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1. INTRODUCTION

1.1 Primary and Permanent dentition

Humans have two sets of dentitions during their lifetime: the primary and the permanent. The primary
or deciduous dentition is referred to colloquially as milk(lacteal) teeth (Fig.1). Primary teeth first erupt
between 6 — 12 months of age. By 3 years old, most children will have a complete dentition which
consists of 20 teeth (10 maxillary and 10 mandibular): 2 first incisors, 2 second incisors, 2 canines, 2
first molars and 2 second molars in each jaw. Incisors are essential to biting; canines hold and tear while
molars grind food. With time, generally between the ages of 6 and 13 years, deciduous teeth are shed
or exfoliated, paving the path for their replacement by permanent successors(Dental Morphology - 1st
Edition, n.d.).

Permanent incisors and canines replace primary incisors and canines. Primary molars are replaced by
permanent premolars, also known as bicuspid teeth. Permanent molars have no deciduous predecessors
and erupt behind the primary teeth. Each jaw of the permanent or adult dentition consists of 4 incisors,
2 canines, 4 premolars and 6 molars (including wisdom teeth). The permanent dentition, therefore,
consists of 32 teeth. The permanent incisors cut and sheared food into smaller pieces, making it more
suitable for mastication. From an aesthetic standpoint, incisors are critical teeth. The permanent canines
are used for gripping and tearing food. The premolars, also known as bicuspids, also function in tearing
food, while permanent molars are used predominantly for crushing and grinding food during

mastication(Dental Morphology - st Edition, n.d.).



Canine Canine

Incisors

I Premolars

Incisors

Molars

Primary dentition

Permanent dentition

Figure 1. Intraoral photographs of the primary and permanent dentition. Human dentition is heterodont and
diphyodont. The permanent dentition is heterodont due to having 4 different classes of teeth: incisors, canines,
premolars and molars. It is also labelled diphyodont as it has two generations of functional teeth during human life:
20 deciduous and 32 permanent (adult) teeth. The intraoral photograph of primary dentition shows 20 deciduous
teeth. The intraoral photograph of the permanent dentition shows complete dentition in the lower jaw; however, in
the upper jaw, the patient is missing the upper right wisdom tooth, and the central incisors were missing and
replaced by 2 implants.

1.2 Tooth Anatomy

A tooth is subdivided into the crown and the root (Fig.2). The clinical crown consists of the portion of
the tooth that is exposed in the oral cavity, i.e., the part of the tooth with a surface of the enamel. The
tooth's root is the portion encased in the alveolar bone of the maxilla or mandible. The neck of the tooth
divides the crown from the root. The enamel is the ivory/ white surface of the tooth that is made of

small hexagonal rods parallel to each other and known as enamel prisms. The cementum is a thin layer
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on the surface of the anatomic root, which is similar in structure and composition to bone. Underlying
enamel and cementum is a major portion of the tooth, known as dentine, composed of dentine tubules.
The pulp cavity is located in the innermost portion of the tooth, which contains the dental pulp. The
dental pulp is composed mainly of fibroblastic tissue and contains the blood and nerve supply for the
tooth. The pulp cavity comprises the pulp chamber and the pulp canals. The pulp chamber is located in
the coronal portion of the tooth, whereas the pulp canal is located in the root portion of the tooth(Netter’s
Clinical Anatomy - 5th Edition, n.d.). The tooth is encased in the periodontium, which comprises the
gingiva, periodontal ligament (PDL), cementum and alveolar bone(Katancik et al., 2016). This complex
structure ensures the root is attached to bone and functions as a protective barrier against pathogenic

oral flora(Katancik et al., 2016).
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Figure 2. Diagram of a cross-section through an adult human molar tooth. Enamel, dentine, dental pulp containing
the pulp and nerve supply, cementum, periodontal ligament, gingiva and alveolar bone are the main components of a

dental tooth. This diagram is taken from (Pergolizzi et al., 2020)
1.3 Tooth morphogenesis

Understanding regenerative dentistry relies on the full comprehension of tooth morphogenesis. By
replicating morphogenesis and embryonic developmental processes, regenerative dentistry can
construct dental tissue that is structurally, mechanically, and functionally similar to the native tissues
(Contessi Negrini et al., 2021). Tooth morphogenesis, or early tooth development, is regulated by
interactions between the epithelium and the underlying neural crest-derived mesenchyme(Thesleff &
Tummers, 2008). Tooth development occurs through the classical stages — epithelial thickening, dental

lamina, bud, cap and bell (Fig.3).



1.3.1 Epithelial thickening

In the 5" week of embryonic development, an epithelial thickening can be evidenced in each facial
process: medial nasal, maxillary and mandibular before fusion occurs (Ooé, 1957). Six islands of
thickened dental epithelium have been noted on the oral surface of paired medial nasal, maxillary and

mandibular processes. As the processes fuse, these islands coalesce to form the upper and lower jaw

arches(Nery et al., 1970).

1.3.2 Dental lamina

Following fusion, the thickened epithelium (primary epithelial band) grows into the adjacent
mesenchyme. On the inside of the dental arch, the primary epithelial band gives rise first to the dental
lamina (DL). Shortly after, the outside of the dental arch gives rise to the vestibular lamina. Both the
DL and the vestibular lamina grow into the underlying ectomesenchyme. The DL represents the region
that would eventually give rise to the future tooth rows. The vestibular lamina gives rise to the vestibule
or sulcus between the cheek and the jaw in the oral cavity. Within the DL, placodes form, which appears
as localized thickenings (Thesleff & Tummers, 2008). These placodes function as the first signalling
centres of the tooth, which will initiate the formation of individualized tooth germs(Kwon & Jiang,

2018).

1.3.3 Bud stage

The subsequent stages of tooth morphogenesis are labelled as a result of the shape of the tooth germ
when viewed in frontal sections(Kwon & Jiang, 2018). In the 8" week of embryonic development, there
is a budding of the dental epithelium from the DL further deeper into the ectomesenchyme, which itself
undergoes condensation around the bud, forming a mound along the mesial-distal aspect of a jaw

arch(Hovorakova et al., 2018).

1.3.4 Cap stage

As the name suggests, the cap stage has an epithelial component of the tooth germ, resembling a cap
on top of a spherical ectomesenchyme aggregation(Kwon & Jiang, 2018). This epithelial “cap” is
known as the enamel organ, while the aggregation gives rise to the dental papilla. The dental papilla
will give rise to odontoblasts which differentiate in dental pulp and dentine. The enamel organ

differentiates into ameloblasts which secrete the enamel proteins, enamelin and amelogenin, which will
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later mineralize to form enamel. Encapsulating both the enamel organ and the dental papilla is the dental
follicle. The peripheral dental follicle made of ectomesenchyme cells will later give rise to cementum
and periodontal tissues(Thesleff & Tummers, 2008).

Just before the transition from the bud stage to the cap stage, at the distal tip of the tooth bud is an
important signalling structure called the primary enamel knot (PEK) (Kwon & Jiang, 2018). In the cap
stage, the enamel knot appears as a cluster of non-dividing cells in the enamel organ. It is believed that
the enamel knot sends signals to its surrounding dental epithelial cells, thereby regulating the folding
of the enamel organ to form the “cap”(Kwon & Jiang, 2018). Each tooth germ has one PEK at the cap

stage.

1.3.5 Bell stage

The enamel organ develops into a bell shape as its undersurface deepens and encases the dental papilla.
The dental follicle continues encapsulating the enamel organ and the dental papilla. The enamel organ
differentiates into 4 distinct cell groups: the inner enamel epithelium (IEE), stratum intermedium,
stellate reticulum, and outer enamel epithelium (OEE). The OEE and the IEE are a continuous structure,
and where they intersect to form the rim of the bell, which is coined the cervical loop(Kwon & Jiang,
2018). Cervical loop cells continue to proliferate through the crown stage and play crucial roles in root
formation. The enamel organ, via folding of the IEE layer, becomes the future tooth crown. During the
transition from the cap stage to the bell stage, the primary enamel knot undergoes apoptosis, and
secondary enamel knots appear, which regulate the position and size of the tooth cusps in molar

teeth(Kwon & Jiang, 2018).
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Figure 3. The stages of tooth morphogenesis. From initiation to the eruption of the tooth: epithelial thickening, dental
lamina, bud stage, cap stage and bell stages. Hertwig’s epithelial root sheath (HERS), epithelial cell rests of Malassez
(ERM). Modified from(Thesleff & Juuri, 2015)

1.4 Tooth loss

1.4.1 Acquired tooth loss

Edentulism is the state of being edentulous or without natural teeth(Al-Rafee, 2020, p.). Complete
edentulism is an oral cavity without teeth. Partial edentulousness is the state in which one or more but
not all, natural teeth are missing(Vidhya & Krishnan, 2015). A systematic analysis of the Global Burden
of Disease Study 2017 stated that edentulism and severe tooth loss affect about 267 million people
around the globe(James et al., 2018). According to United Kingdom historian Professor Joanna Bourke,
as early as the Victoria era and the early 20th century, having all your teeth removed was considered
the perfect 21st birthday gift or present for a new bride as a result of the excruciating pain associated
with going to the dentist and the costliness of the dental procedures (Lee, 2015). Nowadays, dentistry
has radically changed, but caries, periodontal disease, trauma, endodontic treatment complications,
impactions, orthodontic treatment, pre-prosthetic treatment, and neoplastic and cystic lesions are still
among the top reasons teeth are extracted(Vidhya & Krishnan, 2015). Many surveys on different
populations cite caries, periodontal diseases and wisdom tooth extractions as the top reasons for
extractions(Aljafar et al., 2021)(Bikash et al., 2019)(Passarelli et al., 2020). Tooth loss of this nature is

acquired during a person’s lifetime, hence known as acquired tooth loss.
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1.4.2 Congenital tooth loss

Congenitally missing teeth is also known as hypodontia or tooth agenesis and, in layman’s term, mean
to be born without certain teeth. Despite the exact genetic mechanism leading the hypodontia being
poorly understood, it is accepted that its multifactorial etiology has a polygenetic mode of inheritance
with epistatic genes and environmental factors(Thesleff, 2000). Environmental factors like the exposure
of a developing tooth germ to infection, trauma and drugs may contribute to its disturbance in
combination with genetic factors. Congenitally missing teeth may occur in isolation (non-syndromic)
or as part of a recognized genetic syndrome for which there are approximately 120 syndromes such as
the more commonly known cleft lip, cleft palate or both, ectodermal dysplasia, and down

syndrome(Rakhshan, 2015).

1.5 Consequences of tooth loss

Losing one or more natural teeth have been acknowledged as a serious life event(Bergendal, 1989). The
consequences of this have a significant impact on one’s daily life (Fig. 4). The physical aspects of losing
one or more teeth have been extensively studied, which include drifting, rotating of the adjacent tooth,
and supraeruption of the opposing tooth into the edentulous space(Petridis et al., 2010). Loss of
posterior support from the loss of multiple posterior teeth can lead to facial changes. Loss of multiple
or all teeth with the accompanying alveolar bone loss can reduce the facial height and cause premature
ageing(Tallgren et al., 1991). The physical consequences may happen with time, but the social-
psychological impact of tooth loss may be immediate with profound outcomes. The feeling of
bereavement, loss of self-confidence, and concerns about appearance can impact one’s day-to-day
existence, interpersonal relationships, the ability to get a job, etc (Dosumu et al., 2014). The loss of one
or more teeth can impair a person's ability to masticate, lead to restrictions in food choice, avoidance
of eating in public and reduced enjoyment of food. In a recent quantitative assessment of the emotional
effects of tooth loss in a United Kingdom population, 45% of the participants had difficulty accepting
the loss of their teeth(Davis et al., 2000). Of the range of emotions patients experienced with losing the
last remaining tooth, the top four emotions were sadness, losing part of myself and feeling depressed
and old(Davis et al., 2000). Of course, a small percentage of patients experienced relief as a tooth was

usually extracted due to associated pain or pathology.
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Figure 4. Diagram of the consequences of tooth loss. A combination of socio-psychological, physical and emotional

effects leads to severe restriction in one’s daily life.

1.6 Prosthetic replacement for missing teeth

Prosthetic replacement for missing teeth has remained unchanged for decades, albeit improvements
have been made in materials and techniques(Yelick & Sharpe, 2019). Dentures, bridges and implants
remain the mainstay of tooth replacement treatment options. A denture can be fixed or removable,
partial or complete, and is usually made of synthetic materials such as acrylic or metal. Commonly
known disadvantages of dentures include poor aesthetics and ill fit. Removable dentures require
removal for cleaning overnight. Ill-fitting dentures can slip out, making essential daily functions such
as eating and speaking difficult. A denture can also lead to an increased risk of periodontal disease,
which often causes damage to the adjacent teeth(Bergman, 1987). A denture is not a one-off solution

and needs replacement over time(Schwass et al., 2013). A dental bridge is a prosthesis that uses the
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adjacent teeth to attach and support a replacement tooth or teeth. They provide pleasing aesthetics and
function; however, they generally fail after 5-15 years and need replacement(Schwass et al., 2013).
Over time, bone resorption under the artificial replacement tooth may lead to gaps under the bridge. As
cleaning this prosthesis is not always easy for many patients, the biological cost, if not cleaned well,
includes predictable decay around the adjacent tooth(Valderhaug, 1991). Unlike dentures and bridges,
dental implants, usually made of titanium, osseointegrate with bone and, therefore, can have superior
aesthetics and function; however, they are also not without problems. Peri-implantitis is a site-specific

inflammatory disease which leads to bone loss surrounding the implant and can lead to implant failure.

2.  AIM OF THE THESIS

General aim

This thesis aims to deepen our knowledge of the strategies used for whole tooth regeneration, which
include dental tissue engineering, stimulation of third dentition formation, cell-tissue recombination,
and gene-manipulated tooth regeneration. In doing so, a more specific focus is placed on adult dental
pulp stem cells whose regenerative potential declines with age. Our study further investigated if it were
possible to rejuvenate aged human dental pulp stem cells (hDPSCs) using the microenvironment of

young hDPSCs.

Specific aims
To examine the strategies used for whole tooth regeneration, which include dental tissue engineering,
stimulation of third dentition formation, cell-tissue recombination, and gene-manipulated tooth

regeneration.
Study

To investigate if aged hDPSCs can acquire rejuvenation features through contact with factors secreted

by young hDPSCs.
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3. WHOLE TOOTH REGENERATION  STRATEGIES -
HISTORICAL BACKGROUND, CURRENT APPLICATIONS,
AND FUTURE CONSIDERATIONS

3.1 Introduction

Treatment for tooth replacement in clinical dentistry is still based on prostheses made from synthetic
materials that, unfortunately, have limited lifespans, each having inherent weaknesses and not based on
tissue biology. Instead, recent research is trending towards a more biologically driven direction known
as regenerative dentistry. Regenerative dentistry uses cell and molecular biology knowledge to create
biologically driven dental therapies that repair and regenerate dental tissues(Sharpe, 2020). There are
two main regenerative pathways for teeth. The first is the biological repair of individual dental tissues,
for example, the regeneration of dentine or pulp. The second regenerative pathway, for which this
chapter of the thesis focuses, is the regeneration of a whole tooth that is healthy, vital, innervated,

vascularized and has pleasing aesthetics and function.
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Whole tooth replacement options

Current clinical/Non biological option Biologically driven options researched
Cell-tissue
Implant recombination
Chimeric tooth Stimulation of
tisssue third dentition
engineering formation
Whole tooth
Prothetic tooth regeneration

replacement options

Denture Bridge

Gene-
manipulated Dental Tissue
tooth engineering

regeneration

Figure 3. Non-biological vs biological options for replacing a whole tooth. The three main biological options include replacing
one or several missing teeth with an implant, bridge or denture. Regenerative dentistry offers the biological driven likelihood
of using strategies such as cell- tissue recombination, stimulation of the third dentition formation, dental TE, gene manipulated
tooth regeneration and chimeric tooth TE to regenerate a whole tooth.

