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THE DENTAL PULP - BIOLOGY, PATHOLOGY AND REGENERATIVE
POTENTIAL

Summary

Today the field of endodontics has become an indispensable part of dentistry. The term
endodontics is derived from the Greek words “endo”, meaning inside and “odont”, meaning
tooth referring to treatments of pulp and root canal system located inside of the tooth. The
current treatment gold standard in endodontics is root canal treatment including partial or total

removal of the pulpal tissues followed by root canal obturation.

New findings in the fields of genetics, tissue engineering and stem cell research give reason to
believe that regeneration of the tissues which comprise the tooth pulp may be possible in the

future.

The aim of this thesis is to provide an overview of the research and therapeutic approaches of
regenerative strategies in endodontics. Current research advances, discussion approaches and
potential future clinical applications of these technologies in endodontics are presented. The
reader is equipped with the relevant knowledge to understand the basics of anatomy, pathology,

and regenerative treatment approaches in endodontics.

The recent research advances regarding endodontic regenerative therapies documented in
scientific literature are promising. However, the development of guidelines for the clinical
application has so far failed due to the lack of sufficient successful patient trials as well as
ethical and safety concerns. The technological complexity of such treatment approaches and
the associated costs for regenerative endodontic interventions indicate clear obstacles to a

timely and wide application of this desirable advance in endodontics.

Key words: endodontic therapy; regeneration; tissue engineering



ZUBNA PULPA - BIOLOGIJA, PATOLOGIJA I REGENERATIVNI POTENCIJAL
Sazetak

Danas je podrucje endodoncije neizostavan dio stomatologije. Rije¢ endodoncija izvedena je iz
grckih rijeci "endo", Sto znaci 'unutar' i "odont", S§to znaci 'zub'. Pojam se odnosi na tretmane
lijecenja pulpe i sustava korijenskih kanala koji se nalaze unutar zuba. Trenutno zlatni standard
lije¢enja u endodonciji podrazumjeva lijeCenje korijenskih kanala ukljucujuéi djelomicno ili
potpuno uklanjanje pulpnog tkiva nakon ¢ega slijedi obturacija odnosno punjenje korijenskih
kanala.

Nova otkrica i istrazivanja iz podrucja genetike, tkivnog inzenjerstvu te istrazivanja mati¢nih
stanica daju nadu za mogucu regeneraciju tkiva koja ¢ine zubnu pulpu u buduénosti.

Cilj ovog rada je dati pregled istrazivanja, terapijskih pristupa i regenerativnih strategija u
endodonciji. Prikazan je trenutani napredak u istrazivanjima, znacajne diskusije u tom
podrudju i potencijalna buduéa klini¢ka primjena ovih tehnologija u endodonciji. Citatelj je
opskrbljen relevantnim spoznajama bitnim za razumijevanje osnova anatomije, patologije i
regenerativnih pristupa lijecenju u endodonciji.

Nedavna istraZzivanja u vezi s endodontskim regenerativnim terapijama dokumentirana u
znanstvenoj literaturi obe¢avaju mnogo i vrlo su optimisti¢na. Medutim, smjernice za klinicku
primjenu nisu jos uvijek dostupne zbog nedovoljnog broja uspjesnih ispitivanja na pacijentima,
kao i zbog etickih i sigurnosnih pitanja. TehnoloSka slozenost takvih pristupa lijecenja i
povezani troSkovi regenerativnih endodontskih intervencija ukazuju jasno na prepreke

pravodobnoj i $irokoj primjeni ovog pozeljnog napretka u endodonciji.

Kljuéne rijeci: endodontska terapija; regeneracija; tkivno inZenjerstvo
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BMP Bone morphogenetic protein

CRISPR-Cas9 clustered regular interspaced short palindromic repeats
DPSC dental pulp stem cells

EDTA Ethylenediamine tetraacetic acid
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PDLSC Periodontal ligament stem cells

PRF Platelet-rich fibrin
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1. INTRODUCTION
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Currently, the most common treatment for diseases of the endodontic system of the teeth is
pulpectomy or pulpotomy, that is, the complete or partial removal of the pulp, depending on the
severity of the disease, followed by disinfection and obturation of the endodontic system.
Although this approach has proven effective in relieving patients' symptoms, it is only a
reparative approach. Current research with two main focusses — tissue engineering and stem

cell research — shows that regeneration of the dental pulp could be possible in the future (1).
1.1. Definition of Tissue Engineering

“Tissue Engineering” deals with the artificial building of tissues. In most cases, cells are
harvested from the patient, proliferated in vitro under controlled conditions, and then
reimplanted with a structural framework to replace damaged tissue. In the field of dentistry,
research focuses on the use of stem cells to regenerate the dental pulp. Further investigations

are underway, aiming to regenerate the whole tooth and its supporting structures (2,3).
1.2. Definition of Stem Cell Therapy

Stem cell therapy comprises all treatment procedures in which stem cells are a vital component

of the therapy. The longest practiced form of stem cell therapy is the treatment of leukemia.

