation and cell density, quantitative PCR,
cytohistochemistry, and density metric analysis of collagen 1 (COL 1) and collagen 3

(COL 3).

Results: Evaluation of gene expression of two-dimensionally (2D) cultured DFCs and
PDL-hTERT cells revealed differential expression of 9 different ligament-related genes
and 2 multipotency-related genes in DFCs. Organoid wet weight analysis revealed

comparable weight between both organoid types on the 14th day of the maturation stage.



Summary

H&E staining and histomorphometry of DFCs and PDL-hTERT 3D organoids
suggested obvious and significant morphology differences. Briefly, DFCs had well-
aligned mono-string cell rows in structure, whereas PDL-hTERT exhibited clustered
morphology and multi-string cell row structures. The nucleus-axis angular deviation in
PDL-hTERT organoids was significantly higher than that observed in DFC organoids.
Further investigation by cytohistochemistry indicated greater COL 3 deposition in DFC
organoids and higher COL 1 deposition in PDL-hTERT organoids. However, the gene
expression profiling of DFC organoids largely overlapped with that of PDL-hTERT

organoids. Only 7 different genes showed a significant difference between the 2 groups.

Conslusion: This doctoral thesis using the 3D scaffold-free organoid model
demonstrated that DFCs differentiate towards PDL-like tissue mimetic. Moreover,
DFCs exhibited superior organoid morphology, cell row organization and angular
deviation, as well as higher levels of several ligament-related genes compared to the
PDL-hTERT cell line. Thus, the 3D organoid model could serve as a novel strategy to
direct DFC behavior, which could be further developed for functional PDL engineering

application.
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1. Introduction

1.1 Clinical relevance of periodontitis

Periodontitis is defined as a serious and chronic form of inflammatory-associated
periodontal disease. It is a prevalent oral disorder, affects tooth function and
progressively destructs the tooth-supporting structure until tooth loss occurs
(Romandini et al., 2020). Clinical features of periodontitis include the loss of
periodontal tissue support and the presence of periodontal pocketing and gingival

bleeding (Papapanou et al., 2018).

Periodontitis remains an unsolved public health problem due to its high prevalence, and
severe consequences on the oral structure, such as bone resorption and PDL degradation,
cause eventual tooth loss and dysfunction. It also negatively affects chewing function
and impairs the quality of life (Papapanou et al., 2018; Vo ef al., 2020). It is reported
that 7.8% of the US adult population has experienced severe periodontitis, and the
corresponding percentage for the worldwide population is 9.8%. However, the
prevalence rate of all other periodontitis conditions among the corresponding
populations are 42.2% and 90.1%, respectively (Bernabe et al., 2020; Eke et al., 2020).
Therefore, investigation for effective and safe periodontal therapies is critical for
worldwide oral health needs. Currently, classical therapies, such as scaling and root
planning, prevent progression of periodontitis by physically removing pathogens and
necrotic tissue (Park, 2019). However, this only leads to partial PDL regeneration at the
treated sites (Hernandez-Monjaraz et al., 2018), and the clinical outcomes frequently
remain unsatisfactory (Chen and Jin, 2010). The idea of tissue engineering-based
therapy is to replace the impaired PDL by engineered PDL-like tissue, the details of

which will be discussed in Section 1.4.
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1.2 Periodontal ligament structure and composition

Periodontal ligament (PDL) is a soft connective tissue that is believed to arise from a
dental follicle within a loose connective tissue sac and is a typical component of the
periodontal complex. As a part of the tooth-supportive structure, PDL fiber bundles are
arranged between the teeth and bone and bind the tooth root to the alveolar bone, with
both ends inserted into the cementum or alveolar bone via Sharpey’s fibers (Hirashima
et al., 2020). In humans, the width of PDL ranges from 0.15 to 0.38 mm (Nanci, 2018),
and PDL consists of several types, including alveolar crest fibers; horizontal, oblique
and apical fibers; and interradicular fibers (Liang et al., 2020). Fig. 1 illustrates the

anatomical structure of human PDL.

The cellular component of PDL is heterogeneous and is understood to contribute to the
development and maintenance of the aveolar bone and cementum. Osteoblasts and
osteoclasts contribute to alveolar bone formation, whereas cementoblasts and
odontoclasts contribute to cementum deposition (Standring and Gray, 2015). Another
cellular population, epithelial cell rests of Malassez (ERM cells), is considered to be
embryological remnants of epithelial root sheath and is implicated in root development
and protection against root resorption (Keinan and Cohen, 2013). In addition, there are
several neural and vascular elements and immune cells that inhabit the PDL, such as
macrophages and dendritic cells (Hirashima et al., 2020). PDL fibroblasts are the
principal cellular component of PDL. They are capable of simultaneous synthesis and
degradation of collagen remodeling (Nanci, 2018; Weider et al., 2020). The PDL
collagen component is similar to that of a tendon, and the predominant collagens are
COL 1 and COL 3. However, the individual fibrils of PDL have a smaller average
diameter and it is believed to have short half-life and shorter time for fibrillar assembly

than that of tendon fibrils (Berkovitz, 1990; Nanci, 2018). In contrast to tendon, the
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collagen components of PDL are subjected to continuous synthesis and degradation,

which is recognized as continuous remodeling (Warhonowicz et al., 2006).

a.
Enamel -

Dentin A

Gums -

Alveolar_
crest fibers

Alveolar |
crest

Nuclei of PDL

Horizontal fibroblasts

fibers |

Alveolar |
bone | Collagen-rich

Oblique | matrix

fibers

Cementum+

Fig. 1: Illustration of (a) the structure of periodontium and (b) the arrangement of cells and
collagen-rich matrix in PDL. The drawing was produced by Jin Chu with Procreate (Savage

Interactive Pty Ltd.) and was inspired by Standring and Gray, 2015.

At the molecular level, PDL was reported to express multiple tendon/ligament-related
genes, such as Mohawk, Scleraxis and tenomodulin (Docheva et al., 2010; Schneider
et al., 2018). Furthermore, Yamada et al., 2001 reported that this tissue expresses
periodontal ligament associated protein 1 (PLAP1), which is a member of the class I
small leucine-rich repeat proteoglycan family. The study demonstrated that PLAP1 is
highly expressed in freshly isolated PDL tissue and thus, it was considered a specific

gene marker for PDL (Yamada et al., 2001). Another tissue-specific marker is periostin
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(POSTN). POSTN gene encodes for a secreted extracellular matrix protein that is
enriched in collagen-rich connective tissues, such as periosteum, tendon and PDL. Its

expression in PDL was firstly reported by (Horiuchi et al., 1999).