The stem cells primarily used for these regenerative strategies are classified according to their source
and cell potency. The three main sources of stem cells are embryonic stem cells (ESCs), adult stem
cells and induced pluripotent stem cells (iPSCs). ESCs are pluripotent stem cells commonly derived
from the inner cell mass of embryos(Hassani et al., 2019). Their pluripotent cell potency means they
can give rise to all tissue types. Adult stem cells are extracted from mature tissue. They are multipotent,
meaning they can only give rise to a limited range of cells within a tissue type. Unlike naturally

occurring ESCs and adult stem cells, iPSCs were recently generated artificially in 2006(Shi et al., 2017).
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Human dental pulp stem cells (hDPSCs) were first isolated and cultivated in 2002 (Gronthos et al.,
2000). In particular, postnatal human dental pulp stem cells have high proliferative activity, self-
renewal potency, and multi-lineage differentiation ability. hDPSCs can differentiate into hepatocytes,
osteoblasts, odontoblasts, myocytes, adipocytes, endocrine cells, chondrocytes, and neural and
endothelial cells(Al Madhoun et al., 2021). Following this outstanding discovery, other sources of oral
adult stem cells or dental-derived mesenchymal stem cells (DMSCs) have since been discovered and
are labelled according to their tissue of origin: tooth germ progenitor cells (TGPCs)(Ikeda et al., 2008),
dental follicle stem cells (DFSCs)(Handa et al., 2002), salivary gland stem cells (SGSCs)(Feng et al.,
2009), stem cells from human exfoliated deciduous teeth (SHED)(Miura et al., 2003), stem cells from
the apical papilla (SCAP)(Sonoyama et al., 2008), periodontal ligament stem cells (PDLSCs)(Seo et
al., 2004), oral epithelial stem cells (OESCs)(Papagerakis et al., 2014), gingival-derived mesenchymal
stem cells (GMSCs)(Q. Zhang et al., 2009) and periosteal stem cells (PSCs)(Debnath et al., 2018)
(Fig.5). SHEDs and DPSCs are ideal sources of these stem cells as they are readily available: deciduous
teeth exfoliate and can therefore be collected for harvesting stem cells. Meanwhile, many adults have
wisdom or supernumerary teeth extracted or require orthodontic extractions, i.e., all teeth extracted
without pathology. Instead of routinely discarding these teeth, stem cells can be harvested and stored

for future use in tooth bioengineering.
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Figure 5. The diagram illustrates 3 main cell sources used in regenerative dentistry 1) embryonic stem cells from
embryonic tooth germ, 2) adult stem cells isolated from post-natal tooth germ or from oral-derived stem cell sources.
DPSCs: dental pulp stem cells; SHED: stem cells from human exfoliated deciduous teeth; PDLSCs: periodontal
ligament stem cells; DFSCs: dental follicle stem cells; TGPCSs: tooth germ progenitor cells; SCAP: stem cells from
the apical papilla; OESCs: oral epithelial stem cells; GMSCs: bone marrow stem cells; BMSCs: gingival-derived
mesenchymal stem cells; PSCs: periosteal stem cells Taken from (Egusa et al., 2012) 3) iPSCs
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In this part of the thesis, we explore the various strategies researchers have investigated to move the
benchmark in dentistry for whole tooth regeneration, which includes dental tissue engineering (TE),
stimulation of third dentition formation, cell-tissue recombination, gene-manipulated tooth

regeneration, and briefly touches on chimeric tooth TE (Fig.4).

3.1 Material and Methods

Protocol and Search Strategy

The literature reports for whole tooth regeneration procedures were systematically searched in PubMed
(National Library of Medicine, NCBI), Embase, Web of Science and Scopus until August 2022. The
keywords were initially used: tooth AND (regeneration OR tissue engineering) OR stem cells. A
manual review of the articles' references was also performed.

The identified studies were filtered by strategies used to regenerate a whole tooth; "Tissue
recombination experiments," "Cell-tissue recombination", "Cell-Cell recombination," "Collagen drop
method/organ germ method," "Scaffold free approach", "Cell-scaffold complex" and "Targeted

molecular therapy".

Eligibility criteria

The following inclusion criteria were applied: publications reporting whole tooth regeneration in tooth
bioengineering strategies and targeted molecular therapy. The exclusion criteria applied included:
narrative or systematic reviews, meta-analyses, comments, editorials, letters to the editor, study
protocols; articles aimed to regenerate solely individual dental tissues such as enamel, dentine or pulp;

articles which did not undertake in vivo experiments.

Information sources

Using the keywords MEDLINE (PubMed), Embase, Web of Science, and Scopus were surveyed up to

August 2022. Finally, the studies' references were surveyed to identify potential additional records.

Selection of sources of evidence and data charting process

The studies were screened independently, and any disagreement was resolved through discussion with
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the supervisor. Rejected studies were recorded, whereas studies that fulfilled the inclusion criteria were

processed for data extraction.

Data items

Data on the following issues were extracted and recorded depending on the strategy used for
whole tooth regeneration: citation, publication status, and year of publication; the study
consisted of constructing a whole tooth. Studies in which whole tooth regeneration was the
objective were included regardless of whether it did not regenerate all dental tissues. It was
rejected if a study aimed to bioengineer dental constituents only, such as the dentine-pulp
complex. If a study did not include in vivo experiments was rejected. The main variables of this
review, such as cell origin, cell donor, type of cell, culture method, scaffold, implantation
histology and morphology, eruption, vascularization, and nociceptive potential, were extracted

and tabulated.

3.2 Whole tooth regeneration strategies

3.2.1 Revitalizing the lost potential of the dental lamina - "Why can't we have more than

two sets of teeth like some other vertebrates."

In humans, the first dentition is the primary or deciduous dentition, more colloquially known as baby
teeth. The primary dentition comprises 20 teeth: incisors, canine, and molars(Lu et al., 2017). The
subsequent permanent dentition comprises 32 teeth: incisors, canines, premolars and
molars(Hovorakova et al., 2018). Some people have one or more teeth in excess of the standard 20
primary or 32 permanent teeth, defined as supernumerary teeth. Supernumerary teeth may occur
unilaterally or bilaterally, be erupted or impacted, and occur in one or both jaws (Lu et al., 2017). The
prevalence of supernumerary teeth has been reported to range between 0.04% to 2.29% (Pippi, 2014).
Supernumerary teeth can occur sporadically, i.e., in non-syndromic cases or are more frequently
associated with some syndromic diseases. Syndromes associated with supernumerary teeth include
Amelogenesis Imperfecta, Cleidocranial dysplasia, Gardner's syndrome and many more(Lu et al.,
2017). The proposed aetiologies for supernumerary teeth formation included atavism, dichotomy,

hyperactivity of the DL, heredity, progress zone theory and unified aetiology (Anthonappa et al., 2013).
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The theory of hyperactivity of the DL is most widely accepted; however, the cause of the hyperactivity
is unknown.

The occurrence of supernumerary teeth has been attributed as evidence that the third dentition exists in
humans (also known as the partial third dentition). The molecular mechanisms associated with
supernumerary teeth in mice have been extensively studied. The investigation of syndromic diseases
associated with the presentation of supernumerary teeth has revealed key pathogenic genes responsible
in humans(Groden et al., 1991). In mouse mutant models, numerous studies have been able to implicate
several signalling molecules such as bone morphogenetic protein (BMP), fibroblast growth factor
(FGF), tumor necrosis factor (TNF) and molecules of the sonic hedgehog (Shh) and wingless-related
(Wnt) pathways involved in the formation of supernumerary teeth(Lu et al., 2017). A review by Lu et
al. provided in-depth insight into these molecular mechanisms(Lu et al., 2017).

In mice, specifically in the toothless regions between the incisors and molars, many transient vestigial
tooth buds develop but later undergo apoptosis. Many studies in mice mutant models modulated the
signalling pathways expressed in these vestigial tooth buds, which in essence, rescued vestigial tooth
rudiments. They, therefore, led to supernumerary tooth formation where there would have usually been
a toothless region(Tummers & Thesleff, 2009). Other studies have instead investigated de novo tooth
formation in mice, which instead of rescuing vestigial tooth buds, used primary tooth germs of the DL
(Nakamura et al., 2008). Though extensively studied, there may be better models to investigate tooth
replacement than mice. Mice are monophyodonts, with only one set of teeth throughout their life;
however, their incisors exhibit continuous growth (Fig.6). Polyphyodonty vertebrates continuously
regenerate teeth throughout their life span (Fig.6a). The COVID-19 pandemic has reminded us of the
interconnectedness of humans and other vertebrates. Researchers have widened their focus to
encompass other vertebrates that can continuously regenerate teeth to understand whole tooth
regeneration further.

Within the vertebrate phylogeny, there is great diversity in tooth regenerative capacity. The shark
dentition continuously regenerates throughout life and is, therefore, classified as a polyphyodont
vertebrate (Rasch et al., 2020). For each tooth position, many replacement teeth are made beforehand,
so sharks are known as having a conveyor belt dentition(Rasch et al., 2020). Bony fishes also exhibit
polyphyodonty dentition(Fraser et al., 2013). While some vertebrates with polyphyodonty dentition can
have many teeth made in advance to replace one tooth, in others, only one tooth is made in advance for

each tooth position(Fraser et al., 2013). There is significant variation in the dentition of reptiles; for

22



example, some snakes have polyphyodont dentition, whereas others are monophyodonts, meaning they
only have one set of teeth throughout their life (Buchtova et al., 2012).

Similarly, mammals also exhibit great diversity in their tooth regenerative capacity. Monophyodont
mice have been historically used to research tooth morphogenesis and regeneration; however, they
exhibit continuously growing incisors while their molars are never replaced (Fig.6¢)(Rasch et al., 2020).
In most mammals, such as humans and pigs, dentition is diphyodont, meaning they have two
generations of teeth, i.e., humans can only regrow teeth once (Fig.6b). The fossil record of early
mammals showed a gradual reduction in tooth replacement(Kielan-Jaworowska et al., 2004). This
evolutionary theory has stirred interest among scientists as to whether this lost tooth replacement
capacity in mammals could be restored, i.e., instead of humans being diphyodonts, they could exhibit

polyphyodonty dentition whereby teeth are continuously replaced.
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Figure 6. Diagram illustrates the relationship between the number of tooth generations and the dental lamina (DL) in
polyphyodonty, diphyodont and monophyodont species. (a) A polyphyodont has several tooth generations and has the
capacity for continuous tooth replacement, and the DL persists. The cells in the successional dental lamina (SDL)
express SRY (sex determining region Y)-box 2 (Sox2) and Wnt signalling. (b)Diphyodonts have two generations of
teeth; however, the DL undergoes apoptosis after the initiation of the permanent teeth. (c)Monophyodonts have only
one tooth generation; the rudimentary successional dental lamina (RSDL) undergoes repression by the first tooth

generation. Modified from (L. Li et al., 2019)

The DL is a specialized epithelial structure arising from the initial thickened oral epithelium along the
jaw, which protrudes into the mesenchyme and develops after the initiation of the first tooth generation.
In vertebrates, tooth replacement is initiated from the end of the DL, called the successional dental
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lamina (SDL)(Dosed¢€lova et al., 2015). The SDL has been identified as the structure responsible for
tooth replacement in diphyodont and polyphyodonty vertebrates. A morphologically similar structure,
coined the rudimental successional dental lamina (RSDL), has been identified in monophyodonts such
as mice. In diphyodonts, the DL starts to disintegrate by undergoing apoptosis and fragments after the
initiation of the permanent tooth bud(Stembirek et al., 2010).

In contrast, the DL remains intact in animals with polyphyodont dentition, enabling continuous tooth
replacement (Fig.6). Furthermore, it was shown that an odontogenic source of stem cells in lizards was
responsible for tooth replacement instead of the DL (Tucker & Fraser, 2014). Taken together,
continuous tooth replacement depends not only on the preservation of the DL but also on maintaining
an epithelial dental stem niche within the DL(M. M. Smith et al., 2009).

In alligators, polyphyodonty animals with a lifelong renewal of teeth, specific segments of the DL were
maintained through Wnt signalling; the DL can be activated by increasing Wnt/ B-catenin signalling,
which led to the initiation of tooth formation(Wu et al., 2013). In snakes, activation of the Wnt/B-catenin
pathway led to changes in the DL, resulting in the loss of the organized emergence of tooth germs(Gaete
& Tucker, 2013). These studies highlight the importance of Wnt signalling in polyphyodont. A
breakthrough study using monophyodont mice revealed that stimulation of Wnt signalling in the DL
led to the formation of a new tooth in transgenic mice and in vitro culture (Popa et al., 2019). This study
further postulated that the adjacent tooth might regulate the tooth renewal capacity, as removing a molar
tooth activated Wnt activity (Fig.7). In other words, the study showed the formation of the first molar
represses the development of any replacement tooth at the RSDL. The supposition is that in humans
who also have a DL, the adjacent molar sends a Wnt-inhibitory signal to the surrounding dental tissues,
which prevents Wnt activity in the DL and leads to its apoptosis, restricting the lifelong renewal of teeth
(Popa et al., 2019). Therefore, further research is needed to expand on this theory and provides clues

on the possibility of continuous tooth regeneration in humans.
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Figure 7. The diagram illustrates hypothetical stimulation of the third dentition in humans through modulation of
Wnt signalling or by removing an adjacent tooth-activated Wnt activity in the DL, which may lead to the formation

of a new tooth.

3.2.2 Dental Tissue engineering

One of the top strategies for whole tooth regeneration involves TE. Classically, TE aims to regenerate,
repair, or replace damaged tissues and organs. There is significant research in the field of dental TE
which focuses on the repair of individual damaged or diseased dental tissues such as enamel, dentine
and pulp; however, this section of the thesis focuses on the TE strategies aimed at regenerating a whole
tooth that may have been lost due to dental diseases such as caries or periodontal disease, trauma or
congenitally missing.

Classic TE triad generally involves the selection of an adequate cell population, which is then combined
with a scaffold to which soluble factors can be added. This combination is called a construct that is first
cultured in vitro and then implanted in vivo to regenerate tissue that mimics the mature native tissue
structurally, mechanically, and functionally. A new TE paradigm known as developmental TE or
developmental engineering has emerged. In addition to regenerating tissue structurally, mechanically,
and functionally similar to the native tissues, it replicates morphogenesis and the embryonic
developmental processes (Contessi Negrini et al., 2021). Whole tooth developmental TE aims to
produce vascularized and innervated, morphological and functional teeth composed of enamel, dentine,
pulp, and cementum surrounded by a functional periodontium made up of gingiva, PDL, cementum and

alveolar bone.
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The development of a mammalian tooth is largely dependent on epithelial-mesenchymal interactions
that are sequential and reciprocal(Slavkin et al., 1984). Furthermore, a cell population that has retained
inductive capability is cocultured with another cell population competent in receiving the inductive
signals(Takeo & Tsuji, 2018). Dental TE techniques involve one of the following strategies: cell-
scaffold complex, cell-cell recombinations and cell tissue recombinations. The coculture of epithelial-
mesenchymal cells is performed via three main strategies: scaffold-free, cell-seeded scaffolds or the

collagen drop method/ hydrogel-based strategy (Contessi Negrini et al., 2021).

Tissue recombination

The reciprocal interactions between epithelium and mesenchyme are the hallmark of tooth
development(Thesleff & Jernvall, 1997). With this knowledge, scientists attempted to regenerate teeth
by combining dental epithelial (DE) and dental mesenchymal (DM) tissues harvested from embryonic
tooth buds at different stages of development and subsequently recombined with either dental or non-
dental tissues (Fig.8). Numerous recombination experiments led to further understanding of
odontogenesis(Huggins et al., 1934)(Kollar & Baird, 1969)(Kollar & Baird, 1970a)(Mina & Kollar,
1987). The embryonic mouse dental epithelium, before day 12, possessed odontogenic potential and,
when combined with non-odontogenic, neural-crest-derived mesenchymal cells of the second arch,
elicited the formation of a dental papilla(Mina & Kollar, 1987). After embryonic day (ED11.5), the
odontogenic potential was demonstrated to reside with the DM, which can initiate tooth development
when combined with dental and non-dental epithelium (W. Zhang, Vazquez, et al., 2017). Kollar et al.
successfully regenerated tooth structure when tissue from the incisor enamel organ/lip-furrow
epithelium and incisor/molar papilla of a mouse at ED 14-17 were recombined and transplanted into

the anterior chamber of the eye(Kollar & Baird, 1970a).
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Figure 8. The diagram illustrates the tissue recombination strategy for regenerating a whole tooth previously

missing.