In the 1990s, many more stem cells were discovered and isolated. Stem cells can be obtained
from both embryonic and adult tissues. Embryonic stem cells are pluripotent, adult stem cells
are multipotent, meaning they have a decreased differentiation potential. Research focuses on

the factors that allow for the differentiation of stem cells into specific tissue types.

For ethical reasons, the development of stem cell research, especially regarding the use of
embryonic stem cells, has been repeatedly delayed and banned in several countries around the
world. As current research focuses more on the use of adult stem cells, it is to be hoped that a

variety of treatment options will nonetheless emerge in the future (4,5).

1.3. Aim

The focus of this work is to provide an overview of the developing regenerative therapies in the
field of endodontics with a focus on tissue engineering and stem cell therapy.

Initially the description of the structure and development process of the dentinopulpal complex
is explained. Further, the pathogenic influences affecting the pulp are described and the
structures and mechanisms by which teeth are protected against damage are clarified. Following
this, current clinical trends, research advances and future applications of regenerative therapies

are critically analyzed and considered in terms of their clinical applicability and potential risks.
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2. STRUCTURE AND HISTOLOGY OF THE PULP
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The dental pulp is situated inside the pulp chamber, centrally located inside the tooth, and
protected by encapsulating layers of dentin, cementum and enamel. In histological sections
different layers of the “dentin-pulp complex” can be distinguished, namely the dentin layer,
predentin layer, odontoblast layer, the subodontoblastic layer which can be divided into the cell

free and cell rich zone and the pulp proper (6).

The dentinopulpal complex constitutes the functional unity of both tissues and comprises highly
mineralized dentin, which provides protection against outside stimuli, and the pulp situated
inside the dentin, which provides nutrients and innervation to the dentin. Further the pulp keeps

the tooth vital, thereby enabling it to adapt to external influences and fend off infections (7).
2.1. The dentin layer

The dentin layer is positioned subjacent to the enamel coronally or cementum in the radicular
area. It forms the bulk of the tooth’s structure. The dentin layer has a specific outer zone in the
coronal area, called “mantle dentin”. It is 15-30 nm thick and has sparse tubules interspaced in
its structure. It is less mineralized enabling it to dissipate forces acting on the enamel above to
prevent potential enamel cracks. Below the mantle dentin is the “circumpulpal dentin” which
constitutes the bulk of the dentin mass. It is interspersed with canals, called “dentin tubules”.
The tubules extend all the way through the circumpulpal dentin and reach the odontoblastic
layer. The dentin between its tubules is called intertubular dentin and makes up most of the
dentin mass. The tubular lumen is lined with peritubular dentin and houses the odontoblastic
processes, which secrete dentin and extend from the odontoblasts’ cell bodies. Further, the
tubular fluid fills the space between odontoblastic processes and peritubular dentin and is

associated with the sensation of pain (8).
2.2. The predentin layer

The predentin layer is an unmineralized matrix, 10 to 50 um thick, situated between dentin and
odontoblasts. Predentin is composed of collagen and is gradually mineralized to turn into dentin

by the integration of noncollagenous matrix proteins (9).
2.3.The odontoblast layer

The odontoblast layer is located directly subjacent to the predentin layer with the processes of
the odontoblasts extending through the predentin and partly through the dentin layer. Therefore,
only the cell bodies of the odontoblasts can be found in the odontoblast layer. Also, capillaries,

dendritic cells and nerve fibers are located among the odontoblasts. Odontoblasts in the young

4
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coronal potion of the pulp appear to be layered in 3-5 layers although there is only one layer of
cells present here. This appearance is caused by the differing height of the tall columnar form
of the odontoblasts at this stage, which causes their nuclei to be positioned at various levels;

therefore, the cells assume what is described as a palisade appearance.