1.3 Human dental follicle cells and multipotency

The human dental follicle is a condensed mesenchymal sac that surrounds a developing
tooth root. DFCs can be successfully extracted from unerupted and impacted wisdom
teeth, which are commonly disposed of as medical waste after exelcymosis (Morsczeck
et al., 2005; Morsczeck and Reichert, 2018; Saugspier et al., 2010). DFCs, isolated
from human wisdom teeth dental follicles, were characterized by their typical
fibroblast-like morphology and positive expression of mesenchymal stem cell (MSC)
markers and multiple lineage genes, including octamer-binding transcription factor 4
(OCT4) and sex determining region Y-box 2 (SOX2) (embryonic stem cell markers,
Zhou et al., 2019); STRO-1, CD44, CD90 and CD105 (MSC markers, Chu et al., 2020;
Zhou et al., 2019); Notch-1 and nestin (neural stem cells markers, Morsczeck et al.,
2005); bone sialoprotein (BSP), alkaline phosphatase (ALP) and osteocalcin (OCN)

(biomineralized tissue markers, Morsczeck et al., 2005);

DFCs possess a multipotent potential (Liu ef al., 2015; Zhou et al., 2019), which is
illustrated in Fig. 2. When cultivated with a proper exogenous osteogenic stimulus, such
as dexamethasone, DFCs are capable of differentiating into osteoblasts and expressing
associated genes (Mori et al., 2012; Morsczeck, 2006). Another hallmark of DFCs is
that they are reported to form a good root-bone interface, including PDL, cementum
and alveolar bone. Implants that consist of DFCs and Hertwig epithelial root sheath
(HERS) cells have been reported to obviously enhance the activity of cementoblasts in
immunocompromised mice, and the enhancement of the activity is believed to be due

to the stimulation of bone morphogenetic protein 2, bone morphogenetic protein 4 and
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bone morphogenetic protein 7 synthesized by HERS cells (Jung et al., 2011; Yamamoto
et al.,2004; Zhou et al., 2019). DFCs isolated from human molars at root development
stage were able to form a cementum/PDL-like structure, as demonstrated by the PDL-
like collagen fibers attached to the newly formed cementum-like mineralized tissue
(Han et al., 2010). Additionally, DFCs exhibited the ability to differentiate into
adipocytes (Chu et al., 2021; Yao et al., 2008) and chondrocytes (Chen ef al., 2015;
Chu et al., 2021; Guo et al., 2013) when placed in corresponding stimulation media for
3 weeks. The neural lineage differentiation of DFCs, such as the expression of neural
markers and exogenous addition of neurogenic stimulus, due to its origin from the

neural crest, has also been reported under specific culture conditions (Yao et al., 2008).

Differentiation potential of
dental follicle cells

Adipogenic Chondrogenic Neurogenic

Fig. 2: Concept map indicating the differentiation potential of DFC. The derived cell/tissue is
illustrated by cartoon images. The drawing was produced by Jin Chu with Procreate (Savage

Interactive Pty Ltd.) and was inspired by Standring and Gray, 2015.
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1.4 Ligament tissue engineering

The premise of tissue engineering-based therapies is to replace or repair the impaired
tissue using an engineered tissue. To create a 3D microenvironment in vitro, numerous
polymers, natural and synthetic (e.g., collagen- and silk-based materials, and synthetic
polymers), have been assessed in tissue engineering (Lomas et al., 2015; Youngstrom
and Barrett, 2016). In the last decade, many promising results were obtained, however
certain issues still need to be overcome. For example, natural scaffolds require
additional treatment to avoid in vivo immunoreaction, frequently leading to
compromised mechanical properties. Synthetic scaffolds are associated with concerns
of low cell adhesion, unsatisfactory cell proliferation and differentiation, poor
biocompatibility, and low biodegradability (Docheva et al., 2015). Hard scaffolds
require more complicated surgery to be implanted into the injury site compared to

hydrogels, which permit minimally invasive long-distance delivery.

A three-dimensional cell sheet model, which is a scaffold-free tendon-like tissue, could
be a powerful new approach for tendon tissue engineering. Such cell sheet model does
not need natural or synthetic carriers, avoiding the disadvantages listed above. We have
previously investigated a novel 3D self-assembling scaffold-free model and suggest a
promising potential in tenogenesis. This model allows cells to form a continuous
integral cell layer, depositing their own native ECM and creating 3D rod-like organoids,
which can be centimeters long and subjected to static tension for a desired period. Our
previous study proved that human tendon progenitor/stem cells (TSPCs) have great
potential to form well- aligned and collagen-rich organoids (Hsieh et al., 2018).
Moreover, our further research revealed that aged/degenerative TSPCs exhibit defective
organoids compared to young/healthy TSPCs (Yan et al., 2020), demonstrating that this

model is suitable to mimic in vitro tenogenic differentiation process as well as to
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investigate pathomechanisms involved in tendon aging. Hence, it will be of great
interest to perform a follow up study with the aim to subject DFCs to our 3D self-

assembling scaffold-free model in order to assess the potential of PDL formation.

1.5 Objectives of the doctoral study

PDL tissue naturally arises from dental follicles, and the behavior of DFCs in PDL
ligamentogenesis has not been evaluated using the self-assembly 3D organoid model,

which could be the foundation for a novel PDL tissue engineering application.

Thus, the main hypothesis of this doctoral thesis was that DFCs will exhibit promising

features in PDL differentiation when subjected to the 3D organoid model.

The main objective was to investigate the ligamentogenic differentiation potential of
DFCs and to compare this cell type to the previously established and characterized
PDL-hTERT cell line by carrying out detailed FACS, multi-lineage differentiation,

quantitative PCR, histomorphometric, and protein analyses.

The main goals were defined as follows (Fig.3):

1) To characterize DFCs and PDL-hTERT cell line in 2D in terms of CD surface
receptors, gene expression and three-lineage differentiation.

2) To carry out in depth evaluation of DFC and PDL-hTERT 3D organoids by H&E,
DAPI and F-actin staining combined with detailed histomorphometric analyses of cell
row structure, angular deviation and cell density.

3) To validate the expression of numerous tendon/ligament-, multilineage- and PDL-
related genes by quantitative PCR, followed by immunofluorescent analyses of COL 1

and COL 3 in both types of 3D organoids.
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Human samples
*DFCs (n=6) purchased from AllCells, USA.

*PDL-hTERT cell line was established and characterized previously (Docheva et al., 2010),

3D model Readouts
sExpansion: cells were cultivated in 10 ¢cm dishes —*FACS (CD90 and CD105).
for 5 days until confluency. +qPCR (PLAPI1, POSTN, multi-lineage
and tendon/ligament-related genes).

*Stimulation: cells were stimulated by 50 pg/mL a *Osteogenic differentiation and Alizarin
ascorbic acid for 14 days (ascorbic acid is a co- ’ Red staining (for mineralized matrix).
factor of collagen synthesis as well as an *Adipogenic differentiation and il Red O
antioxidant). staining (for lipid vacuoles).

L «Chondregenic differentiation and
sMaturation: the self-assembled cell sheets were Dimethylmethylene Blue assay (for
detached by scraper and rolled up into rod-like sulphated glycosaminoglycans).

3D organoid. TGF-B3 was added into the
medium to accelerate the organoid maturation
(TGF-p3 is known pro-tenogenic growth factor).

*H&FE and F-actin staining.
*Cell row structure and angular deviation.
z| *Cell density analysis.
|  +gRT-PCR (PLAP1, POSTN, multi-lineage
and tendon/ligament-related genes).
sImmunohistochemistry for COL 1 and
COL 3.

Fig. 3: Overall layout of the doctoral study.