Many studies have successfully regenerated teeth using tissue recombinations (Table 1). Investigating
tooth regeneration using tissue recombination encompassed the variation in each aspect of the
methodology; the most suitable site for transplantation (eyes, abdominal wall, torso, kidney capsule,
spleen, cheek), mainly using embryonic tissues but also postnatal tissues, performing different types of
transplantation (autologous, xenoplastic), and performing different types of recombinations

(homologous, heterogenous, interspecific or heterospecific) (Table 1).

Author Source of cells | Method Transplanted Findings Significance
(Huggins et Unerupted Recombination of Autogenous 31 days post- The combined
al., 1934) permanent different parts of the | transplantation into the | transplantation-tooth | importance of dental
canine tooth tooth germ element connective tissues of structure developed ectomesenchyme in
germs (3 to 6 the abdominal wall of consisting of dentin guiding the
weeks) young dogs and enamel only formation of tooth
when both
components were
transplanted. The
epithelial layer did
not produce enamel
in the absence of the
mesenchymal layer
(Kollar & | 1. Enamel organ | Recombination of | Anterior chambers of | 2-3 weeks post- | Inductive interaction
Baird, and lip-furrow | different homologous host eyes implantation- between the
1970a) epithelium 2. | components of the reconstructed  teeth | epithelium and the
Incisor or molar | tooth germ element are typical in all | dental papilla. The
dental papillae respects; enamel and | dental papilla
both  isolated dentin matrices are | determines the shape
from incisor and deposited of the reconstructed
molar tooth tooth germ.
germs (14- to
17-day mouse
embryos)
(Kollar & 1. Epithelium Dental mesenchyme | Anterior chambers of 2 weeks post- Confirmed inductive
Baird, from footplate combined with foot | homologous mice eyes transplantation post- | role of dental
1970b) (ED 14-15) and | epithelium implantation- mesenchyme
snout (ED 12- toothlike structures
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13) 2.
Incisor/molar
mesenchyme of
mouse (ED 14-

present- formation of
dentine and enamel

16)

(Howes, Tooth buds Transplanted teeth Autologous The tooth grew to Confirmed

1977) from Rana of all stages transplantation within normal size and possibility of tooth
pipens frog the premaxilla shape in the absence | regeneration in frogs

or presence of a jaw

(Howes, Tooth buds Individual buds ofa | Autologous 45 days post- Confirmed

1979) from the green known stage of transplantation into a implantation, the possibility of tooth
iguana development and subcutaneous site in the | tooth achieved full regeneration in

small blocks of the gular region of an growth iguanas

entire upper or lower

iguana's neck or

jaw were anterior chamber of the
transplanted eye.
(Al-Talabani | Maxillary Intact tooth germ of | Cheek pouch 5 or 6 weeks post- The spleen seems to
& Smith, second molar a Syrian hamster transplantation -8 out | be a suitable site for
1978) tooth germ from | transplanted of 11 transplants the transplantation of
5-day-old harvested had tooth germs
hamsters completed
development and a
mature maxillary
second molar with
bone, PDL and
cementum
(Al-Talabani | Maxillary Tooth germs are Cheek pouch Mature molar teeth Successfully produce
& Smith, second molar transplanted at had formed after 6 teeth even when
1979) tooth germ from | different stages of weeks in the cheek genetically distinct
5-day-old their development pouch. (allogeneic) mice of
hamsters the same strain are
used.
(Morio, Mandibular first | Recombinants of the | Under the kidney 20 days after The role of the
1985) molar tooth cervical loop and the | capsule of syngeneic transplantation, the cervical loop
germs of mice dental papilla male mice of 2 months recombinant
mesenchyme were developed into an
prepared. almost intact molar
tooth.
(Ishizeki et First-molar Tooth germs, The spleen of six- to 60 after post- The spleen seems to
al., 1987) tooth germs together with eight-month-old transplantation, fully | be a suitable site for
(gestational day | surrounding tissues, | isogeneic adult mice developed and the transplantation of
13) from mouse | mandibular bone mineralized mature tooth germs.
embryo and occasionally teeth were obtained
Meckel's cartilage
grafted intact
(Mina & The first and Heterotypic Anterior chambers of Tooth formation only | Oral epithelium as
Kollar, 1987) | second recombinations of eyes of male mice when 9 to 1 I-day-old | providing instructive

branchial arches
were dissected
from mouse
embryos of 9-
13 days
gestational age

the mandibular arch
and second
branchial arch
tissues.Homotypic
control
recombinations

mandibular
epithelium was used
in recombinants:
combinations

of the epithelium
(non-odontogenic
epithelium) with
mesenchyme did not
result in tooth
formation from
tissues up to 11 days
of age.

information for the
initiation of mouse
tooth formation

(Ishizeki et
al., 1989)

Dental pulpal
tissues of lower
first molar tooth
germs obtained

Pulp cells enclosed
by intact
odontoblasts
transplanted

Spleen of isogeneic
adult mice

40 days post-
implantation, grafts
formed tubular
dentine and
osteodentine

The role of dental
pulpal tissue in tooth
regeneration
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from neonatal
mice

(Ishizeki et Mandibular first | Undifferentiated Transplanted to the 3-7 days post- The role of
al., 1990) molars tooth ectomesenchymal isogenic spleen implantation, ectomesenchymal
germs obtained | cells of dental transplants formed cells
from neonatal papilla transplanted osteodentin-like
mice within 12 material, thus
hours after birth demonstrating the
capacity of papilla
cells to produce
calcified tissue
(Cho, 2003) | Tooth germs Intact tooth germs Tooth germ Reconstructed
from wild-type | transplanted transplantation into the | toothlike structures,
mice subcapsular layer of the | including predentin
kidney of adult lacZ and dental pulp
transgenic mice for 1
week
1/31/23 1. Human Homologous Subcutaneous 3-4 weeks post- The first study of the
1:54:00 dental papilla transplantation of implantation into the implantation combination of
PM(Isogawa | from third intact tooth germs dorsal aspect of transplants formed human tooth germ
et al., 2004) molar tooth immunocompromised thin dentin and components with
germs age (6- mice immature enamel those of other
12yrs) 2. layers. Extremely animals as
Human or small structures 8 transplants
mouse molar weeks post-
epithelium implantation
(E16)
(Yamamoto E13.5 mouse Intact tooth germs Kidney capsule Transplanted tooth The
et al., 2005) mandible first transplanted germ closely microenvironment
molars resembled normal plays an important
mandible first molar: | role in determining
crown and advanced | the structure of the
root development. enamel
(Higuchi et E13.5 Recombination of Subcutaneous tissue at Transplants in the The development of
al., 2008) mandibular first | epithelial and the dorsal portion of the | subcutaneous tissue the transplanted
molar tooth mesenchymal torso or into the kidney | are smaller than tooth may be
germs from components of the capsule. those transplanted affected by the host
mice tooth germ into the kidney organ.
capsule and a normal
tooth. However, the
number and
arrangement of cusps
of the transplanted
tooth were similar to
those of a normal
tooth.
(Palmer & Mandibular first | Whole and Orthotopic Transplants The role of
Lumsden, molar tooth interspecific transplantation-alveolar | progressed from interspecific
1987) germs were recombinations of crypt of extirpated first | crown to incipient recombinations in
dissected murine mandibular mandibular molars in root formation tooth TE
from Mus first molar molar- neonatal M. musculus
musculus and germ tissues and M. caroli hosts
Mus caroli mice
(age range
15+19-day
embryo)
(Carlile et Mandibular first | Whole and The anterior chamber of | Recombinations of M. musculus/M.
al., 1998a) molar tooth interspecific the eye of adult mice M. caroli enamel- caroli chimera
germs were recombinations of for 2-4 week organ epithelium system

dissected from
Mus musculus
and Mus caroli
(age range: 14-

murine mandibular
molar germ tissues.

with M. musculus,
dental papilla and
follicle mesenchyme
developed into
normal teeth with
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day embryo to
1-day postnatal).

advanced root,
periodontal ligament
and bone formation

origin and the subsequent transplantation.

chimeric teeth (Fig.9).

Table 1. Strategies for tooth regeneration based on the recombination of the tissue of epithelial and mesenchymal

Heterospecific or interspecific (Carlile et al., 1998b)(Palmer & Lumsden, 1987)(Lubbock et al., 1996)
recombinations were also used to understand tooth development, leading to chimera tooth TE.
Odontogenic epithelial cells/tissue were taken from one species, whereas mesenchyme was taken from

another. They were then recombined and transplanted successfully, leading to the regeneration of

e.g. chick embryo

VAN
@
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Figure 9. The diagram illustrates an example of a heterologous tissue recombination strategy for regenerating a whole
tooth that was previously missing. Odontogenic epithelial cells/tissue were taken from one species, whereas

mesenchyme was taken from another. They were then recombined and transplanted successfully, leading to the




The table below shows some studies on heterospecific recombinations that lead to teeth regeneration

after transplantation (Table 2).

Author Mesenchyme Epithelium | Recombination resulted in

(Kollar & Fisher, 1980) Mouse Chick A complete tooth with root development in proper relation
to the crown, but the latter did not have the typical first-
molar morphology

(Lemus et al., 1986) Lizard Quail Advanced and relatively well-constructed teeth

(Fuenzalida et al., 1990) Rabbit Quail Differentiated chimeric tooth structures

(Mitsiadis et al., 2006) Mouse Chick Evidence of tooth formation

(Mitsiadis et al., 2006) Mouse Chick Chimeric, toothlike structures

(Cai et al., 2009) Mouse Chick Teeth were formed after 3 weeks with a single cusp pattern
These recombinant teeth were smaller than mouse molars

(B. Wang et al., 2010) Mouse Human Human-mouse chimeric tooth crown

Table 2. In vivo heterospecific recombinations in chimeric tooth tissue engineering.

Cell-tissue recombination

Instead of embryonic tissue recombinants, scientists attempted to regenerate a whole tooth using
embryonic cells in combination with embryonic tissue. The mesenchyme of the embryonic tooth germ
was separated from the epithelium. The mesenchyme was triturated into single cells, pelleted and
combined with the embryonic epithelium. The method is known as cell pelleting or the reaggregation
system (Fig.10). Using embryonic tissue from a mouse first molar, a tooth was generated, albeit with
some irregularities with enamel and predentine, proving that reaggregated mesenchymal cells retain the
odontogenic potential to produce a whole tooth(Yamamoto et al., 2003). Among other studies, Song et
al. demonstrated the ability of mesenchymal cells to be reaggregated into a pellet which was
subsequently recombined with epithelium and cultured using the Trowell-type organ culture (Trowell,
1954). This organ culture system used a metal grid supporting small filters to hold the recombinations
at the gas medium interface. This approach resulted in tooth regeneration following subcutaneous
implantation (Song et al., 2006). This scaffold-free approach allowed for direct cellular interactions
without any obstruction from an exogenous material, thereby creating the necessary microenvironment
in order to adapt to specific needs for whole tooth regeneration(Dissanayaka & Zhang, 2020). The
scaffold-free approach relies on cell aggregation, for instance, by cell pelleting or hanging drop
method(Contessi Negrini et al., 2021).

A landmark experiment went a step further whereby mesenchyme cells were replaced with an

aggregation of cultured non-dental adult stem cells, neural stem cells and bone marrow cells which,
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when combined with intact embryonic oral epithelium-induced tooth formation(Ohazama et al., 2004),
representing a significant advance in creating artificial embryonic tooth primordia from cultured cells.
The cultured cell populations were centrifuged to form a pellet, after which three or four pieces of
epithelium were placed over the cell pellet, and the recombinant explants were incubated for 1-3 days
resulting in the formation of tooth structures(Ohazama et al., 2004). Inversely, adult epithelial cells
isolated from gingiva were injected onto the top of embryonic tooth mesenchyme tissue until the surface
of the mouse mesenchyme was covered entirely with cells inside a 20-uL. gel drop of Cellmatrix type
I-A, the resulting constructs were transplanted in a renal capsule of mice which also successfully
induced tooth formation including the root, albeit of aberrant size and shapes (Angelova Volponi et al.,
2013). Taken together, these experiments proved that a tooth could be formed outside of the embryo,
and cultured adult stem cells were odontogenic and could participate in tooth regeneration after
receiving correct signals from an embryonic inductive source, albeit a very large number of embryonic

inductive cells were required.

In vitro expansion Organ culture Transplantation Bioengineered tooth
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Figure 10. Diagram illustrates the cell-tissue recombination strategy for regenerating a whole tooth whereby

previously missing.

Cell-Cell recombination

33



Embryonic cells/organ germ or collagen drop method

Investigations were further propelled to determine whether dental epithelium and mesenchymal cell
suspensions could lead to whole-tooth regeneration. A three-dimensional organ-germ culture method
was developed using completely dissociated single cells from epithelial and mesenchymal tissues of
incisor tooth germ at the cap stage from the lower jaw in ED14.5 mice. The cells were injected in turn
at high cell density into adjacent regions within a collagen gel drop, which was cultured and
subsequently transplanted into the subrenal capsule in mice, resulting in a 100% success rate of
structurally accurate tooth structure, showing penetration of blood vessels and nerve fibers(Nakao et
al., 2007). This study was known as the collagen drop method, or the 'organ germ method' whereby
cells are embedded into three-dimensional (3D) hydrogels during the scaffold fabrication, i.e., epithelial
and mesenchymal cells are encapsulated into a collagen drop. The "organ germ method" attempts to
mimic the tissue architecture and physiological properties of native tissues. This organ germ method
was an early example of organoid technology. Since then, there has been a surge in studies in which
stem cells are cultured using in vitro 3D culture systems that lead to the development of organoids. As
the name suggests, organoids are organlike structures grown in a Petri dish; epithelial and mesenchymal
stem cells ( ESCs, adults stem cells or iPSCs) self-organize to form the cellular organization of the
organ itself, often involving the use of extracellular matrix (ECM) gels such as Matrigel(Lancaster &
Knoblich, 2014). Not only does the organoid resemble a tooth, but it will, in general, contain multiple
teeth-specific cell types, be capable of repeating a function of the tooth, be grouped and is, therefore,
organized similarly to the tooth spatially(Lancaster & Knoblich, 2014).

Collagen is a type of hydrogel used because of its similarity to the native tissue ECM. Using molar
tooth germ from E14.5 mice, dissociated cells were seeded at high density into collagen droplets and
then implanted, leading to functional in vivo regeneration of teeth. Many subsequent studies would use
the collagen drop method to optimize the shape, length, crown width, cusp position and tooth patterning
of the regenerated teeth (Table 3). Ikeda et al. proved that a whole tooth, albeit with abnormal size and
shape, could also be regenerated using the organ germ method if the bioengineered organ germ was
transplanted into the alveolar bone in the maxilla of an 8-week-old adult murine lost tooth
transplantation model(Ikeda et al., 2009). An experiment by Ishida et al. similarly seeded the dissociated
cells into the collagen drop at different contact areas and found that the contact area between DE and
DM cells determined the crown width and cusps number(Ishida et al., 2011). Oshima et al. addressed
the regulation of the shape and length of the bio-tooth by inserting a bioengineered tooth germ into a

ring-shaped size control device and then transplanting it into the subrenal capsule(Oshima et al., 2012).
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Wang et al. utilized the collagen drop method to demonstrate that a tooth could be bioengineered in a

large mammal model(F. Wang et al., 2018).
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Author Cell source Scaffold Culture method In vivo test Main results Histological Eruption (days) Correct Masticaticatory | Response to
analysis Morphology potential tested nociceptive
stimuli
tested
(Nakao et | Mice -Incisors Type I-A | Dissociated cells into First transplanted First evidence of 14 days post- No Small and - -
al.,2007) and molars collagen single cell suspensions into the subrenal successful reconstitution of an transplantation- multiple
tooth germ at were injected at a high capsule of mice. entire organ via the "organ correct tooth bioengineered
cap stage E14.5 cell density into Bioengineered tooth | germ method." structure teeth
adjacent regions within germ was then comprising
a collagen gel drop transplanted in an enamel,
(mixed or incisor tooth cavity dentin, root analog,
compartmentalized) in an adult mouse dental pulp, blood
vessels and bone
(Nait Mice- Type I-A | Dissociated cells into Implanted between Vascularization Full development - Not a normal - -
Lechguer Mandibular first | collagen single cell suspension skin and muscles occurs readily of teeth, including tooth
etal., molars tooth in a collagen drop behind the ears and vascularization.
2008) germ ED14 mandible of Blood vessels,
adult mice dentine, dental
pulp, enamel
(Ikeda et Mice-ED14.5 Type I-A | Dissociated cells in a Hole in the alveolar The first report describes Correct and 49.2 +/- 5.5 days | Smaller Yes Yes
al., 2009) molar tooth collagen collagen drop bone of the upper successful complete tooth after compared to
germ first molar region in replacement with a fully structure transplantation other normal
an 8-week-old adult functional bioengineered organ teeth, plural
murine- "lost tooth cusps crown
transplantation
model".
(Ishida et Mice-Molar Type I-A | Dissociated cells in Subrenal capsule Crown width and cusps number At 21 days post- - Single and width- | - -
al.,2011) tooth germ from | collagen collagen drop (different | transplant in mice are dependent on the contact transplantation, the controlled
E14.5 mice contact areas) area between DE and DM cells entire bioengineered
bioengineered tooth developed
tooth germ from one
developed into a bioengineered
tooth unit with the tooth germ
correct instead of
multiple
(Oshima Mice -Molar Type I-A | Dissociated cells in First, in the subrenal | Functional in vivo regeneration Correct structure 60 days post- 40 days post- Yes Yes
etal., tooth germ from | collagen collagen drop capsule, sing a of of a whole molar implantation translation- a
2012) E14.5 mice spacer device. The size-controlled bioengineered and the proper size-controlled
bioengineered teeth tooth formation of tooth which
unit was then periodontal tissue integrated with
transplanted into an and surrounding the bone and
edentulous region of alveolar bone erupted
the jaw of mice
(Wen et Mice- Incisor Type I-A | iPSCs mixed with DM Subrenal capsule iPSCs do not affect the Newly formed - Mature toothlike - -
al.,2012) tooth germ from | collagen cells in collagen drop; transplantation in interaction between epi and mes | bone-like and structure similar
E14.5 mice DE cells seeded mice cells. They can differentiate dental pulp-like, to normal tooth
adjacent in collagen into a and dentin-like
bone-like and dental pulp-like structures
structure
BF Mice-A molar TypeI-A | Cells mixed and Subcapsular Cell community effect in - - Toothlike - -
tooth from E12 collagen recombined with transplantations of bioengineered teeth — in vitro structures formed
(epithelial cells) epithelium in collagen toothlike cell expansion of embryonic
and a molar drop structures/tooth tooth mes cells leaves them
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from E14.5
mouse
(mesenchymal
cells)

primordia in mouse
kidney

unable to induce tooth
formation, however, they do not
lose their ability to differentiate
into odontoblasts. Postnatal
pulp cells, however, lose all
tooth-inducing and tooth-
forming capacity following in
vitro expansion, and at ratios
>1:3 postnatal: embryonic cells,
they inhibit the ability of
embryonic dental mesenchyme
cells to induce tooth
formation."

(F. Wang
etal.,
2018)

Mini-pigs- Forth
deciduous molar
germs E40 or
E70

Collagen
gel drop

Dissociated tooth germ
was reaggregated with
a mixture of tooth
epithelial and
mesenchymal cells

Transplantation in
mouse subrenal
capsules and
Jjawbones

The feasibility of whole tooth
regeneration in large animal

Regenerated
toothlike
structures with
crowns nearly
completed

in bony tissues
after
transplantation for
16 weeks with
correctly arranged
tooth components

80% of explants
erupted into the
oral cavity 2
months post-
implantation

Abnormal tooth
structure, a bulge

Table 3. Collagen drop method using entirely reassociated embryonic tooth cells
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The successful regeneration of the teeth occurred in experiments that utilized cells harvested from an
early stage, embryonic tooth buds. The ethical dilemma in destroying an embryo which some groups
see as destroying life, the possibility of immune rejection after implantation as embryonic cells from
embryos do not share the same genome with the patient, may give rise to teratocarcinomas and have
genetic instability are all considerations that need to be taken when using embryonic cells or tissues (Q.
Sun et al., 2014). The most significant limitation is obtaining suitable autologous human embryonic
dental cells(W. Zhang et al., 2010). Hu et al. found that the minimum numbers of cells required to
initiate tooth development were in the range of 4.0 x 10* to 4.0 x 10 cells, a number achievable only
by using multiple embryos, an obvious limiting factor in humans(Hu et al., 2006). A further stumbling
block in the use of embryonic cells was that they lost their inductive capacity within 24 to 48h of being
cultured in vitro(Zheng et al., 2016). The focus on tooth regeneration shifted to devise reliable methods
to regenerate teeth using postnatal adult cells (W. Zhang et al., 2010). Adult dental stem cells overcame
some of the limitations of embryonic cells as it does not involve destroying an embryo and carries a
more negligible risk of immune rejection as these adult stem cells would have the same genotype as the

patients from which they were isolated(Q. Sun et al., 2014).

Cell-laden strategy

Adult stem cells /organ germ or collagen drop method

In this coculture strategy, cells are encapsulated within a hydrogel. As aforementioned in Table 3, many
experiments were performed using the collagen drop method using embryonic cells. Subsequently, even
adult stem cells were used to construct bioengineered tooth germs using the collagen drop method
(Table 4). For example, an experiment in a large animal model used the premolar tooth germ from a
30-day-old beagle dog as the cell source of epithelial and mesenchymal postnatal cells, which, when
embedded into a collagen drop, led to the functional regeneration of the bioengineered tooth after
autologous transplantation of the organoid into the alveolar bone socket of the canine in the
mandible(Ono et al., 2017). Other hydrogels were experimented with to improve the results of these
dental bioengineering experiments: Type I collagen/ chitosan hydrogel blend with Matrigel (Ravindran

et al., 2010), Collagen and Growth Factor Reduced (GFR) Matrigel(W. Zhang et al., 2010), gelatin
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methacrylate (GelMA) hydrogel(E. E. Smith et al., 2017a)(E. E. Smith et al., 2018)(E. E. Smith et al.,
2017b).
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Author Donor Culture method Scaffold Implantation Significance Histological analysis Vascularization Morphology
(Ravindran HAT-7 dental Cells were premixed with the Typel Subcutaneous implant in The first successful 3D multilayered | 4 weeks post-implantation - Neovascularization -
etal., 2010) epithelial cells and collagen collagen/chitosan mice coculture system was established blood vessels with red blood in vivo
mesenchymal and chitosan monomer hydrogel blend that could be exploited to study the corpuscles.
hDPSCs solutions and interactions between dental
Matrigel. epithelial and mesenchymal cells.
(W.Zhang Pig tooth buds from Single cells suspension of epi Collagen and Subcutaneous into a 4- Implanted constructs maintain 4 weeks post-implantation- Highly vascularised Formed calcified
etal., 2010, 6-month-old and mes cells. hDPSCs - Matrigel week-old nude rat predetermined shape and size irregular mineralized tissues tissues did not
p. 20) minipig (epi) and seeded Collagen gel layers tissue resemble that of
pulp of wisdom were cocultured with porcine naturally formed dental
tooth from16-year- DE cells suspended in Growth hard tissues
old Caucasian male Factor Reduced (GFR)
(mes) Matrigel
DE and DM cells Single-cell suspensions were GelMA Subcutaneously (back of GelMA is a suitable scaffold 6 weeks of subcutaneous - Small structures, not
(E.E. Smith were isolated from plated in DE, or DM cell immunocompromised 5- material for the development of implantation revealed similar in shape or size
etal., 2014) unerupted porcine selective media- GelMA month-old female biomimetic, 3D tooth models mineralized to natural teeth
tooth buds and 5- hydrogels --human umbilical Rowett Nude rats) tissue
month-old porcine vein endothelial cells
jaws. (HUVEC) encapsulated within
GelMA
hydrogels
(Ono et al., Premolar tooth germ Epithelial tissue and Type I-A Autologous transplantation | Functional tooth restoration through Correct tooth tissue structure Smaller in size
2017) from 30-day-old mesenchymal collagen into the alveolar bone the autologous transplantation of and a single root shape compared to the natural
beagle dogs cells in collagen drop socket of the canine bioengineered tooth germ in a composed of enamel dentin, tooth. Not similar in
mandible postnatal canine model, i.e. large cementum and periodontal shape to natural teeth (
animal model. ligament. Erupted into Jaw from photo), single-
rooted instead of two
roots
(E. E. Smith Unerupted tooth Single-cell suspensions were GelMA Implanted First to demonstrate the use of Mineralized tissues were Vascularization In many cases,
etal., buds extracted from plated in DE or DM cell subcutaneously in nude GelMA hydrogels to support the present in 9/13 (69%) of 6- occurs readily in mineralized tissue
2017b) 5-month-old porcine selective media. Culture rats formation of postnatal dental week explants. No distinct bioengineered teeth formation appeared to
jaws. method:(GelMA DE-HUVEC progenitor cell-derived mineralized enamel or dentin layers were adopt the size and
loaded hydrogel layered and functionally vascularized tissues | observed shape of the GeIMA
on top of DM-HUVEC of specified size and shape construct.
hydrogel)
(E. E. Smith DE and DM cells Single-cell suspensions were GelMA Implanted The first report using postnatal 4W in vivo implanted Vascularization Not similar in size or
etal., 2018, were isolated from plated in DE, or DM cell subcutaneously in nude dental cells to create bioengineered constructs contained occurs readily in shape to natural teeth
p.20) unerupted porcine selective media- GelMA rats tooth buds that exhibit features mineralized tissue. bioengineered teeth

tooth buds and 5-
month-old porcine
jaws.

hydrogels - HUVEC
encapsulated within GelMA
hydrogels

similar to natural tooth
development: dental epithelial stem
cell niche, enamel knot signalling
centres, transient amplifying cells,
and mineralized dental tissue
formation

Bioengineered tooth buds
exhibited many features
characteristic of natural tooth
buds, although in a less
reproducible and less organized
manner

Table 4. Whole tooth regeneration studies utilizing the cell-laden strategy whereby adult stem cells are encapsulated in a hydrogel (epi) epithelial

(mes)mesenchymal
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Cell-seeded scaffold

The scaffold-based strategy utilizes biomaterials fabricated beforehand and serves as a structural base
onto which cells are seeded(Dissanayaka & Zhang, 2020). In 2002, dissociated postnatal cells from
third molar tooth buds of six-month-old pig jaws successfully created a bioengineered tooth
crown(Young et al., 2002). The single cell suspensions of dental epithelial and mesenchymal cells were
seeded onto a biodegradable tooth-shaped polyglycolate/poly-L-lactate (PGA/PLLA), and poly-L-
lactate-co-glycolate (PLGA) scaffold and subsequently the cell/ polymer construct was implanted into
the omentum of athymic rats(Young et al., 2002). 20-30 weeks post-implantation analysis revealed a
bioengineered crown in vivo, which, albeit contained accurately formed enamel, dentin and a well-
defined pulp chamber, was very small(Young et al., 2002).In the acellular scaffold controls, there was
no regeneration of mineralized tissue. This study highlighted that cultured postnatal DE and DM cell
suspensions retain the ability to differentiate into dental tissue. Since 2002, numerous studies using the
cell scaffold complex have been performed to optimize the cell-scaffold construct that would regenerate
a bioengineered tooth of the correct size and shape that is vital, innervated and functional.

Studies have become increasingly more elaborate, with each aspect of the methodology being finetuned
or changed to get closer to creating a bioengineered tooth with the correct form and function. Different
sources have been used; postnatal cells such as premolar tooth bud cells, molar tooth bud cells, human
dental pulp stem cells, dental epithelial cells, bone marrow stem cells etc. These tooth buds were either
dissociated into heterogenous cell suspensions or epithelial and mesenchymal components first
separated before dissociation into single cell suspensions. Porcine, canine and ovine models were
developed for cell-based regeneration. Cells were either premixed, sequentially seeded onto the scaffold
or seeded onto the scaffold using different configurations. Different scaffolds have been used to
determine which would work best in TE: PGA, PLLA, PLGA, collagen sponges, gelatin-chondroitin-
hyaluronan tri-copolymer scaffold (GCHT), hexafluoroisopropanol (HFIP)-derived silk fibroin
scaffolds, collagen, matrigel, fibrin gel, B-tricalcium phosphate(B-TCP), platelet-rich fibrin (PRF),
GelMA and decellularized tooth buds to name a few (Table 5).
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Reference Cell origin Culture method Biomaterial In vivo tests Main findings Histological Findings Vascularization | Eruption | Morphology
(Implantation)
(Young et al., Third molars tooth bud Buds dissociated into PGA fibre mesh | Omentum of athymic Bioengineered 30 weeks post- Vascularization - Bioengineered
2002) from 6-month-old pig single-cell with 3% w/ rats toothlike crown | implantation, occurs readily teeth didn't
jaws suspensions. A w PLLA. PLGA structure in anatomically correct conform to the
mixture of epithelial is prepared by vivo.Ist tooth crowns consisting shape of the
and mesenchymal cells | NaCl crystals bioengineered of the dental pulp, scaffold-
seeded on scaffolds (in | leaching. adult DSC Pig dentin, and enamel. multiple small
vitro culture for 6 Scaffolds are tooth Recognizable cusps and tcz)ogh ;rowns'
days) collagen root tips. No é y 2mm) (11n
coated periodontium ¥ 1ocngineare
ooth
constructs
(M. T. Duailibi et | 3-to 7-day-newborn Buds dissociated into PGA fibre mesh | Omentum of 6 to 12 4-day-newborn 12-week post- Vascularization - Multiple small
al., 2004) Lewis rat molar tooth single-cell with 3% w/ months old Lewis rats | cells generated implantation PGA and occurs readily tooth crowns
buds suspensions. A mix of | PLLA.PLGA is bioengineered PLGA scaffold cell- per implanted
epi and mes cells prepared by tooth tissues .1st | seeded implants construct
statistically seeded on NaCl crystals bioengineered demonstrated the
scaffolds (in vitro leaching. adult DSC Rat presence of dentin,
culture for 6 days) tooth enamel, and pulp
tissues
Pig third molar tooth bud Dissociated DE and PGA and PLGA | Implanted in the Coordinated 12 weeks post- - - Roughly
(Young, cells DM cells seeded onto scaffolds omenta of adult rats formation of implantation: conformed to
Abukawa, et al., PGA AND PLGA functional Bioengineered tissue the size
2005b) scaffolds. Bone bioengineered contained predentin, and Shap? of
implants tooth and bone dentin, and enamel. the spherical
were generated from tissues Bioengineered bone scaffold
osteoblasts induced tissue consisting of
from bone marrow loosely formed alveolar
progenitor cells bone, with smaller
obtained from the amounts of compact
same pig, seeded onto bone and immature
PLGA fused wafer osteoid tissue formed
scaffolds
(Young, Kim, et Six-month porcine third Dissociated DE and PGA/PLLA Omentum of athymic Bioengineered 18 weeks or longer post- | - - Irregular in
al., 2005) molar tooth buds DM cells seeded onto tooth scaffolds rats tooth structures transplantation- shape
PGA /PLGA scaffolds. possessing both complex clusters of
natural and developing
anomalous heterogeneous tooth
features, tissues. Approximately