1.6 Summary of the publication

Dental follicle cell differentiation towards periodontal ligament-like tissue in a
self-assembly three-dimensional organoid model

Periodontitis remains an unsolved oral disease, that is prevalent worldwide and results
in tooth loss due to the dysfunction of the PDL, a tissue connecting the tooth root to
with the alveolar bone. We have previously reported a scaffold-free 3D organoid model
for in vitro tenogenesis/ligamentogenesis. As PDL tissue naturally arises from dental
follicles, the objective of this study was to investigate the ligamentogenic
differentiation potential of DFC in vitro by employing this 3D model. Human primary
DFCs were compared to the previously published PDL-hTERT cell line in 2D and 3D.
The 3D organoids were evaluated by H&E, DAPI and F-actin staining combined with

detailed histomorphometric analyses of the cell row structure, angular deviation and
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cell density. Furthermore, the expression of 48 tendon/ligament- and multilineage-
related genes was evaluated using quantitative PCR followed by immunofluorescent
analyses of collagen 1 and 3. Our results showed that both cell types could successfully
form organoids. DFC organoids were comparable to PDL-hTERT in terms of cell
density, but DFCs exhibited superior organoid morphology, cell row organization and
angular deviation. Interestingly, in 2D as well as in 3D, DFCs showed significantly
higher levels of several ligament-related genes compared to the PDL-hTERT cell line.
In conclusion, DFCs exhibited great potential to form PDL-like 3D organoids in vitro,

suggesting that this strategy can be further developed into functional PDL engineering.
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Abstract

Periodontitis remains an unsolved oral disease, prevalent worldwide and resulting in tooth loss due to
dysfunction of the periodontal ligament (PDL), a tissue connecting the tooth root with the alveolar bone. A
scaffold-free three-dimensional (3D) organoid model for in vitro tenogenesis/ligamentogeneis has already been
described. As PDL tissue naturally arises from the dental follicle, the aim of this study was to investigate the
ligamentogenic differentiation potential of dental follicle cells (DFCs) in vitro by employing this 3D model.
Human primary DFCs were compared, in both two- and three-dimensions, to a previously published PDL-
hTERT cell line. The 3D organoids were evaluated by haematoxylin and eosin, 4',6-diamidino-2-phenylindole
and F-actin staining combined with detailed histomorphometric analyses of cell-row structure, angular
deviation and cell density. Furthermore, the expression of 48 tendon/ligament- and multilineage-related
genes was evaluated using quantitative polymerase chain reaction, followed by immunofluorescent analyses
of collagen 1 and 3. The results showed that both cell types were successful in the formation of scaffold-free
3D organoids. DFC organoids were comparable to PDL-hTERT in terms of cell density; however, DFCs
exhibited superior organoid morphology, cell-row organisation (p <0.0001) and angular deviation (p <0.0001).
Interestingly, in 2 dimensions as well as in 3D, DFCs showed significantly higher levels of several ligament-
related genes compared to the PDL-hTERT cell line. In conclusion, DFCs exhibited great potential to form
PDL-like 3D organoids in vitro suggesting that this strategy can be further developed for functional PDL
engineering.

Keywords: Periodontitis, periodontal ligament, dental follicle cells, periodontal ligament cell line, scaffold-
free approach, 3D organoids, ligamentogenic differentiation, tissue engineering.
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List of Abbreviations COL14A1 collagen type XIV al
COL15A1 collagen type XV al

3D three dimensional COMP cartilage oligomeric matrix protein
ACAN aggrecan DAPI 4', 6-diamidino-2-phenylindole
ACTA2 actin a2 DCN decorin
APC allophycocyanin DES desmin
ASPN asporin DF dental follicle
BGN biglycan DEC dental follicle cell
BSA bovine serum albumin DMEM Dulbecco’s modified Eagle’s medium
CD cluster of differentiation DMMB dimethylmethylene blue
COL1 collagen I EDTA ethylenediaminetetraacetic acid
COL3 collagen III EGR1 early growth response 1 TF
COL1A1 collagen type I al EGR2 early growth response 2 TF
COL2A1 collagen type Il al ELISA enzyme-linked immunosorbent assay
COL3A1 collagen type III al EPHA4 ephrin type-A receptor 4
COL5A1 collagen type V al EYA1 eyes absent homologue 1 TF
COL6A1 collagen type VI al EYA2 eyes absent homologue 2 TF
COL12A1 collagen type XII al FACS flow cytometry analyses
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FBS foetal bovine serum

FMOD fibromodulin

FN1 fibronectin

FsC forward scatter

FUT4 fucosyltransferase 4

GAPDH glyceraldehyde 3-phosphate
dehydrogenase

H&E haematoxylin and eosin

HEPES 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid

hTERT human telomerase reverse
transcriptase

IBSP integrin-binding sialoprotein

IeG immunoglobulin G

IOR interquartile range

ITS internal transcribed spacer

LOX lysyl oxidase

LPL lipoprotein lipase

LUM lumican

MEM minimum essential media

MKX homeobox TF Mohawk

MYOD1 myogenic differentiation 1

MYOG myogenin

NANOG nanog homeobox pseudogene 8

ODM osteogenic differentiation medium

PBS phosphate-buffered saline

PCR polymerase chain reaction

PDL periodontal ligament

PDL-hTERT periodontal ligament-human
telomerase reverse transcriptase

PE phycoerythrin

PFA paraformaldehyde

PLAP1 periodontal ligament-associated
protein 1

PLOD1 procollagen-lysine 5-dioxygenase

POSTN periostin

POU5F1 POUdomain, class 5, TF 1

PPARG peroxisome proliferator-activated
receptor y

PRG4 proteoglycan 4

qRT-PCR quantitative real-time PCR

RT room temperature

RUNX2 Runt-related TF 2

5CX scleraxis homologue A TF

SIX1 SIX homeobox 1 TF

SIX2 SIX homeobox 2 TF

50X9 sex determining region Y box 9 TF

Sp7 Sp7 TF

SSC side scatter

TF transcription factor

TFAP2A adipogenic TF AP-2a

TGF transforming growth factor

TGFB1 transforming growth factor 31

TGM2 transglutaminase 2

THBS?2 thrombospondin 2

THBS4 thrombospondin 4

TNC tenascin C

TNMD tenomodulin

Introduction

Periodontitis is a serious form of periodontal
diseases, which is mainly caused by infections and/
or inflammation of the gums. It is a prevalent oral
disease, that impairs tooth function and progressively
destroys the tooth-supporting structure until
tooth loss occurs (Diekwisch, 2016; Oscarsson and
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Johansson, 2019; Vo et al., 2020). Epidemiological
studies suggest that over 50 % of the adult population
is suffering from periodontitis (Romandini et al., 2021).
One of the leading consequences of periodontitis is
the dysfunction of the PDL, which binds the tooth
to the alveolar bone (Benatti et al., 2007; Yao et al.,
2008). Therefore, investigating effective and safe
PDL therapies fulfils the worldwide oral health
need. Currently, the classical therapies, such as
scaling and root planning, prevent progression of
periodontitis by physically removing the pathogens
and necrotic tissue (Park, 2019). However, the PDL
can only be partially regenerated at the treated sites
(Hernandez-Monjaraz et al., 2018) and the clinical
outcome frequently remains unsatisfactory (Chen
and Jin, 2010).

A hallmark of tissue engineering-based therapies
is to replace the impacted PDL by an engineered
PDL-like tissue. Classical tissue engineering is a
combining growth factors, biomaterial scaffolds and
cells to produce a 3D tissue mimetic (Liu et al., 2015;
Rajuet al., 2020; Spinell et al., 2019). Alternatively, self-
assembly models such as pellet and cell sheet cultures
have gained a lot of interest, because they parallel the
natural tissue formation process and secure native
cell-to-cell and cell-to-matrix interactions, which
initiate the appropriate and inherent cell signalling
cascades of the used cell types (Yan et al., 2018).
Previous studies have shown that mesenchyme-
derived stem/progenitor cells, subjected to pellet
and cell sheet culture protocols, were able to produce
tenogenic (Hsieh et al., 2018; Yan et al., 2020) and
chondrogenic scaffold-free tissues (Pattappa et al.,
2019a; Pattappa et al., 2019b).