15% of tooth structures
present in

any given implant
exhibited correctly
organized

pulp, dentin and enamel
layers
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(Honda et al., First molar tooth buds Tooth buds were PGA fibre mesh | Tooth extraction The first report 24 weeks post - No Abnormal
2006) from 8 male dogs aged 8 dissociated into precoated with sockets (from which for the transplantation- circular-
to 12 weeks heterogeneous single type I collagen the tooth buds were formation of Heterogeneous shaped
cells suspension extracted) dentin and bone composite of bone, structure
from dissociated | dentin, and connective
odontogenic tissue; however, dental
cells pulp, crown, and root
formation were not
observed
(Sumita et al., Third molar teeth from a Tissue was dissociated | Collagen Omentum of Collagen sponge | 25 weeks post- Vascularization - Irregular
2006) 6-month-old pig into single cells, and sponge or the immunocompromised resulted in the implantation- occurs readily crown
the heterogeneous polyglycolic rats first report of Enamel and dentin were morphology-
cells were seeded onto | acid fibre mesh complete tooth identified in the circular and
the scaffolds morphology, circular-shaped TE stick-shaped
including the teeth. The stick-shaped irregular TE
root structure TE-teeth obtained from tecth
(less than 5%) the collagen sponge
scaffold revealed the
dentin, cementum-like
tissue and pulp and
resembled a root-like
structure
(Honda et al., Third molar teeth from a Tissue separated and Collagen Omentum of 5- to 6- Direct cell-cell 20 weeks post- - - Single
2007) 6-month-old pig dissociated into single sponge (75% week-old rat contacts are implantation, the regenerated
cell suspensions. type . 25% necessary for regenerated teeth were teeth in each
Different type 11T tooth made up of dentinal scaffold that
configurations of cells | collagen, dry regeneration, tissue- were more
seeded on the collagen | weight) an abundance of uniform in
sponge were tested Initial high- mineralized dentin shape
density seeding along with a small
of isolated amount of enamel, with
mesenchymal only one sequence per
cells onto the scaffold
scaffold,
followed by the
placing of
isolated
epithelial cells
to adhere on top
of mesenchymal
cells directly
(S. E. Duailibi et 4-day-post natal Lewis rat | Rat tooth bud cells PGA fibre mesh | Adult rat M1 Ist Bioengineered dental - No Small tooth
al., 2008) molar tooth bud dissociated into single | with 3% w/ mandibular tooth bioengineered tissues were not as structures
cell suspensions. A w PLLA. PLGA | extraction sockets tooth grownina | organized as those throughout the
mix of epi and mes prepared by rat jaw grown in the omentum; ?Caff(’ld
cells statistically NaCl distinct dentin, enamel, implant, as
seeded on scaffolds (in | crystals and alveolar bone opposed to a
vitro culture for 6 leaching tissues were present. single large

days)

tooth
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(Kuo et al., 2008)

Swine dental bud cells
(DBCs) were isolated
from the developing
mandibular teeth

Dissociated into single
cell suspensions

GCHT scaffold

Autografted back into
the original alveolar
socket

DBCs/GCHT
scaffold is a
suitable scaffold
for tooth
regeneration

36-week post-
transplantation-
toothlike structures,
including well-
organized
dentin-pulp complex,
cementum, and

Vascularization
occurs readily

Regenerated
teeth were
smaller in size
than normal
but appeared
to be dictated
by the size of

Periodontal ligament (2 ZIZZf(f]o(]:(IliT
in 6)

(Xu et al., 2008) Molar tooth buds were Dissociated into single | HFIP-derived Implanted into the First to use 20 weeks post- Vascularization - Mineralized
isolated from 4-day cell suspensions silk fibroin omenta of syngeneic HFIP silk- not implantation: formation occurs readily in osteodentin
postnatal Lewis rat pups scaffolds Lewis rat hosts conducive to of mineralized bioengineered adopted the

dental epithelial | osteodentin-like tissue teeth size and shape
cell survival and | but no enamel of the silk
differentiation scaffold pores

(Abukawa et al., Unerupted third molar Osteoinduced BMPCs PGA/PLLA Full-thickness The feasibility 20 weeks post- Vascularization No Small

2009) tooth buds from 3.6- were statically seeded spheres coated segmental bone of coordinated implantation- (1 of 6) occurs readily in toothlike
month-old Yucatan onto bone scaffolds. with type I defects in autologous tooth | implants contained bioengineered structures
minipig (for tooth The PGA/PLLA collagen hemimandible of and mandible dentin, pulp, teeth
constructs). For bone scaffolds were wrapped with Yucatan minipigs regeneration cementum, and
constructs, porcine bone statically seeded with gelatin surrounding PDL
marrow progenitor cells pulp organ-derived sponge
(BMPCs) were isolated dental mes cells.
from iliac-crest aspirates Gelfoam-absorbable
(same pigs). gelatin sponge strips

were statically seeded
with enamel organ-
dental epi cells.
PGA/PLLA spheres
were wrapped with
Gelfoam strips and
were sutured together
to generate tooth
constructs.
Subsequently, the
hybrid tooth and bone
construct were
fabricated

(W. Zhang et al., Hybrid tooth and bone | PGA/PLLA Transplanted into The feasibility 20 weeks post- - No Small

2009) construct: tooth bud scaffolds and surgically prepared of regeneration implantation: organized toothlike

cell-seeded scaffolds prefabricated mandibular defects in of teeth and dentin, enamel, pulp, structures
combined with Gelfoam the same minipig associated cementum, periodontal

autologous iliac crest absorbable alveolar bone in | ligament, and

bone marrow-derived gelatin sponge a single surrounded by

stem cell-seeded strip scaffold procedure regenerated alveolar

scaffolds bone

(Ohara et al., Freshly isolated tooth Dissociated tooth bud PGA, collagen Transplanted in the Comparison of 8 weeks post- - No Irregular

2010) germ from three 6-month- | cells were seeded gel, fibrin gel, subcutaneous space on | commonly used | implantation- dentin and eruption tooth-like
old miniature pigs under static conditions | B-TCP the backs of twelve 4- scaffold for enamel-like structures structures

dental were observed in both
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onto different
scaffolds

week-old KSN nude
mice

regeneration.
Collagen and
fibrin gel
support the
initial
regeneration
process but not
the maturation

the PGA and fibrin gel
groups, while the
amount of hard tissue
was less in the fibrin gel
group. Enamel-like
structures were not
observed in the B-TCP
group, and hard tissue

of tooth buds was generated along
with the inner wall of
the porous scaffold,
which resembled a root
(Kuo et al., 2010) | Unerupted second DBCs suspended in GCHT scaffold Autografted into the Porcine DBCs 40 weeks post- Vascularization Erupted (| Irregular in
molar buds harvested bone marrow fluid original alveolar combined implantation. The occurs readily 1 of 8) shape
from miniature pigs were seeded onto the sockets of the pigs with bone, present results showed
scaffold marrow fluid is that 1 in 8 pigs
a suitable developed a complete
scaffold that can | tooth with crown, root,
regenerate teeth | pulp,
in a porcine enamel, dentin,
model with odontoblast, cementum,
autogenic cell blood vessel, and
transplantation the periodontal ligament
in indiscriminate shape
(W. Zhang et al., hDPSCs harvested froma | hDPSCs and BMCs HFIP-based Transplanted Silk scaffold No distinct hard tissue Vascularization - -
2011) 3rd molar tooth of a 16- were seeded onto silk-based subcutaneously into materials and regeneration was found occurs readily in
year-old African HFIP-based silk hydrogel and four-week-old nude rat | hDPSCs pre- in any implants. HFIP- bioengineered
American female. Bone scaffolds aqueous-based hosts seeding cell based silk scaffolds teeth
aspirate from an 18-year- silk scaffolds treatments supported the soft dental
old African American suitable for pulp formation better
male for BMCs tooth than the aqueous-based
regeneration silk scaffolds
(Yang et al., Unerupted second molar DBCs detached from Fibrin enriched Autografted back into Addition 36 weeks after Vascularization Erupted The shape of
2012) tooth buds from miniature | culture dishes were with PRF the original alveolar of PRF in fibrin implantation -1 in 3 pigs | occurs readily in the
swine resuspended in 500 ml sockets glue is not developed a complete bioengineered bioengineered
of fibrinogen solution sufficient to tooth teeth tooth
to form the DBC promote with crown, root, pulp, does not
fibrinogen solution. organized enamel, dentin, conform to
500 ml of thrombin tooth odontoblast, cementum, tl?at O,f the
solution was then regeneration blood vessels, and natural tooth
added to form the periodontal ligament
fibrin glue
(Monteiro et al., Unerupted tooth buds Dissociated into single GelMA Implanted Biomimetic 3D 3 weeks post- Vascularization - Small,
2016a) extracted from 5-month- cell suspensions. DE hydrogels subcutaneously onto tooth buds as implantation, exhibited occurs readily in irregular
old porcine jaws and DM cell sheets the backs of models for tooth | osteodentin-like tissue bioengineered structure
combined with immunocompromised engineering formation teeth

biomimetic enamel
organ and pulp organ
layers

5-month-old female
Rowett Nude rats
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to full-sized
teeth have been
bioengineered
and grown in
the jaws of mini
pig hosts

(Yang et al., Dental pulp from upper Differentiation of GCHT bioactive | Transplanted into the 13.5 months post- Vascularization Erupted All
2016) incisors, canines, DPSCs into scaffold mandibular alveolar implantation, seven of regenerated
premolars, and molars odontoblasts and socket of a pig eight pigs developed teeth showed a
was extracted from osteoblasts. The two teeth with crown, molar
sexually mature miniature | epithelial cells, root, and pulp morphology,
pigs- DPSCs. Epithelial odontoblasts, and structures. Enamel-like and the lengths
cells were isolated from osteoblasts were tissues, dentin, Of roots were
the gingival epithelium seeded onto the cementum, varied.
surface, upper, and odontoblasts, and
lower layers, periodontal tissues
respectively, of a
scaffold
(W. Zhang, hDPSCs (mes), porcine 1) acellular Decellularized Tooth extraction Regenerated 6-month post- Vascularization Eruption 6-mo
Vazquez, et al., dental epithelial decellularized tooth tooth bud sockets of 6-month- teeth adopt the implantation- nTB construct
2017) cells (pDE) (epi) cells, buds(dTBs 2) scaffold old Yucatan mini pigs size of the bioengineered consisting of a
and third molar 6- recellularized dTBs decellularized whole teeth, consisting well-
month-old pig tooth buds | seeded with pDE, scaffold in vivo. | of mature enamel, pulp, developed
to create decellularized hDPSCs, and HUVEC First report of dentin, periodontal tooth crown
tooth buds recell-dTBs 3) dTBs the use of ligament, and tooth dndioot h
seeded with decellularized roots, which adopted the :;g: :Il; dt(;}tlaf)e
BMP-2 and 4) freshly tooth buds size and shape of the of a natural
isolated which scaffold tooth
nondecellularized regenerated
natural TBs (nTBs) close

Table 5. Cell-seeded scaffold strategies to create bioengineered teeth by seeding dissociated postnatal odontogenic cells onto scaffolds and implanting them in

vivo.
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To date, multiple cell-scaffold constructs have been used to bioengineer tooth tissue; however, the
regenerated teeth using postnatal tooth cells still need finetuning to get the size and shape of the tooth
right. Compared to the result of tooth engineering experiments with embryonic cells, postnatal tooth
cells may have already lost essential factors involved in the regulation of tooth shape and size. Further

experiments are needed to address this.

Scaffold-free approach

Cell sheet engineering

Cell sheet engineering (CSE) is another example of a scaffold-free approach. Cell sheet technology, as
the name implies, involves cells being cultured on the usually thermosensitive surface resulting in a
single, contiguous aggregation of cells in the form of a sheet that preserves cell-to-cell interaction and
deposited ECM (Yamato & Okano, 2004). These viable cell sheets can be subsequently detached and
transferred to other culture dishes in vitro or implanted into tissue surfaces in vivo(Yamato & Okano,
2004). This approach improves the limitation of the classic scaffold triad for tooth engineering in that
it produces a high density of cells, unlike the sparse number of cells that can be found when seeded
onto scaffolds. As the cell sheets contain secreted ECM, cell-matrix connections, intercellular
connections and specific shapes provided by ECM are preserved, which will inevitably benefit tissue
regeneration. CSE has been widely used in regenerative medicine and applied in the heart, liver, cornea,
bladder, oesophagus and bone (Moschouris et al., 2016). In tooth TE, CSE has mainly been used for
the regeneration of individual dental tissues such as pulp, PDL and bone; however, it has not been used
widely in whole tooth regeneration. In a recent series of studies performed by Monteiro and colleagues,
DE and DM cell sheets (CSs) combined with biomimetic enamel organ and pulp organ layers created
using GelMA hydrogels were used in whole tooth regeneration with promising results (Monteiro et al.,

2016b)(Monteiro & Yelick, 2017).

Spheroids production

Spheroids are spherical cellular units generally cultured as free-floating aggregates (Gunti et al., 2021).
A recent review on the strategies used for developing 3D stem cell spheroids and organoids for tissue
repair and regeneration details the many strategies used for creating spheroids; the hanging drop,
hydrogel scaffold, microwell, spinner and rotational methods, microfluidic, low attachment culture

plates and magnetic field(Kim et al., 2022). The hanging drop method uses gravitational forces, which
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cause single cells to aggregate at the tip of small to medium droplets that are hung on the cell culture
substrate. This three-dimensional micro-culture system involved mixed epithelial-mesenchymal cell
reorganization in a liquid instead of semisolid collagen gel, leading to spheroids forming coherent 3D
cell aggregates. Implantation of these microtissues leads to the formation of well-formed crowns

containing dentin and enamel and the initiation of root formation(Kuchler-Bopp et al., 2016).

iPSCs- Induced pluripotent stem cells

Autologous cell sources are limited in availability, and harvesting these cells does not come without
some level of harm to the individual(Yelick & Sharpe, 2019). A method to circumnavigate this
stumbling block was published in 2006, ultimately leading to John B. Gurdon and Shinya Yamanaka
winning the Nobel prize in 2012. Through a series of work, intact mature cells in mice were
reprogrammed to become immature stem cells with an embryonic-like state, i.e. they possessed the
ability to develop in every type of cell in the human body and were therefore named iPSCs (Takahashi
& Yamanaka, 2006). iPSCs have been used in studies aimed at the regeneration of individualized dental
tissues but few for whole tooth regeneration. iPSCs cells were mixed with mesenchymal cells at a ratio
of 1:4; the mixture was then injected into a collagen hemisphere, followed by the injection of epithelial
cells into the adjacent area to promote direct cell contact(Wen et al., 2012). The reconstituted tooth
germs were transplanted into the subrenal capsule of mice. This study confirmed the possibility of using
iPSCs in whole tooth regeneration as the use of iPSCs did not affect the interaction between epithelial
and mesenchymal cells, and they possessed the ability to differentiate into a bone-like, dentin-like and
dental pulp-like structure. In 2013, using integration-free human urine-iPSCs were differentiated into
an epithelial sheet. This epithelial component was recombined with embryonic mesenchyme from mice,
leading to the generation of the tooth containing dental pulp, dentin, enamel space, and enamel organ

structure after 3 weeks of subrenal capsule transplantation. (Cai et al., 2013).

3.2.3 Targeted molecular therapy — Stimulation of the third dentition

Targeted molecular therapy is another feasible approach for tooth regeneration which involves the
administration of drugs or other substances, such as small molecules, monoclonal antibodies, or siRNAs
which target specific molecules involved in tooth regeneration. This therapy is already being used to
treat specific types of cancer and rheumatoid arthritis(Zhong et al., 2021). Targeted molecular therapy

aims to stimulate the formation of the "third dentition". To stimulate the so-called "third dentition"
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through targeted molecular therapy, a detailed understanding of embryology, molecular and
developmental biology has provided the scientific background to make this a possibility.

BMP and Wnt signalling orchestrate early tooth development(Yuan et al., 2015). However, they have
also been involved in modulating the growth of multiple other organs and tissues. As a result, therapies
that directly target them may have unwanted side effects, even death. Instead, to accomplish whole
tooth regeneration, researchers target factors which antagonize BMP and Wnt specifically in tooth
development, such as uterine sensitization-associated gene-1 (USAG-1), bone morphogenetic protein
7 (BMP-7) or CCAAT Enhancer Binding Protein Beta (CEBPB), for which activation or inhibition of
these single candidate molecules can lead to supernumerary tooth formation (Takahashi et al., 2014).
The use of monoclonal antibodies for the recovery of tooth development in congenital tooth agenesis
has demonstrated remarkable results. USAG-1 is expressed in odontogenic epithelial cells and is a BMP
antagonist and modulator of the Wnt-signalling pathway. USAG-1 deficient mice have supernumerary
teeth; USAG-1 abrogation rescued apoptotic elimination of odontogenic mesenchymal cells. USAG-1
controls the number of teeth by regulating apoptosis(Murashima-Suginami et al., 2007). Enhancing
BMP signalling resulted in supernumerary teeth formation in the Usag-1-deficient mouse
model(Murashima-Suginami et al., 2008). USAG-1 is an antagonist of BMP-7(Kiso et al., 2014). These
findings led to the hypothesis that a single candidate molecule such as Usag-1 could, in essence,
regenerate a whole tooth.

A single systemic administration of a USAG-neutralizing antibody in an ectodysplasin A1 (EDA-19-
deficient mouse, a model for congenital tooth agenesis, led to the recovery of tooth development and
the formation of a whole tooth by stimulating arrested tooth germs. The systemic administration of
USAG-neutralizing antibody also led to the regeneration of a whole tooth in ferrets, which like humans,
have diphyodont dentition. Further analysis was performed to determine whether BMP signalling or
Wnt signalling was dominant during tooth development(Murashima-Suginami et al., 2021). This study
revealed that the anti-USAG-1 antibody affected BMP signalling rather than Wnt Signalling. The
author did note, however, that Wnt signalling involvement could not be eliminated as several mice in
the experiment did not survive. As the USAG-neutralizing antibody did not recover tooth development
in all the cases of congenital tooth agenesis, this therapy could only be utilized in congenital cases of
missing teeth with mutations of specific causative genes.

Another recent study postulated the idea of topical treatments for congenital tooth agenesis using siRNA
for targeted molecular therapy instead of monoclonal antibodies(Mishima et al., 2021). Runt-related

transcription factor 2 (Runx2) has been identified as one of the several different causative genes in
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patients with congenitally inherited tooth agenesis. Usag-I deficient mice have supernumerary
teeth(Murashima-Suginami et al., 2007). (Runx2)—/— mice exhibit arrested tooth development. RUNX2
and USAG-1 act in an antagonistic manner, and therefore by crossing Runx2—/— mice with Usag-1—/—
arrested, tooth formation was restored(Togo et al., 2016). Local administration with Usag-1 Stealth
siRNA leads to tooth regeneration in Runx2—/— mice which normally exhibit arrested tooth
development, both in vivo and in vitro(Mishima et al., 2021).

A recent report has attributed the etiology of supernumerary teeth formation to the third dentition(Kiso
et al., 2019). The study also reports that some supernumerary teeth not attributable to the third dentition
were derived from express SRY (sex determining region Y)-box 2 (Sox2) SOX2-positive OESCs,
where SOX2 is a molecular marker of OESCs in mice(Kiso et al., 2019). There were markedly fewer
SOX2-positive cells in the labial cervical loop epithelium of adult CEBPB—/— mouse incisors than in
wild-type animals(Saito et al., 2018). The suggestion is that CEBPB maintains SOX 2-positive OESCs
in the labial cervical loop epithelium during postnatal life.

For tooth formation to occur, odontogenic epithelial cells and mesenchymal cells are necessary.
Odontogenic epithelial stem cells are differentiated from one of the tissue stem cells, enamel epithelial
stem cells. Meanwhile, odontogenic mesenchymal cells are differentiated from odontogenic epithelial
cells by epithelial-mesenchymal transition(Takahashi et al., 2020). CEBPB is, therefore, involved in
maintaining the stemness of odontogenic epithelial stem cells and suppressing epithelial-mesenchymal
transition (EMT)(Saito et al., 2018).

One plausible mechanism for de novo whole tooth formation involves targeting odontogenic epithelial
stem cells by administering, for instance, a small molecule CEBPB. Ectomesenchymal abrogation of
CEBPB can lead OESCs to differentiate into odontoblasts by loss of stemness and EMT and regenerate
supernumerary teeth(Takahashi et al., 2020).

Targeted molecular therapy to stimulate the third is attractive for several reasons: the third dentition
appears to be after birth which in essence means that it would be formed directly in the mouth, it takes
that same amount of time to develop as a permanent tooth and can therefore erupt after permanent teeth

eruption.

3.3 Conclusion

The "holy grail" of regenerative dentistry is the ability of a missing tooth to be replaced by a whole new

tooth(Sharpe, 2020). Clues from polyphyodont research may soon narrow the gap in understanding why
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humans no longer have continuous tooth replacement capacity. Dental TE has certainly come a long
way over the decades, but despite the advancements made in tooth bioengineering, researchers need to
identify a way to restore embryonic-like properties to more accessible adult stem cells(Sharpe, 2020).
The progress in TE research is primarily based on in vitro and in vivo studies. Future clinical translation
is needed to move this research forward. Important considerations remain, such as creating a tooth of a
predetermined size, shape and shade that is fully vascularized and innervated and which, like natural
teeth, provides masticatory function. Targeted molecular therapy is promising; however, further studies
investigating its safety for use in humans will need to be thoroughly investigated. It's time for dentistry
to evolve using biology-based therapies, much like medicine. While this thesis chapter focuses on whole
tooth regeneration, undoubtedly of equal importance, the need to regenerate individual dental tissues

that can be clinically translated is even more urgent.
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4. EXPERIMENTAL REJUVENATION STUDY

4.1 Introduction

Cell-based therapies using adult or postnatal stem cells are a promising research direction with
optimistic results. Adult dental stem cells are obtained from mature tissue. Dental pulp stem cells taken
from aged persons compared to younger individuals have shown a decline in regenerative potential. In
fact, this reduced ability of the adult stem cell populations is one of the main contributors to ageing.
However, is it, in fact, aged individuals who are in most urgent need of regenerative therapies, an
obvious catch-22 situation.

Aged stem cells exhibit reduced responsiveness to tissue injury, reduced proliferative ability, and
functional decline, leading to reduced cell replacement and regenerative abilities. This age-dependent
decline in adult stem cell function results from telomere attrition, DNA damage, loss of proteostasis,
intracellular communication, mitochondrial dysfunction, cellular senescence, nutrient sensing,
epigenetic alteration, and stem cell exhaustion over time(Lopez-Otin et al., 2013).

A recent review eloquently details the strategies to rejuvenate aged stem cells(Neves et al., 2017a).
Strategies to rejuvenate aged stem cells can be mainly divided into those that aim to modify their
intrinsic mechanisms or extrinsic mechanisms. Intrinsic mechanisms in aged stem cells include
targeting signalling pathways, repressing cell cycle inhibitors, reversing DNA damage or intervening
with epigenetic modifications. Extrinsic mechanisms modify the stem cell niche or its systemic
microenvironment. The niche describes any cell, tissue or ECM that resides in close proximity or direct
contact with the stem cell population(Neves et al., 2017b). Altering the systemic environment may
involve the use of soluble factors such as signalling ligands, hormones, growth factors etc.

One rejuvenation strategy is derived from a growing body of evidence suggesting that it’s not the actual
stem cells, but in fact, the paracrine factors released by the stem cell into the microenvironment are
largely responsible for its regenerative properties(Conboy et al., 2005)(Fu et al., 2017). Paracrine
factors or the secretome are the collective terms used for the stem cell’s release of growth factors,
cytokines, exosomes, and other micro-vesicles (Conboy et al., 2005). The conditioned medium (CM)
derived from mesenchymal stem cells (MSCs) can be used both in vitro and in vivo to test specific
paracrine effects(Danieli et al., 2016).

Numerous studies have shown the beneficial effects of CM from dental MSCs on many diseases
affecting the aged population, such as cardiac lesions, diabetic disorders, dental diseases, hair loss, liver
diseases, neurological disorders, pulmonary lesions, and immunity disorders(Chouaib et al., 2022).

More pertinently, this systematic review identified that the donor age range in most studies was between
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14 to 30 years old, i.e., most of the studies utilized CM from young mesenchymal stem cells(Chouaib
etal., 2022).

Only a few studies have shown that aged MSCs can be rejuvenated following exposure to the CM of
young mesenchymal stem cells(Bhandi et al., 2021)(Ma et al., 2009)(Conboy et al., 2005). In this study,
we aim to investigate a rejuvenation strategy for improving the suboptimal performance of aged adult
human dental stem cells by using the CM of young dental pulp stem cells, thereby enhancing stem cell

tissue repair and regeneration potential.

4.2 Material and Methods
4.2.1 Isolation and culture of hDPSCs

In collaboration with the Odontostomatological and Special Surgery Unit, Ospedali Riuniti of Ancona,
dental pulp (DP) was isolated from the extracted intact third molars of 12 systemically healthy
individuals gender matching (mean age, 43 years; range, 20—-64 years) by following approval by the
Local Ethics Committee. All patients voluntarily agreed to participate in the trial and provided verbal
informed consent. Samples were divided into two: group young (21 years; 20-23 years) and group old
(64 years; 62—66 years). Extracted molars were stored in Dulbecco’s Modified Eagle’s Medium F12
(DMEM/F12) supplemented with 10% Fetal Bovine Serum (FBS), 2% penicillin/streptomycin (p/s) for
24 hrs before the removal of the pulp. The tooth was gently wiped with a tissue soaked in 70% ethanol
at the pulp extraction stage. All attached soft tissues were scraped off with a scalpel. The tooth was
wrapped into previously sterilized aluminum foil, fixed in place screw clamp and mechanically
broken. With careful manipulation, the pulp was gently isolated with a dental hand instrument called an
excavator and minced into smaller pieces.

Cells were isolated from the dental pulp of the extracted teeth, as described in the previous
study(Gronthos et al., 2000). Briefly, tissue was removed and immersed in the digestive solution (3
mg/ml type I collagenase and 4 mg/ml dispase) for 1 hr at 37°C, then filtered by 70-um cell strainers
to exclude the non-digested tissue. Following centrifugation at 1500rpm for 10 mins, hDPSCs
suspension was obtained. Cells were plated in T25 flasks and cultured in a complete culture medium
DMEM/F12 with 10% fetal bovine serum (FBS) and 1% p/s at 37°C and 5% CO». The medium was
refreshed every 2 or 3 days. hDPSCs from young donors (YDPSCs) and hDPSCs from old donors
(ODPSCs) between passages 3—5 were used to avoid cell behavioural changes related to prolonged

culture, such as senescence in vitro. For each experiment, the same passages of YDPSCs and ODPSCs
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were used. hDPSCs were observed under Nikon Eclipse E600 light microscope to evaluate

their morphologic appearance.

4.2.2 Characterization of hDPSCs

Surface marker profiles of hDPSCs were evaluated using flow cytometry. 2.5 x 10* cells of each
YDPSCs and ODPSCs were stained with antibodies to CD90, CD105, CD34, CD73, and HLA-DR
(Immuno Tools Friesoythe, Germany) and appropriate isotype controls as per the manufacturer’s
instructions. For isotype controls, the primary antibodies were used instead of FITC- or PE-coupled
nonspecific mouse immunoglobulin G. Analysis was performed using FACSCalibur flow cytometry
system (BD Italia, Milan, Italy) and the FCS Express 6 Plus software (De Novo Software, Glendale,
USA).

4.2.3 Alizarin Red Staining, Oil Red O staining and Alcian Blue Stain Assays

For adipogenic differentiation, 10* cells/cm? were seeded in two-well Lab-Tek® Chamber Slide and
induced using the STEM- PRO® Adipogenesis Kit (Gibco life technologies, Grand Island, NY) for 2
weeks. The medium was changed twice a week. Next, cells were fixed in 4% PFA and exposed to Oil
Red O solution (0.5% in 100% isopropyl alcohol) for 30 min at room temperature. Oil Red O dye was
eluted with 60%, isopropanol further washed in dH>O, and counterstained with haematoxylin.
Immediately after, the cells were observed under a light microscope and counted.

For osteogenesis, cells were seeded at a density of 1.5 x 10° cells/cm? in two-well Lab-Tek® II Chamber
Slide and grown in STEMPRO® osteogenesis medium for 3 weeks, changing the medium twice a week.
Alkaline phosphatase (ALP) staining was performed after 7 days by incubating cells with a solution of
5- bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) alkaline-phosphate
substrate (Sigma-Aldrich) in 100 mM Tris-HCI (pH 9.5), 100 mM NaCl, 10 mM MgCl. buffer for 1 hr
at RT, and rinsed in dH>O. After 3 weeks, mineralization was assessed by Alizarin Red S (ARS) staining
(Sigma-Aldrich). Briefly, cells were fixed with 4% PFA in PBS for 10 min, incubated with ARS for 30
min at RT, and washed in dH2O. The reaction was observed under Nikon Eclipse 600 light microscope.
ARS was destained with 10% cetylpyridinium chloride in 10 mM sodium phosphate for 60 min at RT
to quantify calcium mineral content. The concentration was quantified using a spectrophotometer at
540 nm (Secoman, Anthelie light, version 3.8; Contardi, Cesano Maderno, Italy). For chondrogenic

differentiation, aliquots of 10°® hDPSCs cells were suspended in 1 ml chondrogenic medium
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(STEMPRO® Chondrogenesis Kit. Gibco life technologies, Grand Island, NY). The cells were spun
down at 1200 rpm for 5 minutes, and the pellets were cultured for 2 weeks. The medium was changed
twice a week. Pellets were then fixed in 4% PFA, paraffin-embedded, and sectioned. Sections were
exposed to a solution of Alcian Blue (pH 1; Bio-Optica, Milano, Italy) for 30 min at RT and observed
under Nikon Eclipse 600 light microscope.

4.2.4 Production of DPSC-conditioned medium (DPSC-CM)

DPSCs (passages 3-5) were cultured in 25 cm? culture flasks in culture medium DMEM/F12 with 10%
FBS and 1% p/s at 37°C and 5% CO,. As previously described (Ma et al., 2009), the culture medium
of YDPSCs and ODPSCs, was first collected at 70% confluence, then subsequently replenished every
24 h until full confluence was reached. The experiment was repeated 20 times for collecting the
medium, and the average period for culture was 7 days. The collected supernatant was filtered through
a 0.22-pum Millipore filter (Carrigtwohill Co, Cork, Ireland), centrifuged at 2000g for 10 minutes and
finally mixed with an equal volume of fresh basal medium (dil. 1:1) and used as the conditioned medium
(CM) for DPSC culture. The basal medium was used as a control medium. The experiment was divided
into 4 groups: YDPSCs treated with CM of ODPSCs (YDPSCs-OCM), ODPSCs treated with CM of
YDPSCs (ODPSCs-YCM), YDPSCs replenished with basal medium (YDPSCs-DMEM/F12) and
ODPSCs replenished with basal medium (ODPSCs-DMEM/F12). Each group were observed under a
phase contrast microscope (Olympus Optical Co Ltd, Tokyo, Japan) to evaluate their morphologic

appearance.