PDL is considered to arise from a dental follicle
within a loose connective tissue sac derived from
condensed mesenchyme (Bojicet al., 2014; Felthaus et
al., 2014; Sharpe, 2016). The dental follicle surrounds
the developing tooth and is present until tooth
eruption (Sarrafpour et al., 2013). The derivative PDL
is a specialised connective tissue composed of parallel
collagen fibres inserting into the root cementum of
the tooth on one side and the alveolar bone on the
other (Bosshardt et al., 2015). The PDL-specific cells
are ligamentocytes that are fibroblastic in nature
(Berkovitz, 1990), expressing common tendon/
ligament-related genes (Poschke et al., 2017) and gene
markers such as periodontal ligament associated
protein-1 (Yamada ef al., 2001) and periostin (Horiuchi
et al., 1999).

DFCs can be successfully isolated from unerupted
and impacted wisdom teeth, which are commonly
extracted and disposed of as a medical waste
(Morsczeck et al., 2005; Morsczeck and Reichert,
2018). DFCs are reported to be multipotent and to
express mesenchymal stem cell markers, such as
CD90 and CD105, but not haematopoietic stem cell
markers (Liu et al., 2015; Zhou et al., 2019). Moreover,
by analysing cloned mouse DFC lines, a profound
cellular heterogeneity of the DF has been shown,
which may have implication in tissue engineering
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and regenerative strategies (Luan et al., 2006). When
comparing three odontogenic progenitor types from
dental pulp, PDL and DF for PDL regeneration,
Dangaria et al. (2011) reported that the PDL cells were
best performing in combination with biomaterials.
Several in vitro and in vivo models have further
investigated the DFC potential to differentiate
towards PDL cells, reporting promising results
(Nakashima et al., 2019; Zhang et al., 2019).

In this study, the PDL tissue-forming ability
of DFCs was investigated, in comparison to the
previously established and characterised PDL-hTERT
cell line (Docheva et al., 2010), by using a novel
self-assembly 3D organoid model for tenogensis/
ligamentogensis (Hsieh et al., 2018; Yan et al., 2020)
and by carrying out detailed histomorphometric,
quantitative PCR and protein analyses.

Materials and Methods

Cell culture

Commercial human DFCs (1 =6) were purchased from
AllCells (Alameda, CA, USA). Cells were extracted
from impacted wisdom teeth of young (18-25 years
old) healthy individuals (N.B. according to AllCells
company regulations, further donor information
such gender and exact age was not provided to the
purchaser). The PDL-hTERT immortal cell line has
already been established and characterised (Docheva
etal.,2010; Ernet al., 2017; Hsieh et al., 2016; Weider et
al., 2020). Both cell types were cultured in low-glucose
DMEM (Gibco, Karlsruhe, Germany), supplemented
with 10 % FBS and 1 % penicillin (10,000 units/mL) /
streptomycin (10 mg/mL) solution (all from Sigma-
Aldrich). In this study, DFCs were used in passages
4-8 and PDL-hTERT immortal cell line in passages
35-39.

FACS

DECs (n = 6) were washed in PBS, trypsinised,
centrifuged and resuspended in PBS. 5 x 10° cells
per donor were incubated with mouse anti-human
PE-conjugated CD90 antibody (Cat. No.: 130-095-
400, Miltenyi Biotec, Bergisch Gladbach, Germany),
CD105 APC-conjugated antibody (Cat. No.: 130-
094-926, Miltenyi Biotec), isotype control mouse
IgG1 antibody PE-conjugated (Cat. No.: IC002P,
R&D Systems, Minneapolis, MN, USA) or isotype
control mouse IgG2b APC-conjugated antibody
(Cat. No.: 130-092-217, Miltenyi Biotec) diluted 1 : 10
in a staining buffer consisting of 2 nmol/L EDTA,
0.5 % BSA and 0.01 % NaN, in PBS. After 45 min
incubation on ice, cells were washed, centrifuged
and resuspended again in staining buffer. 2 x 10*
events per sample were analysed in a BD FACSCanto
II Flow Cytometry System (Becton-Dickinson, San
Jose, CA, USA) measuring FSC light, SSC light, PE
and APC emitted fluorescence. Data were analysed
with Flowing software 2.5.1 (Web ref. 1).
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Osteogenic differentiation and alizarin red
staining

DFCs (2 representative donors) were expanded to
80 % confluence in the standard culture medium,
then induced by cultivating in ODM composed of
high-glucose DMEM (Gibco) supplemented with 2 %
FBS, 1 % penicillin/streptomycin, 20 mmol/L HEPES,
10 mmol/L p-glycerophosphate, 100 pmol/L phospho-
ascorbic acid and 100 nmol/L dexamethasone
(all from Sigma-Aldrich). As a control, cells were
cultivated in high-glucose DMEM with 2 % FBS and
1 % penicillin / streptomycin. Medium was changed
thrice weekly. After 4 weeks, matrix mineralisation
was monitored by classical alizarin red staining was
carried out as follows: cells were washed with PBS
and fixed in 4 % PFA in PBS for 1 h and then rinsed
3x in distilled water. Next, DFCs were incubated in
alizarin red solution (Merck Millipore, Darmstadst,
Germany) for 20 min, washed 3x in distilled water
and examined using a microscope.

Chondrogenic differentiation and DMMB assay
DFCs (2 representative donors) were used to form
pellet cultures (Pattappa et al., 2019a). Briefly, pellets
were formed by centrifuging 2 x 105 DFCs at 215 xg for
5 min in 300 uL chondrogenic medium in V-bottom
96-well plates. The chondrogenic medium consisted
of high-glucose DMEM supplemented with 10 ng/mL
TGF-1 (R&D systems), 100 nmol/L dexamethasone,
50 pg/mL ascorbic acid-2-phosphate (all Sigma-
Aldrich), 1 mmol/L sodium pyruvate (Invitrogen)
and 1 % ITS (PAN Biotech GmbH, Aidenbach,
Germany). As a control, cells were cultivated in the
basal medium as described above, without TGF-1.
Four weeks after chondrogenic induction, DMMB
staining was performed. Pellets were fixed using 4 %
PFA in PBS for 1 h, cryoprotected by sucrose gradient
and embedded in cryoprotective media (Tissue-Tek,
Alphen aan den Rijn, the Netherlands). Cryosections
(10 pm thickness) were collected (Leica cryotome,
Wetzlar, Germany), and stored at — 20 °C until use.
Prior to staining, sections were equilibrated to room
temperature and rehydrated with PBS for 5 min. 3
different cryo-sections per donor were employed and
sulphated glycosaminoglycan content was monitored
by histochemical staining with DMMB (0.05 %
DMMB, 0.5 % ethanol, 0.2 % formic acid, 30 mmol/L
sodium formate, pH 3) for 10 min. Sections were
then rinsed with distilled water for 30 s, dehydrated
by ethanol gradient and xylol, mounted and imaged
using a microscope.

Adipogenic differentiation and oil red O staining
DFCs (2 representative donors) were seeded and
grown in high-glucose DMEM supplemented with
10 % FBS and 1 % penicillin (10,000 units/mL)/
streptomycin (10 mg/mL) (all from Sigma-Aldrich)
until reaching sub-confluence (> 80 %). Adipogenic
differentiation was then induced by using a StemPro
Adipogenesis Differentiation Kit (Thermo Scientific,
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Waltham, US) with additional 1 % penicillin/
streptomycin solution (all from Sigma-Aldrich). As
a control, cells were cultivated in the basal DMEM
medium (all from Sigma-Aldrich). Four weeks
after adipogenic induction, oil red O staining was
performed. Cells were washed with PBS, fixed with
4 % formalin in PBS, washed twice with distilled
water, and incubated in 60 % isopropanol for 5 min.
Cells were then stained for 20 min with oil red O
working solution from the Lipid (oil red O) Staining
Kit (Sigma-Aldrich) according to manufacturer’s
instructions. Finally, cells were washed thrice with
distilled water and imaged using a microscope.