4.2.5 Morphology and Intracellular structure in 4D live cell imaging

The morphology and subcellular structure of hDPSCs were observed in real-time through 4D live-cell
imaging with holotomographic microscopy (HTM) using the 3D Cell Explorer-Fluo (Nanolive,
Ecublens, Switzerland). 5 x10° hDPSCs at passage 3 were seeded onto p-Dishes 35 mm (Ibidi,
Grifelfing, Germany) and the cells were cultured until reaching 70% confluence. The test groups were
treated with the corresponding conditioned medium until reaching 50% confluence (generally 3 days
of treatment with conditioned medium) and incubated at 37°C in a CO,. Following treatment, the cells
were incubated for 24 hrs with a top-stage incubator (Okolab, Pozzuoli, Italy) at a temperature of 37
°C, humidity and CO2 of 5% were maintained throughout image acquisitions. The specifications of the
3D Cell Explorer-Fluo were set as follows: 60x air objective (NA = 0.8), medium Refractive Index

1.345, and images captured every 3 mins for 24 hrs. Live Cell Imaging Software STEVE (Nanolive,
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Ecublens, Switzerland), which controls the HTM microscope, was used to obtain RI volumes and
convert them into .tiff format.

The 3D RI volumes in .tiff format were then processed in batches within FIJI
(https://imagej.net/software/fiji/downloads) for performance purposes. Then 3D RI volumes were

transformed into 2D RI maps using maximum intensity projections and saved as .tiff files.

4.2.6 Western blotting analysis

The immunoblot determined expression levels of p21, caspase-3, p53 and iNOS analysis in all 4 groups.
Cells (3x10°) were cultured in a 6-well plate and treated with either conditioned or basal medium as
described above. Afterwards, all cells were pelleted and stored at -80°C. For Western Blotting analysis,
protein extraction from the cell pellets was performed by adding RIPA lysis buffer (Santa Cruz
Biotechnology, Dallas, TX, USA). The protein quantification was determined using DC protein assay
(Bio-Rad, Hercules, CA, USA). Electroblotting was performed using Wet Blotting System (XCell 11
Blot Module; Invitrogen, Waltham, MA, USA). Supernatant proteins (10 pg) were separated by using
Bolt™ 4-12% SDS-PAGE gel (Invitrogen) and transferred onto a 0.2 um nitrocellulose membrane.
Membranes were incubated overnight with primary antibodies anti-p21 (1:500, Santa Cruz
Biotechnology), anti-caspase-3 (1:500; Santa Cruz Biotechnology), anti-p53 (1:500; Santa Cruz
Biotechnology), anti-iNOS (1:500; Invitrogen) followed by incubation with a secondary antibody
conjugated to Horseradish peroxidase (HRP) (1:15,000; Bethyl Laboratories Inc., Montgomery, AL,
USA). The signals were captured using an Alliance Mini system (UVITEC, Cambridge, UK); the p21,
caspase-3, pS1 and iNOS bands were quantified using FIJI software. All protein expression levels were

normalized to the levels of the GAPDH (1:10000; Proteintech Group, Rosemont, IL, USA) protein

expression.

4.2.7 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted from the cells using the RNeasy Mini kit used according to the manufacturer’s
protocol (Qiagen GmbH). Total RNA was reverse transcribed into cDNA using the Transcriptor First
Strand cDNA Synthesis kit used according to the manufacturer’s protocol (Roche Diagnostics GmbH).
qRT-PCR reactions were carried out in triplicate. Threshold cycle values were quantified, and the

expression of each gene was normalized relative to that of reference genes.
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Real-time assays were performed by the Mastercycler RealPlex2 (Eppendorf GmbH) using SsoFastTM
EvaGreen Supermix 1x(Bio-Rad) in a final volume of 10 ul. All PCRs contained 1 pl of complementary
DNA. Primer sequences were designed by Primer 3 web (Primer3Web version 4.1.0, https://
primer3.ut.ee/), and their specificity was tested by BLAST to avoid appreciable homology to
pseudogenes or other unexpected targets. Every primer was used at 10 uM final concentration. In each
assay, the mRNA of both reference genes and each gene of interest were measured simultaneously
under identical conditions. The specificity of the PCR reactions was confirmed by melt curve analysis.
Each PCR assay comprised a single cycle at 95°C for 30 s for enzyme activation and 40 cycles of
denaturation at 95°C for 5 s, annealing, and extension at 60°C for 20 s.

Each assay was performed in triplicate, and threshold cycle (C;) values for reference genes were used
to normalize cellular mRNA data. In this instance, normalization involved the ratio of mRNA
concentrations for specific genes of interest (as mentioned above) to that corresponding to Ct medium
values for GAPDH and GUSB (Ragni et al., 2013). The amount of each mRNA was calculated using
the comparative Cymethod with AC;= C;(mRNA) — C; (GAPDH) or C(GUSB), and data were expressed
as gene relative expression (274¢Y). Moreover, to highlight the effect of ageing or material on cell
behaviour, the AAC; method for the evaluation of fold-change (2724¢") was used to compare values
obtained in cells of test groups with those of control groups (Livak and Schmittgen 2001). The
qPCR efficiency in all our experiments was more than 90%. The difference between the actual and
theoretical (100%) efficiencies would result in underestimating the mRNA concentration of all the

analysed samples. The oligonucleotide sequences for target genes are reported in Table 6.

4.2.8 Intracellular Reactive Oxygen Species (ROS) Generation

The generation of intracellular ROS in YDPSCs and ODPSCs after exposure to conditioned medium
was measured using DCFDA / H2DCFDA - Cellular ROS Assay Kit (Abcam, Cambridge, UK). Briefly,
1 x 10* hDPSCs cells were seeded into each well in a black bottom culture plate (96 well) and incubated
at 37°C in a COs. As described in section 2.2, the cells were cultured until reaching 70% confluence.
Then the test groups were treated with the corresponding conditioned medium until reading full
confluence (generally 3 days of treatment with conditioned medium). The culture plate was then washed
with PBS. 10-uM DCFH-DA was added to each well and incubated at 37°C. After 40 min of incubation,
the plate was washed, and the fluorescence intensity of dichlorofluorescein (DCF) was measured at
485-nm excitation and 520-nm emissions using the microplate reader Infinite 200 PRO (Tecan,

Mainnedorf, Switzerland). Data were represented as the percent of fluorescence intensity relative to the
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young control (YDPSCs-DMEM/F12). The experiment was performed at least three times and used

triplicate for each assay.

4.2.9 Immunofluorescence

hDPSCs were seeded at the density of 2.5 x 10* cells per well on two-well Lab-Tek® Chamber Slides
The TUNEL immunofluorescence assay was performed using the In Situ Cell Death Detection Kit
(Roche Diagnostics, Indianapolis, IN) according to the manufacturer’s protocol. To detect cell
proliferation, Ki67 antibody (Abcam, Cambridge, MA) was used on hDPSCs and countered with goat
anti-mouse FITC-conjugated secondary antibody (Bethyl Laboratories Inc.; dilution, 1:100) to locate
the primary Ab. The TUNEL and Ki67 data were quantified by using FIJI software on images captured
at 40X magnification, which counts the nuclei (DAPI staining) and the TUNEL and Ki67 positive cells
and calculates the percentage of proliferating cells to the total number of cells.

In all studies, nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI), and samples
were mounted using Vectashield® mounting medium (Vector Laboratories Inc, Burlingame, CA). For
negative controls, the primary antibody was replaced with nonimmune serum. Cells were observed with

a Nikon E600 fluorescence microscope (Milan, Italy).

4.2.10 Mitochondrial superoxide measurement

Mitochondrial superoxide production was evaluated by the mitosox red compound (Invitrogen). A
5 mM stock solution of Mitosox in DMSO was prepared. 3 x 10* hDPSCs/well of passage 3 were
seeded in a 96-well plate and incubated at 37°C in a CO». As described in section 2.2, the cells were
cultured until reaching 70% confluence; the test groups were then treated with the corresponding
conditioned medium until reaching full confluence (generally 3 days of treatment with conditioned
medium). 5 mM stock solution was diluted in sterile Hanks' Balanced Salt Solution (HBSS) at a final
concentration of 5 uM. All cells were washed with PBS and incubated with 5 pM Mitosox red for
10 min at 37 °C. After incubation, the plate was washed, and the fluorescence was measured at 510 nm
excitation and 580 nm emissions using the microplate reader Infinite 200 PRO (Tecan, Ménnedorf,

Switzerland). The experiment was performed at least three times and used triplicate for each assay.

58



4.2.11 Statistical analysis

Statistical analysis was performed by Prism 6 Software (GraphPad Software, La Jolla, CA). Mean, and
SD of all experiments was reported. Data were analysed by analysis of variance and Bonferroni’s T-

test. Statistical significance was tested at p < 0.05.

4.3 Results

4.3.1 Characterization of hDPSCs
hDPSCs at passage 3 were characterized by surface marker profiling. Both young hDPSCs and old

hDPSCs displayed positive expression of MSC markers CD90, CD105, and CD73 and negative

expression of the common hematopoietic markers CD14, CD34, CD19 and CD45 and HLA-DR

(Fig.11).
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Figure 11. Surface Marker Profiling determined by flow cytometry. (White plots indicate FITC and PE

negative controls).
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4.3.2 Effect of donor age on differentiation ability of hDPSCs

After culturing DPSCs in an osteogenic-inducing medium for 3 weeks, alizarin red staining and calcium
quantitation revealed that mineralization was more robust in the young hDPSCs than in the old hDPSCs
(Fig.12). We also compared the adipogenic differentiation potentials of DPSCs from different donors.
After induction with adipogenic medium for 2 weeks, the oil red staining and its quantitative analysis
revealed that young had more lipid deposits than old hDPSCs (Fig.12). Finally, after induction with
chondrogenic medium for 2 weeks, the quantitation analysis of Alcian blue staining revealed similar

amounts of proteoglycan production in both young hDPSCs and old hDPSCs (Fig.12).

CTRL Young hDPSCs Old hDPSCs

Alizarin Red Oil Red

Alcian Blue

Figure 12. Following exposure to differentiation medium young and old hDPSCs showed adipogenic
(right panels) differentiation as detected by oil red O staining (scale bars = 10 pm); osteoblastic
differentiation of hDPSCs as detected by ARS staining (scale bars = 50 um); chondrogenic
differentiation as detected by Alcian blue staining (scale bars = 50 um).

4.3.3 Effect of conditioned medium on the morphology of hDPSCs

Both young hDPSCs and old hDPSCs showed a spindle fibroblast-like shape typical of mesenchymal
stem cells. Old hDPSCs appeared slightly enlarged compared to young hDPSCs under the light
microscope (Fig.13). Cells incubated with CM did not differ in morphology compared to cells cultivated
in basal medium DMEM/ F12, i.e., treatment with CM does not alter the morphology of the stem cells.
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Figure 13. Phase contrast representative images displaying the morphology of a dental pulp stem cells’ colony

passage 3 of each group (scale bar 20um).

The morphology and intracellular structures of each group were observed by HTM microscopy. Here
4 videos are presented, which were used to observe, in 4D live cell imaging, the effect of conditioned
medium on the morphological changes (Fig.14). HTM microscopy revealed hDPSCs adhered to the
substrate with many thin plasmalemma processes, i.e., filopodia. Each cell contained spherical or
irregularly shaped large pale nuclei, which were frequently eccentrically located and with a large
amount of euchromatin. Each nucleus had an evident nucleolus or sometimes two or more nucleoli.
Numerous coated matrix vesicles (or scattered lysosome-like organelles) and granules of glycogen and
lipid droplets were observed. Nearby the nucleus, small, elongated mitochondria were positioned. The
hDPSCs in each of the 4 groups created and secreted vesicles approximately 0.5 um in diameter. There
were no major differences in morphology and intracellular structure between the 4 groups. The old
hDPSCs did not appear more enlarged compared to the young hDPSCs. Cultivating old DPSCs in young
CM did not alter its morphology and vice versa. One observation was that the young ctrl group
(YDPSCs-DMEM/F12) had a higher lipid droplet presence than the other 3 groups. DPSCs from young

donors also displayed greater mitotic activity compared to the old donors, regardless of whether they

61



were treated with CM. 2 mitotic divisions can be seen during the 24 hrs period in either YDPSCs-
DMEM/F12 and YDPSCs-OCM group, whereas 1 mitotic division can be seen in the same period in
both ODPSCs-DMEM/F12 and ODPSCs-YCM group.

YDPSCs-DMEM/F12 YDPSCs-OCM

ODPSCs-YCM

Figure 14. Captures extrapolated from long-term (24hrs) live imaging of human dental MSCs (scale
bars = 10 um).
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4.3.4 Effect of conditioned medium on the proliferative capacity of aged hDPSCs

A YDPSCs-DMEM/F12 YDPSCs-OCM ODPSCs-DMEM/F12 ODPSCs-YCM

Ki 67

Ki67

Positive cells (%)

K
&
&

Figure 15. (A)Immunofluorescence staining of Ki67 to test the effect of conditioned medium on

differently aged hDPSCs (scale bars = 25 um). (B) Quantification of Ki67-positive cell percentage (%).
*p < 0.05 versus group ctrl.

Aged hDPSCs exhibited a reduced proliferation ability compared to young hDPSCs (Fig.15).
Cultivating young cells in old CM caused a significant decrease in Ki67-positive cells. Conversely, the

addition of young conditioned medium slightly decreased the proliferative ability of old hDPSCs;

however, this finding was not significant.
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4.3.5 Effect of conditioned medium on apoptosis of aged hDPSCs

A YDPSCs-DMEM/F12 YDPSCs-OCM ODPSCs-DMEM/F12 ODPSCs-YCM
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Figure 16. (A) TUNEL staining normal and conditioned medium-treated hDPSCs (scale bars =25um) (B)
Quantification of TUNEL-positive cell percentage (%) (C) Caspase-3 expression assessed by Western blotting

analysis. *p < 0.05 versus group ctrl.

Young hDPSCs exhibited reduced apoptosis compared to young hDPSCs (Fig.16 A, B). Cultivating
YDPSCs in OCM significantly increased the number of cells positive for TUNEL staining. Conversely,
cultivating ODPSCs in YCM significantly decreased the number of cells positive for TUNEL staining.
The TUNEL staining results suggested that conditioned medium from YDPSCs could inhibit apoptosis
in ODPSCs. An abnormality in the TUNEL staining results was that 0% of cells were positive for
TUNEL staining, albeit a low percentage was expected. (Fig.16 A, B).

To further confirm apoptosis results, Western Blotting analysis for caspase-3 was performed (Fig.16
C); however, the effects of conditioned medium on apoptosis via TUNEL staining were inconsistent
with that of the caspase-3 Western Blotting analysis. The expression of proapoptotic marker caspase-3
was higher in the young control group (YDPSCs-DMEM/F12) compared to the young treatment group
(YDPSCs-OCM). The old control group displayed the lowest expression of caspase-3. Additionally,

64



the expression of caspase-3 in old hDPSCs increased with the addition of conditioned medium from

young hDPSCs. None of these results was statistically significant.

4.3.6 Effect of conditioned medium on senescence of hDPSCs

p21

0.000012

0.00001 pz 1

p21/GAPDH

Relative mRNA expression

p53

Relative mRNA expression
p53/GAPDH

Figure 17. (A) Relative gene expression of p21 (B) Western blot quantification of p21 (C) Relative
gene expression of p53 (D) Western blot quantification of p53. *p < 0.05 versus group ctrl.

The qRT-PCR analysis showed that p21 mRNA expression was upregulated with ageing (Fig. 17 A).
Similarly, p21 mRNA expression was upregulated in ODPSCs-YCM compared to its control group
ODPSCs-DMEM/F12(Fig. 17 A). No changes were found in p53 mRNA expression levels, for which
the results were not significant (Fig. 17 C). mRNA relative expression in hDPSCs for all 4 groups is

reported in Table 7.