Self-assembly 3D organoid model

This three-step model is based on a self-assembly of a
cell sheet, which is rolled into a 3D rod-like organoid
that is subjected to static axial stretch of 10 % and
maturation of 2 weeks (Hsieh et al., 2018; Yan et al.,
2020). In the first, 2D expansion, step both cell types
were plated into cell culture Petri dish (100 mm
diameter, Falcon, USA) with a density of 8 x 10*
cells/cm? until reaching full confluence by day 5 in
low-glucose DMEM medium (Gibco) supplemented
with 10 % FBS, glutamine (365.3 mg/L) and 1x MEM
amino acids (all from Sigma-Aldrich), In the second,
2D stimulation, step both cell types were cultured
in high-glucose DMEM (Gibco) 10 % FBS, 1x MEM
amino acids and 50 pug/mL ascorbic acid (Sigma-
Aldrich) for 14 d. Afterwards, monolayered cell sheets
were detached from the dish using a cell scraper and
manually rolled to form approx. 70-80 mm long 3D
rod-like organoids. The organoids were transferred
to non-adherent culture dishes (Corning, New York,
USA), manually stretched by 10 % by fixing using
small pins (Ento Sphinx, Pardubice, Czech Republic).
In the last, 3D maturation, step the 3D organoids were
cultured for 14 d in maturation medium consisting of
high-glucose DMEM supplemented with 10 % FBS,
TGF-B3 (10 ng/mL), 1x MEM amino acids and 50 pg/
mL ascorbic acid. The wet weight of each organoid
was measured at day 19 and day 33 (or day 0 and
day 14 of the 3™ step). 3D organoids were formed
from 6 DFC donors with 5 sheets/donor (n = 6,
replicates 30) and from PDL-hTERT immortal cell
line with 5 sheets (1 = 1, replicates 5).

H&E staining

DFC (n = 6, 3 organoids/donor) and 3 PDL-hTERT
(n=1, 3 organoids) were fixed with 4 % PFA in PBS,
cryoprotected by sucrose gradient and embedded
in a cryoprotective medium (Tissue-Tek, Alphen
aan den Rijn, the Netherlands). Cryosections (10 um
thickness) were collected (Leica cryotome, Wetzlar,
Germany) onto glass slides, and stored at—20 °C until
use. Prior to staining, sections were equilibrated to
room temperature and rehydrated with PBS for 5 min.
3 different cryo-sections per sheet were used for H&E
staining (Carl Roth, Karlsruhe, Germany). Sections
were placed in haematoxylin solution for 3 min,
rinsed with 0.1 % HCI in PBS for dedifferentiation
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and washed in tap water for 5 min. Next, sections
were immersed in eosin solution for up to 4 min,
rinsed with distilled water for 30 s and dehydrated
by ethanol gradient and xylol and mounted using
DEPEX (Serva, Rosenheim, Germany).

Cytohistochemistry

DFC (n = 6, 1 organoid/donor) and PDL-hTERT

(n =1, 3 organoids) groups with 3 cryo-sections per

organoid were subjected to further staining. Sections

were rinsed in PBS for 5 min. For phalloidin staining,

sections were permeabilised with 0.1 % Triton X-100

for 15 min at RT and incubated with phalloidin-AF594

(1:200, Cat. No. ab176757, Abcam, Cambridge, UK)

for 1 h at RT. For COL 1 and 3 staining, sections

were treated for antigen retrieval with 1 % pepsin
for 15 min at RT. Afterwards, they were blocked with

10 % goat serum (Sigma-Aldrich, Cat. No. SLCD5403)

at for 1 h at RT, and incubated with corresponding

primary rabbit anti-human antibodies (1 : 100, for

COL 1 Cat. No. ab34710, COL 3 Cat. No. ab7778,

all Abcam) at 4 °C overnight. Next, goat anti-rabbit

secondary cy3-conjugated antibody (1 : 200, Cat. No.

111-165-144, Jackson ImmunoResearch, Cambridge,

UK) was given for 1 h at RT. Sections receiving only

secondary antibody served as a negative control.

DAPI (1 pg/mL) was used for nuclear counter-

staining for 10 min at RT Representative fluorescence

images were taken using an inverted microscope
equipped with CCD camera (Carl Zeiss Microscopy,

Jena Germany).

For quantitative analysis of COL 1 and 3
fluorescence images, immunostained and imaged
sections from DFC (n =3, 1 organoid/donor, 1 cryo-
section per organoid) and PDL-hTERT (n =1, 3
organoids, 1 cryo-section per organoid) organoids
were evaluated with Image ] software (version v1.53d,
National Institutes of Health, Bethesda, USA, Web
ref.2) as follows.

1. Three images/section (9 images/group) were taken
using a 20x objective lens.

2. Eachimage was converted into 8-bit grayscale by
using “Image-type” tool.

3. By using the “Threshold” tool, the strongly
positive stained area was automatically selected
and manually adjusted for DAPI and segmented
for COL.

4. The “Freehand selections” tool was used to select
the region of tissue in each image.

5. In the “Analyze-Set measurements” dialog the
parameters “Area”, “Area fraction”, “Limit to
threshold” and “Display label” were set. Then the
percentage of COL-positive area was displayed
by “analyse-measure” tool.

6. The data were expressed as bar plot with mean
and standard deviation for each group where
each dot represents each organoid/group.

Cell row structure and angular deviation
H&E staining images were used for quantitative
analysis of row structure and nuclear angular
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deviation. For the analysis of DFC (1n=6, 1 organoids/
donor) and PDL-hTERT groups (1 =1, 3 organoids),
per organoid 1 section was investigated and 9 images
were taken randomly using a x20 objective lens on
Carl Zeiss Microscope (Jena, Germany) resulting in
total of 54 images for DFC group and 27 images of
PDL-hTERT group).To analyse cell row structure,
on each image, all cell rows were counted with the
following assumptions: row with mono-cell-array
was defined when the row was composed by a
string of individual cells; while multiple-cell-array
was defined when the row was composed of strings
composed of tightly clustered cells. For nuclear
angular deviation, on each image, 9 randomly chosen
nuclei were assessed resulting in 486 total nuclei
readouts for the DFC group and 243 nuclei readouts
for PDL-hTERT group. The angle measurement
between the longitudinal axis of the organoid and the
major axis of the cell nuclei were determined using
the “angular” tool in the Image]J software.

Cell density analysis

Cell density was evaluated by quantifying nuclei
visualised by DAPI staining and quantifying DAPI-
positive area per image. For the analysis of DFC (n=6,
1 organoids/donor) and PDL-hTERT groups (n=1, 3
organoids), per organoid 1 section was investigated.
Per organoid, 9 DAPI-stained images taken using
a x20 objective lens were taken randomly resulting
in in total of 54 DFC images and 27 PDL-hTERT
images. The images were analysed by Image]. First
each image was converted into 8-bit grayscale by
using “image-type” adjustment tool. Next, by using
“process-find-edges” tool, the DAPI positive area
was automatically highlighted. Last, the percentage
of highlighted area was measured by “analyse-
measure” tool.

qRT-PCR

In 2D, DFC (n=3) and PDL-hTERT (1 =1, 3 replicates)
cells in classical monolayer culture and in 3D, DFC
(n=6,1organoid) and PDL-hTERT (1 =1, 3 replicates)
organoids were subjected to qRT-PCR. Total RNA
was extracted for each group with RNeasy Mini
kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. For cDNA synthesis,
0.5 pg total RNA and Transcriptor First-Strand cDNA
Synthesis Kit (Roche, Karlsruhe, Germany) was
used. Custom-designed RT-PCR plates containing
primers for 48 different genes (Table 1) were used
(96-well/32+ format, Bio-Rad Laboratories, Hercules,
CA, USA). In addition, mRNA expression levels of
CD90 (primer Lot. Nr. qHsaCED0036661), CD105
(qHsaCID0010800), PLAP1 (qHsaCID0023171) and
GAPDH (qHsaCEP0041396) and POSTN (forward
primer: GCTATTCTGACGCCTCAAAACT; reverse:
AGCCTCATTACTCGGTGCAAA) (all primers Bio-
Rad) were also analysed. The qRT-PCR reaction was
performed using a bioanalyser instrument (BioRad
Laboratories) using the following protocol: After
2 min activation at 95 °C, 40 cycles were conducted
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consisting of denaturation steps for 5 s at 95 °C each,
and combined annealing/elongation steps for 30 s
at 60 °C each. Afterwards, melt curve analysis was
performed starting at 60 °C for 1 min and raising the
temperature in 0.3 °C steps for 15 s each until 95 °C.
Melt temperatures were compared to manufacturer’s
instructions to check for amplicon specificity.
Data from target genes were normalised to HPRT
(housekeeping gene) using delta Ct, and compared
in fold-change to the PDL-hTERT group.

Statistics

Independent experimental reproductions are given
in the methods and figure legends. GraphPad Prism
v8 software (San Diego, USA, Web ref. 3) was used
for quantitative data and statistical significance
analyses. Quantitative data were shown as: graph
bars of mean values and standard deviations, box
plot of individual data with maximum, median
and minimum values and interquartile range (IQR,
75th-25th percentiles) or violin plot of raw data with
median values and IQR. Statistical testing of numeric
variable within 2 groups was performed with a non-
parametric two-tail f-test and multiple ¢-test (Fig. 3b),
and categorical variable analyses (e.g. stacked bar
plot) was performed with chi-squared test. p < 0.05
was considered statistically significant.

Results

Cell morphology and gene expression profile in
2D culture

Both, DFCs and PDL-hTERT, cell types had
fibroblastic morphology with spindle- or triangular-
like cell shapes (Fig. 1a). The primary DFCs
appeared to occupy larger cell territories than the
PDL-hTERT immortalised cells. In order to briefly
characterise the DFCs and PDL-hTERT cells in 2D
culture, mRNA expression profiling was carried
out on 33 different genes related to ligamentogenic
lineage as well as multipotency-related 15 different
genes representative of adipogenic, chondrogenic,
embryogenic, myogenic or osteogenic lineages. The
complete gene list, full and abbreviated gene names
are given in Table 1. The obtained heat-map result
indicated the expression of multiple ligamentogenic
genes in DFC and PDL-hTERT 2D cultures, whilst
the majority of the representative genes of the other
lineages were undetectable. The following genes were
exceptions: ACAN and RUNX2 in DFC group and
PPARG, TFAP2A and SOX9 in PDL-hTERT group.
Interestingly, DFCs expressed 11 genes significantly
higher than PDL-hTERT cells (Fig. 1b). These included
EYA2, ACTA2; COL1A1, COL5A1 and COL12A1;
ASPN, DCN, LOX and LUM (collagen cross-linking
genes) FUT4 and DES. In summary, DFC showed in
2D comparable cell shapes, with a tendency towards
larger cell areas. The gene expression profiling
revealed great similarity between both groups;
however, there was a significant enrichment of 11
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Table 1. List of ligament-related and other lineage genes analysed and gene expression heatmap in 2D
culture and 3D organoids. S: significance; Ct scale I: high , 2D <19, 3D <19; | : expressed, 2D = 19-27,
3D =19-285; l: weakly or not detected, 2D > 27, 3D > 28. ***p < (0.01; **0.01 < p < 0.03; *0.03 <p < 0.05.
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2D culture 3D organoids
PDL- PDL-
Target DEC hTERT DFC hTERT
Annotation gene n=3 n=3 p n==6 n=3 p S
EGR1 0.840 0.222 NS
EGR2 0.516 0.331 NS
. EYA1 0.265 0.084 NS
Ligament-related |5y, 0.015 0037 | *
o MKX 0.646 0035 | *
5CX 0.367 0.176 NS
SIX1 0.405 0.161 NS
SIX2 0.364 0.665 NS
| coriar [ 0.034 0778 | NS
COL3A1 0.377 0.017 *
COL5A1 0.048 0.106 NS
Collagen genes | COL6A1 0.728 0.364 NS
COL12A1 0.041 0.105 NS
COL12A1 0.245 0.054 NS
COL15A1 0.087 0.372 NS
ASPN 0.019 0.357 NS
BGN 0.166 0.403 NS
DCN 0.005 0.069 NS
FMOD 0.307 0.319 NS
leiﬁieg“gcerr‘l’:: NI 0.562 0137 | NS
LOX <0.01 0.016 *
LUM 0.021 0.237 NS
PLOD1 0.613 0.752 NS
TGM2 0.499 0.145 NS
0.024 *
0.546 NS
0.449 NS
Other 0.302 NS
ligamentogenic 0.511 NS
genes 0.441 NS
0.629 NS
0.031 *
0.665 NS
) ) 0.884 NS
Ad;iigezmc 0.076 | NS
TFAP2A 0.005 xR
] ACAN 0239 | NS
Chondrogenic =577 0101 | NS
genes
0.288 NS
0.574 NS
Embryonic genes 0.356 NS
POUSF1 0.930 NS
DES 0.073 NS
Myogenic genes 0.405 NS
0.434 NS
0.273 NS
Osteogenic genes 0.096 NS
0.428 NS
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out of 48 gene transcripts in DFCs, when compared
to PDL-hTERT immortalised cell line.

DFC surface marker and PDL-related gene
expression and osteogenic potential

In order to further validate the primary DFCs, qRT-
PCR analysis was performed for the surface gene

markers CD90 and CD105, and the PDL-related genes
PLAP1 and POSTN revealing significantly higher
levels in DFCs, with the exception of POSTN, which
was comparable to PDL-hTERT (Fig. 2a). Next, FACS
analysis confirmed that all DFC donors were positive
for CD90 and CD105 (Fig. 2b). Finally, alizarin red,
DMMB and oil red O stainings demonstrated that

*k
—

|
=4
=
[—..
-
—
o 88
Q-I Hok ok
L = 400+ —
[
.g &0 3001
» € 2004
o5 B DEC_2D
g 1001 PR wooE
b '_Q' z = = = -
v g
<=
= 4
= &
L[L-l g
[
= g
S % 1 PDL-hTERT 2D
/ IR I T N % &
~ PP PP SIS
PP TP O 9
» OO co\» >
) Ligament related genes Other lineagle
genes

Fig. 1. DFC and PDL-hTERT morphology and gene expression profiling in 2D. (a) Representative phase-
contrastimages of DFC and PDL-hTERT. (b) qRT-PCR analysis of significantly differentially expressed genes
(DFC, n = 3; PDL-hTERT, n = 1, 3 replicates) in classical monolayer culture. Bar graph, data are expressed
as fold-change to PDL-hTERT. The statistical significance was indicated as ***p < 0.01, **0.01 < p < 0.03 and
*0.03 <p <0.05.
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Fig. 2. DFC validation in 2D. (a) Gene expression of CD90, CD105, PLAP1 and POSTN by gRT-PCR (DFC, n=3;
PDL-hTERT n =1, 3 replicates) in classical monolayer culture. Bar graph, data are expressed as fold-change to
PDL-hTERT. The statistical significance was indicated as ***p <0.01, **0.01 <p < 0.03 and *0.03 <p < 0.05. (b)
Representative FACS histograms for CD90 and CD105 and quantification of CD-positive cells (in percentage,
n = 6). (c) Representative images of alizarin red, DMMB and oil red O stainings of stimulated DFC and
unstimulated controls (1 = 2), the black arrows indicate chondrocytes and stained lipid vacuoles.
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DFCs were capable of trilineage differentiation
following 28 d of stimulation (Fig. 2c).