On the contrary, Western Blotting analysis revealed that the expression of p21°P! and p53 was higher
in young hDPSCs than in old hDPSCs (Fig. 17 B, D). Treatment with young CM increased the
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expression of p21°P! and p53 in old hDPSCs. The results from both Western Blotting analyses were
not statistically significant.

Genes Primer Forward (5°->3’) Primer Reverse (5°->3’)
p21 AGGTGGACCTGGAGACTCTCAG TCCTCTTGGAGAAGATCAGCCG
p53 CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC

Gapdh* AAACGATTGCAGGGTTTCAC CTCTCGTCGGTGACTGTTCA

p21= Cyclin Dependent Kinase Inhibitor 1A; p53= tumor protein p53; Gapdh= glyceraldehyde-3-phosphatedehydrogenase. * Reference gene

Table 6. Analysed gene description.

YDPSCs-DMEM/F12 YDPSCs-OCM ODPSCs-DMEM/F12 ODPSCs-YCM

Mean SD Mean SD Mean SD Mean SD
p21 3.4E-06 6.2E-07 2.9E-06 3.4E-08 6.3E-06 1.2E-06 9.4E-06 6.4E-07
p53 7.5E-05 7.6E-06 8.0E-05 1.9E-05 1.0E-04 3.3E-05 1.1E-04 2.8E-05

Table 7. mRNA relative expression in hDPSCs for all 4 groups

4.3.7 Effect of conditioned medium on oxidative stress of aged hDPSCs

ROS Mitosox

iNOS

200 dekk

Generation of ROS
(% of young ctrl)

Generation of
mitochondrial superoxide
(% of young ctrl)

iNOS/GAPDH

Figure 18. DPSCs-CM inhibits oxidative in aged DPSCs. (A) Intracellular ROS levels were evaluated by DCFH-
DA (B) mitochondrial ROS levels by MitoSOX (C) inducible Nitric Oxide Synthase (iNOS) levels measured by

Western blotting. Values indicate the mean = SEM; n =3, "P < 0.05, P < 0.01, “"P < 0.001.
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The intracellular and mitochondrial ROS levels were evaluated by DCFH-DA and MitoSOX,
respectively (Fig. 18 A, B). The hDPSCs of young donors generated a significantly lower percentage
of ROS and mitochondrial superoxide compared to old donors. ROS and mitochondrial superoxide
production was significantly suppressed by the treatment of old hDPSCs with young CM, strongly
suggesting that the CM's factors can suppress oxidative stresses accumulated in aged hDPSCs.

We further performed a Western Blotting analysis of iNOS (Fig. 18 C); the results were consistent
with the results of DCFH-DA and MitoSOX but were also not statistically significant. hDPSCs of old
donors expressed higher levels of iNOS than young donors, and the treatment with young CM

decreased the expression of iNOS in old hDPSCs.

4.4 Discussion and Conclusion

To improve the suboptimal performance of aged adult dental stem cells, we attempted to cultivate aged
adult human dental pulp stem cells in the conditioned medium of young human dental pulp stem cells
and, in doing so, rejuvenate the aged adult stem cells using the factors and cytokines released into the
extrinsic microenvironment of the old human dental pulp stem cells.

A very recent article performed a comparative analysis of cytokines and growth factors found in the
conditioned media of stem cells from the pulp of deciduous, young, and old permanent tooth found the
conditioned medium of SHEDs and young DPSCs exhibit more growth factors and lesser pro-
inflammatory cytokines than old DPSCs (Bhandi et al., 2021). The influence of microenvironment
factors on different ages of DPSCs was previously investigated, whereby adult rat DPSCs were exposed
to the conditioned medium of juvenile DPSCs, and juvenile DPSCs were exposed to adult DPSC-CM
(Ma et al., 2009). In another study, parabiotic pairings between young and old mice were performed,
which enabled the skeletal muscle stem cells from old mice to be exposed to the serum of young mice
(Conboy et al., 2005). Taken together, these previous experiments suggest that there is the possibility
that aged MSCs can revert to a younger phenotype using the conditioned medium of the young MSCs;
however, no experiment has investigated aged adult human dental pulp cells rejuvenation potential after
exposure to the factors present in the conditioned medium of young adult human dental pulp cells.
The International Society for Cellular Therapy ( ISCT) position statement set out minimum criteria for
defining multipotent mesenchymal stromal cells in 2006: 1) Adherence to plastic in standard culture
conditions 2) Specific Surface Antigen expression Positive (= 95%) CD105, CD 73, CD 90 and
negative (<2%) CD45 CD34 CD14 or CD11b, CD79¢. or CD19 and HLA-DR 3 In vitro differentiation:
osteoblasts, adipocytes, chondroblasts (demonstrated by staining of in vitro cell culture)(Dominici et
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al., 2006). In 2013 and 2019, respectively, the ISCT updated the MSC definition to include (1) a
bioassay of immunosuppressive properties, (2) the tissue origin of cells, (3) use of stromal cell
nomenclature unless rigorous evidence for stemness is shown, and (4) including functional assays to
define the therapeutic mechanism of action (Viswanathan et al., 2019). By meeting the three minimum
criteria of the first position statement, we confirmed the successful isolation of a population of young
hDPSCs and old hDPSCs.

We found no differences in surface marker expression between old and young hDPSCs, both equally
displaying a positive expression of MSC markers and negative expression of hematopoietic markers,
which was in agreement with other studies which found no significant difference in surface marker
expression when comparing young and aged MSCs (Hung et al., 2022).

Under the light microscope, aged hDPSCs appear slightly enlarged compared to young donors.
However, more detailed 4D imaging using HTM microscopy revealed no marked differences in
morphology and intracellular structure. There appeared to be more lipid droplets in the young control
group ( YDPSCs-DMEMF/12) which was an anomaly in our findings as ageing is associated with
dysregulated lipid metabolism (Mutlu et al., 2021), and in general, senescent cells tend to have a higher
accumulation of lipid droplets in compared to proliferating cells (Chee et al., 2021).

There was a higher percentage of Ki67-positive cells in young hDPSCs than in aged hDPSCs implying
that hDPSCs isolated from the young donors showed a higher proliferation rate compared with those
from aged donors. This was consistent with age-related changes in other MSCs (Kretlow et al.,
2008)(Zaim et al., 2012)(Choudhery et al., 2014).

Our study also found that hDPSCs isolated from old donors displayed reduced osteogenic and
adipogenic differentiation potentials but similar chondrogenic potential compared to young donors.
There seem to be variations in the results on the effect of age on the differentiation ability of MSCs.
Differentiation of aged adipose-derived stromal stem cells becomes skewed, resulting in a tendency
towards enhanced adipogenesis and decreased osteogenesis (Kornicka et al., 2015). Investigation of the
effect of donor age on the differentiation capacities of periodontal ligament stem cells revealed a decline
in osteogenic and adipogenic differentiation with increasing age (J. Zhang et al., 2012). Another study
investigating dental pulp stem cells similarly found that increased donor age impaired osteogenic and
adipogenic differentiation potential but had no impact on chondrogenic differentiation potential (Yi et
al., 2017).

In investigating the effect of the conditioned medium of young hDPSCs on aged hDPSCs, we

investigated its effect on morphology, proliferation, apoptosis, cellular senescence and oxidative stress.
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Under the light microscope and more detailed 4D imaging using HTM microscopy revealed no marked
differences in morphology and intracellular structure between the groups treated with CM compared
with the groups where cells were cultivated only in basal medium DMEM/F12.

There was a higher percentage of Ki67-positive cells in young hDPSCs than in the aged, which was
coherent with the findings of HTM microscopy, whereby young hDPSCs showed a higher mitotic rate
than old hDPSCs in a defined period. Cultivating young cells in old CM caused a significant decrease
in the number of Ki67-positive cells. Conversely, the addition of young CM slightly decreased the
proliferative ability of old hDPSCs, but the difference was not significant. With respect to the
proliferative ability, the old CM seemed to contribute to the young cells acquiring a senescence
phenotype more than the young CM being able to rejuvenate the old DPSCs. YCM did not promote
cell proliferation compared to numerous studies which investigated the effects of CM on proliferation
(Pan et al., 2019)(S. Li et al., 2017)(Noverina et al., 2019). CM also displayed this proliferative effect
in studies investigating aged mesenchymal cells (Widowati et al., 2022).

We evaluated the influence of the CM on apoptosis in differently aged donor hDPSCs. Apoptosis can
occur through two major cell pathways: a receptor-mediated (extrinsic pathway) and a mitochondrial
(intrinsic) pathway. Caspase-3 is a downstream effector caspase in the intrinsic pathway.
Overwhelming evidence has demonstrated that CM from human MSCs inhibits apoptosis in various in
vivo and in vitro disease and injury models by suppressing the expression of caspase-3 via inhibiting
the mitochondria-dependent caspase-3 pathway (Ohta et al., 1997)(Timmers et al., 2008). It has already
been shown that human gingival mesenchymal stem cells-CM significantly decreased the expression
of pro-apoptotic protein caspase-3, inhibiting apoptosis in injured motor-neuron-like NSC-34 cells
(Rajan et al., 2017). Furthermore, Rajan et al. showed that the CM of human periodontal ligament stem
cells from multiple sclerosis patients inhibited apoptosis by significantly preventing caspase-3
expression (Rajan et al., 2016). However, in our study, the addition of the CM of the young donors
increased the expression of caspase-3 in the aged donors, thereby increasing apoptosis.

On the other hand, aged hDPSCs displayed a higher percentage of TUNEL-positive apoptotic cells than
young hDPSCs. The addition of young CM to aged hDPSCs indicated a significant decrease in the
number of apoptotic cells. In summary, the young conditioned medium increased caspase-3 expression
but conversely decreased the number of TUNEL-positive cells. The data on the effect of CM from
young hDPSCs on aged hDPSCs on apoptosis seemed contradictory.

One of the most common hallmarks of apoptosis is DNA fragmentation analyzed by TUNEL assay.
Our findings indicated that the addition of young CM to aged hDPSCs showed a significant decrease
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in the number of apoptotic bodies via TUNEL staining. However, the differences in caspase-3 activation
between the treatment and control groups were not significant. Despite caspases being crucial mediators
of apoptosis, there have now been several published reports which provide evidence that caspases may
not control the cellular commitment to programmed cell death in all cells(Okuno et al., 1998)(Ohta et
al., 1997). A recent study found that conditioned medium from MSCs improves graft contractility after
transplantation in brain-dead donor hearts (Korkmaz-Ic6z et al., 2020). This study similarly found that
CM from MSCs was able to decrease the DNA strands present in the donor's heart, but there were no
differences in caspase-3 expression among the experimental groups, postulating that CM worked
through a caspase-independent pathway. Our results demonstrated that young CM decreased caspase-
independent nuclear DNA fragmentation in aged hDPSCs.

One of the most widely studied pathways involved in regulating cellular senescence is the
p53/p21°P! pathway. Several internal or external stress factors initiate the DNA-damage response
(DDR) pathway, triggering the pathway. These stressors trigger DNA damage and transactivate p53
and p21°P!, Moreover, p21°P! protein levels may lead to the inhibition of cyclin D kinase Cdk4/6
activity, contributing to the G1 arrest or senescence (Hobson et al., 2019). In our study, we also aimed
to investigate the effect of the CM on senescence in aged hDPSCs.

The qRT-PCR analysis showed that p21 mRNA expression was upregulated with ageing. However,
p21 mRNA expression was upregulated in ODPSCs-YCM compared to its control group ODPSCs-
DMEM/F12. No significant difference was found in p5S3 mRNA expression levels. Western Blotting
analysis revealed that the expression of both p21 and p53 was higher in young hDPSCs than in old
hDPSCs. Interestingly, similar to qRT-PCR analysis, treatment with young CM increased the
expression of p21 and p53 in old hDPSCs, but no significant difference in expression between either
control or treatment groups was found. Our findings were inconsistent with other studies whereby
treatment of cells with MSC-CM significantly reduced the expression of p53 and p21. (S. Li et al.,
2017). In summary, our findings revealed the factors secreted by the young CM could not reverse the
old hDPSCs aged phenotype in relation to its expression of markers p53 and p21.

Reactive oxygen species (ROS) play an important role in ageing and age-related diseases. CM-
H2DCFDA has been used extensively to measure cellular H2O> and other ROS, but it does not measure
superoxide directly [(Rajan et al., 2016)]. MitoSOX red is a selective indicator of mitochondrial
superoxide. MitoSOX red is selectively targeted to mitochondria and can compete efficiently with
superoxide dismutase (SOD) for superoxide (Liu & Schubert, 2009). Treatment of aged hDPSCS with
YCM protected aged hDPSCS from oxidative stress, as evidenced by significantly reduced ROS and
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superoxide generation. This result can be corroborated by numerous previous studies which looked at
the antiaging effect of CM on ROS generation(B. Sun et al., 2023)(Sohn et al., 2018)(Khanh et al.,
2020)(S. Li et al., 2017). Notably, using the CM derived from young hDPSCs can be useful for the
improvement of elderly stem cell functions by inhibiting ROS elevation.

We attempted to corroborate our results with a Western Blotting analysis of the oxidative stress marker,
inducible Nitric Oxide Synthase (iNOS). The results were consistent with the results of H2DCFDA and
Mitosox. hDPSCs of old donors expressed higher levels of iNOS than young donors, and the treatment
with YCM decreased the expression of iNOS in old hDPSCs. However, there was no significant
difference in expression between the control and treatment groups. Several studies investigating the
effect of CM from MSCs on inflammation and disease are in agreement with our findings (Chen et al.,
2018)(Cheng et al., 2017) (Rajan et al., 2017).

In conclusion, our data demonstrate that the CM of young hDPSCs may not rejuvenate aged hDPSCs
fully. The trophic factors secreted by the young CM exerted their rejuvenating effect via its anti-
oxidative potential in this study. YCM protected aged hDPSCs from oxidative stress, as evidenced by
significantly reduced ROS and superoxide generation. Our results demonstrated that young CM
decreased nuclear DNA fragmentation in aged hDPSCs via a caspase-independent pathway. The
antiproliferative and antisenescence effect of the conditioned medium from young hDPSCs was not

fully demonstrated in aged hDPSCs and will require future investigation.
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

Losing one or more natural teeth have been acknowledged as a serious life event. Medicine is grounded
in biology-based treatment options; however, dentistry remained stagnated, offering treatment options
that are inert synthetic and, above all, not based on biology. Regenerative dentistry is a branch of
research investigating the potential of replacing a missing tooth with a biologically created whole new
tooth(Sharpe, 2020). Clues from polyphyodont research may help us understand why humans can no
longer have continuous tooth replacement capacity. Dental TE has progressed over the decades, but
despite the advancements made, researchers still need to identify how to restore embryonic-like
properties to more accessible adult stem cells(Sharpe, 2020). Targeted molecular therapy is promising;
however, further studies investigating its safety for use in humans will need to be thoroughly
investigated. Most current strategies for whole tooth regeneration are based on stem cell therapy using
adult MSCs. It was previously believed that the regenerative effect of MSCs was due to the stem cell’s
ability to implant itself into diseased or damaged tissue. Research has changed gears, and the current
belief is that the secretome of MSCs is mainly responsible for their regenerative potential.

Given that the market for whole tooth regeneration will be majorly focused on aged adults who,
throughout their lifetime, have lost teeth for various reasons as opposed to children and young adults
who are less prone to having missing teeth, our study focused on the rejuvenation potential of the aged
adult human dental pulp stem cells. Our data demonstrated that the CM of young hDPSCs might not be
able to rejuvenate aged hDPSCs fully. In this study, the trophic factors secreted by the young CM
exerted their rejuvenating effect via its anti-oxidative and anti-apoptotic effect; however, it did not
demonstrate an antiproliferative or antisenescence effect of the conditioned medium from young donors
was not fully demonstrated. Future studies are needed to investigate the concentration of the trophic
factors present in the conditioned medium of aged hDPSCs and determine if pre-conditioning of the

conditioned medium would increase the rejuvenation potential of young hDPSCs.
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