Gross appearance and wet weight analysis of
DFC and PDL-hTERT 3D organoids

Fig. 3a illustrates the organoid manufacturing
protocol with the time needed for each step. Both
cell types were 100 % successful in forming 3D
organoids. At the beginning of the 3™ (maturation)
step, DFC organoids were significantly heavier (Fig.
3b, p = 0.0419) than PDL-hTERT organoids. After
14 d of maturation, the organoids of both groups
significantly contracted (p = 0.0004 in DFC group;
p = 0.0019 in PDL-hTERT group) and reached
comparable wet weight (Fig. 3b, p = 0.173,).

Histomorphometry of DFC and PDL-hTERT 3D
organoids

H&E staining (Fig. 4a) was employed to analyse the
tissue morphology of the 3D organoids. In general,
DFC formed more organised organoids with well-
aligned rows containing elongated cells, while
PDL-hTERT organoids demonstrated large rows of
columned/clustered cells and a more disorganised
matrix (Fig. 4a). Next, analyses of cell row numbers
and structure (Fig. 4b,c) revealed that DFC organoids
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contained more cell rows that PDL-hTERT.
Furthermore, their rows were mainly composed
of mono-cell-arrays, while PDL-hTERT organoids
contained high incidence of rows with multi-cell-
arrays (Fig. 4c). The superior cell alignment in the
DFC group was further confirmed by quantitative
investigation of nuclear angular deviation (Fig. 4d,c).
In the DFC group, 75 % of the nuclei deviated in the
range 0.01-18.05° angles from the axial axis of the
organoids, while in the PDL-hTERT group, 75 % of
the nuclei ranged from 0.65-40.12° angles (Fig. 4d).
The mean nuclear angular deviation of the DFC group
was 9.56°, which was significantly lower compared to
the PDL-hTERT group, with mean nuclear angular
deviation of 19.8° (Fig. 4d, p <0.0001). In contrast, no
significant difference was detected with regards to
the cell content of the organoids from both groups,
which was evaluated by DAPI nuclear staining and
quantification of DAPI-positive area (Fig. 5a-c). In the
DFC group, 11.42 %. of the organoids were occupied
by DAPI-positive nuclei, which was comparable to
the PDL-hTERT group 11.66 % (Fig. 5b,c). Finally,
phalloidin fluorescent staining for F-actin revealed
robust actin stress fibres and suggested cell-cell
contacts in the cell rows in both groups. Yet again, a
well-aligned cellular pattern was visible in the DFC

Rolling 3D Maturation

Fig. 3. DFC and PDL-hTERT 3D
organoid formation and wet weight
analysis. (a) Illustration of organoid
manufacturing. Representative phase-
contrast and macroscopic images
are shown. (b) Organoid wet weight
analysis at the day 0 and day 14 of
the 3™, 3D maturation stage. Data
are presented by box plot showing
individual values with maximum,
median and minimum value and IQR of
DFC n=6 (5 organoids/donor) and PDL-
hTERT n=1 (5 organoids). The statistical
significance was indicated as ***p <0.01,
*0.01 <p <0.03 and *0.03 <p < 0.05.
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organoids, in contrast to more columned/clustered
arrangement of cells in PDL-hTERT organoids (Fig.
5d). Altogether, the detailed histomorphometry
presented significantly better tissue morphology of
the DFC organoids versus those formed by the PDL-
hTERT immortalised cell line.

Comparison of gene expression of DFC and PDL-
hTERT 3D organoids

Similar to the analysis of the 2D cultures, both types
of 3D organoids were subjected to a comprehensive
gene expression profiling of the same 48 different
genes and the PDL-specific PLAP1 and POSTN
genes. Interestingly, the heat map result (Table
1) suggested that there is no expression (a part
of TFAP2A in PDL-hTERT group RUNX2 in both
groups) of the genes related to multipotency in the

3D organoids, which suggests ligamentogenic lineage
restriction in the 3D model. Yet again, screening for
significantly differentially expressed genes revealed
higher expression levels of EYA2, MKX and COL3A1
in the DFC 3D organoids (Fig. 6a). Oppositely,
ACTA2, TNC, LOX and TFAP2A were significantly
downregulated in DFCs compared to PDL-hTERT
organoids (Fig. 6a). Furthermore, PDL-hTERT
organoids showed a comparable expression of PLAP1
and POSTN between the two groups (Fig.6a). Finally,
immunofluorescent staining for 2 critical matrix
proteins in PDL, namely COL 1 and COL 3, confirmed
their abundant deposition in the extracellular matrix
of the organoids. Analysis of fluorescence microscopy
images suggested a higher expression level of
COL1 in the PDL-hTERT organoids (p = 0.0252),
while DFC organoids exhibited a higher expression
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Fig. 4. H&E staining and histomorphometry of the DFC and PDL-hTERT 3D organoids. (a) Representative
H&E images of DFC (1 = 6, 3 organoids/donor) and PDL-hTERT (n =1, 3 organoids) organoids. (b) Box plot
showing the number of rows per analysed image of both DFC (1 = 6, 1 organoid/donor; 1 section/organoid;
9 different images/organoid; in total 54 images analysed) and PDL-hTERT (n = 1, 3 organoids, 1 section/
organoid; 9 different images/organoid; in total 27 images analysed) organoids. (c) Bar graph showing, in
percentage, the ratio between rows structured as mono-cell-array or multi-cell-array in DFC and PDL-hTERT
organoids. (d) Violin plot showing raw data (median, IQR, min. and max. values) of cell angular deviation of
DFC (n =6, 1 organoid/donor; 1 section/organoid; 9 different images/section; 9 cells/image; in total 486 data
points) and PDL-hTERT (n = 1; 3 organoids; 1 section/organoid; 9 different images/section; 9 cells/image; in
total 243 data points). (e) Mean angular deviation (bar graph with mean values and standard deviation) of
DFC and PDL-hTERT organoids.
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levels of COL 3 (p =0.0099); however, these findings
require validation using western blotting or ELISA
in follow up studies. Taken together, similar to the
2D condition, the gene expression profiling of DFC
3D organoids was largely comparable to that of PDL-
hTERT organoids with the exception of 11 different
genes, which showed a significant difference between
the 2 groups.

Discussion

DFCs are the developmental precursor cells for
the periodontium, including cementum, PDL and
alveolar bone. (Saugspier et al., 2010). DFCs, therefore,
draw a great interest in PDL tissue engineering.
Sowmya et al. (2015) reported that DFCs exhibited a
good proliferation ability and in vitro differentiation
potential towards cementoblasts, fibroblasts and
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osteoblasts. Guo et al. (2018) demonstrated, in an in
vivo rat model, that co-transplantation of DFCs with
Hertwig’s epithelial root sheath cells, loaded onto
inactivated dentine matrix, resulted in the formation
of cementum and PDL-like tissues.

In the current study, primary DFCs and the
PDL-derived cell line were first compared in
classical 2D culture and the gained results revealed
a comparable expression pattern of multiple
ligamentogenic genes as well as the PDL-associated
gene POSTN. Interestingly, 2D DFCs exhibited a
higher expression levels of several COLs. Although
DFCs are a promising cell target for PDL engineering
and regeneration, the development of an effective
therapeutic approach remains critical for the use of
DEFCs in clinical applications.

The self-assembly cell sheet-based models for PDL
have drawn attention, because they are based on the
formation of tight mono-layer of cells, containing

PDL-hTERT

Fig. 5. Nuclear and F-actin staining of the 3D DFC and PDL-hTERT organoids. (a) Representative
DAPI images of both DFC (n = 6, 3 organoids/donor) and PDL-hTERT (n = 1, 3 organoids) organoids. (b)
Representative images of F-acting staining. White arrows indicate robust actin fibres. (c) Violin plot showing
raw data of DAPI-positive area in DFC (n = 6, 1 organoid/donor; 1 section/organoid; 9 different images/
organoid; in total 54 images analysed) and PDL-hTERT (n = 1, 3 organoids; 1 section/organoid; 9 different
images/organoid; in total 27 images analysed) organoids. (d) Bar graph of mean values and standard deviation
of DAPI-positive area in DFC and PDL-hTERT organoids.
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native cell-cell and cell-matrix interactions; are free of

natural or synthetic carriers; and have been suggested

to be more efficient than injection of cell suspensions

(Basu et al., 2019; Xu et al., 2019; Yang et al., 2019b).

Guo et al. (2013) were first to establish a DFC cell

sheet model and reported several advantages of

DFCs versus PDL-derived cells, such as producing

richer matrix, having higher gene expression

levels and demonstrating stronger regeneration of
periodontium in vivo. Furthermore, when combined
with treated dentine matrix, DFCs exhibited great
potential in periodontal regeneration in a one-wall
periodontal intrabody defect model in beagle dogs

(Yang et al., 2019a).

In the current study, 3D organoid model for
ligamentogenesis (Hsieh et al., 2018; Yan et al., 2020)
were employed that differed from the cell-sheet
models in the following aspects.

1. The initially formed monolayer cell sheets were,
not only detached from culture dishes, but also
rolled up 70-80 mm long, 3D rod-like tissue
structures.
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2. The organoids were subjected to 10 % static axial
stretch in order to induce mechanical stimuli.
3. The organoids were supplied with pro-tenogenic/
ligamentogenic growth factor TGF-{33.
In general, the current study is in line with previous
literature. Specifically, the detailed histomorphometry
analyses revealed that DFC organoids were superior
in terms of cell-row numbers and composition as
well as cell alignment when compared to the PDL-
hTERT organoids. Besides, DFC organoids showed
significantly higher expression of the developmental
tenogenic/ligamentogenic transcription factors
EYA2 and MKX as well as COL 3. MKX has been
reported to play an important role in tendon/ligament
development, including PDL, and control over
collagen fibrillogenesis (Koda et al., 2017). Although
the main collagen fibres of the PDL consists of COL 1,
fibres that are made up by other collagen (e.g. COL 3)
are also contained in this tissue (Kono et al., 2013). The
immunohistochemistry data successfully validated
the abundant protein expression of COL 1 and 3 at the
protein level in the DFC organoids. Hence, by direct
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Fig. 6. Gene-expression profile and immunofluorescence staining of the 3D DFC and PDL-hTERT
organoids. (a) qRT-PCR analysis of significantly differentially expressed genes. DFC (n = 6, 1 organoid/
donor) and PDL-hTERT (n =1, 3 organoids) organoids. Data are expressed as fold-change to PDL-hTERT.
The statistical significance was indicated as ***p <0.01, **0.01 <p <0.03 and *0.03 <p <0.05. (b) Representative
images of COL 1 and COL 3. (c) Quantitative analysis of COL 1 and COL 3 fluorescent images in DFC (n =3,
1 organoid/donor; 1 section/organoid; 3 images/section; in total 9 mages/group) and PDL-hTERT (n =1, 3
organoids; 1 section/organoid; 3 images/section; in total 9 images/group) organoids. Bar graph of mean values
and standard deviation of COL-positive area in both groups, each dot represents analysed organoid. The
statistical significance was indicated as **p < 0.01, **0.01 <p < 0.03 and *0.03 <p < 0.05.
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comparison of DFCs and PDL-hTERT cells in the
self-assembly 3D organoid model, the DFCs exhibit
great potential to form a better quality PDL-like tissue
mimetics. Despite these promising findings, future
studies should cross-compare different engineering
strategies. For example, in a direct comparison
of PDL cells and DFCs loaded onto barren root
chips or synthetic apatite surfaces, the PDL cells
showed better anchorage and gene expression, thus
behaved superior to the DFCs (Dangaria et al. (2011),
suggesting that the two cell types may respond
differently to the topography of their environment
or may be equipped with different matrix receptors.

A major limitation of this study was the
implementation of the immortalised PDL cell line,
rather than primary PDL cells. Previous studies
demonstrated the PDL phenotype stability of the cell
line (Docheva et al., 2010) as well as its successful use
as a PDL model in vitro (Ern et al., 2017; Hsieh et al.,
2016; Weider et al., 2020). Moreover, the PDL-hTERT
cells were capable of forming tendon/ligament-like
tissues in vivo when implanted as cell pellets in a
rat Achilles tendon defect model (Hsieh et al., 2016).
Here, in contrast to DFCs organoids, in the PDL-
hTERT organoids more columned/clustered cell
row arrangement and poorer cell alignment were
observed, with larger angular deviation from the
organoid long axis. It was assumed that this abnormal
cell organisation in the PDL-hTERT organoids might
be related to the immortalisation of the cells, which
can lead to increase in cell proliferation rather than cell
maturation. However, the cell-density investigation
did not demonstrate significant differences in DAPI-
positive nuclei between the two organoid groups.
Hence, further validation, such as quantitative
proliferative assays, would be required in future to
clarify this speculation. In follow-up studies, it will
also be of interest to subject the organoids to various
dynamic stretching protocols and to investigate
the activation of mechano-responsive signalling
cascades. Hence, this PDL 3D organoid model can
be implemented for different research questions;
for example, understanding relevant molecular
signalling in PDL; response to oral pathogens, and
assessing the impact and/or side effects of novel oral
pharmacologic.

The ultimate purpose of tissue engineering-
based therapy is to replace the injured tissue by a
manufactured one. The described self-assembly PDL
3D organoid model has an obvious advantage for
possible clinical application in that the engineered
tissue mimetic can be directly implanted into the
replacement site using a surgical approach. Therefore,
it will be of great importance to investigate in future
the performance of the DFC organoids in clinically
relevant animal models for PDL regeneration (Basu
et al., 2019; Guo et al., 2013; Nakahara et al., 2004;
Nakashima et al., 2019). For translational study,
the most appropriate would be in vivo analyses in
large animals since their dental anatomy is closer
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to human, and several large animal models have
been established for periodontal research, such as
porcine, ovine or canine (Kantarci et al., 2015). One
example is the canine surgical model by Nakahara
et al. (2004), comprising of periodontal fenestration
defects, which can be filled with the 3D organoid and
the regeneration can be evaluated histologically and
histomorphometrically at different post-surgery time
points.

Conclusion

That DFCs differentiate towards PDL-like tissue
mimetic when using the 3D scaffold-free organoid
model was demonstrated. Moreover, DFCs exhibited
superior organoid morphology, cell row organisation
and angular deviation, as well as higher levels of
several ligament-related genes compared to PDL-
hTERT cell line. Thus, the 3D organoid model could
serve as a novel strategy to direct DFC behaviour,
which could be further developed in functional PDL
engineering application.
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