Odontoblasts have intercellular spaces of 30 to 40 nm. Adjacent odontoblasts’ cell bodies are
connected by desmosomes, tight and gap junctions. Gap junctions are formed by connexin
proteins that permit cell-to-cell passage of signal molecules and further allow passage of
molecules to synchronize secretion activity and enable production of uniformly secreted
predentin layers. Desmosomes, in the apical portion of the cell bodies, mechanically anchor the
odontoblasts to each other. Tight junctions are mostly present apically in odontoblasts of young
teeth. They close off intercellular spaces and potentially determine the permeability of the
odontoblast layer of ions and molecules when dentin is covered by enamel or cementum.
Further, desmosomes and gap junctions join odontoblasts to fibroblast processes in the

subodontoblastic region (7,10).

There are more cells in the coronal area of the odontoblast layer than in the radicular area. In
the coronal area the cells obtain a columnar shape, while being more cuboidal in the midportion
of the radicular area and flattened squamous in appearance at the apical foramen. Changes in
shape here are thought to be caused by the presence of fewer dentinal tubules in the radicular
area compared to the coronal area, and therefore allow the cell bodies to spread out laterally,
resulting in a more flattened appearance (11). Continued secretion by the odontoblasts
throughout life causes narrowing of the pulp space. Therefore, crowding in the odontoblast
layer, especially in the coronal portion of the pulp, is inevitable and will lead to apoptosis of

several odontoblasts to account for the loss of space during development (7,12).
2.4.The subodontoblastic layer

The subodontoblastic layer is positioned directly below the odontoblastic layer in the pulp. It is
divided into two different zones with different histology. The first zone, immediately in contact
with the odontoblastic layer, is of approximately 40 nm in diameter and relatively free of cells.
Therefore, it was named “cell-free zone of Weil”. Albeit its name, there are several contents of

this layer, namely traversing capillaries, unmyelinated nerve fibers and cytoplasmic processes

of fibroblasts (7).

Previously, different authors labelled the cell-free zone as a fixation artifact (6). This might not

be the case and studies suggested that the presence of the cell-free zone depends on the

5
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functional and developmental state of the pulp. Since odontoblasts may move towards the pulp
during development and later to a limited extent during secretion of dentin as well. Therefore,
the absence of the cell-free zone might be explained by odontoblasts that filled the space during
their function with dentin or occupy the space themselves while moving continuously further

towards the center of the pulp (7,13).

Subjacent to the cell free zone, resides the “cell-rich zone”. It contains a large number of
fibroblasts, immune cells like macrophages and dendritic cells, undifferentiated mesenchymal

stem cells and capillaries, which arise from blood vessels deeper in the pulp.

It has been proposed that, around eruption of the teeth, the migration of the cell populations that
stem from the central pulp region towards the periphery caused the formation of the cell-rich
zone. Antigenic challenge has been shown to cause movement of immune cells to and from the
cell-rich zone. Therefore, migration of the tooth into the oral cavity via eruption might symbol
such an antigenic challenge, justifying migration of cells and development of the cell-rich zone

(7,14,15).
2.5. The pulp

The pulp proper is the most central area of the pulp and constitutes the mass of the pulp. It is
largely composed of connective tissues, blood vessels and nerves. It harbors numerous cells,
albeit not as densely packed as in the cell-rich zone. Like the cell-rich zone it contains
fibroblasts, which make up the majority of the cells here, and undifferentiated mesenchymal
stem cells. In addition, many immune cells can be found in the pulp proper, namely
macrophages, dendritic cells, mast cells, neutrophils, eosinophils, basophils, lymphocytes and

monocytes. The numbers of these immune cells rise during inflammatory processes in the area.

The blood vessels that supply the pulp originate from the superior and inferior alveolar arteries,
which enter through the apical foramen of the root or through lateral and accessory openings
(7,16). Upon entering the root apex, these arteries branch into smaller arterioles and ascend
upward, running in the central area of the radicular pulp. These arterioles give off lateral
branches towards the odontoblast layer, which ramify and form capillary fishnet-like plexuses.
In the coronal area the arterioles spread out towards the dentin and form a dense network of

capillaries, which supplies the odontoblasts there (17,18).

The blood flow in these capillary networks is twice as high in the coronal segment compared

to the radicular area, and highest overall in the pulp horns (19).
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3. DEVELOPMENT OF TOOTH AND PULP
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To understand the development of the teeth and their pulps we must first dive into the topic of

embryology, so that we are able to understand the interplay of the involved tissues.
3.1. Embryonal development of the face

Initially the fertilized ovum undergoes rapid cell division to form the morula, which organizes
itself into the blastocyst. In the second week of the development the blastocyst differentiates
into a bilaminar disc which is divided into epiblast and hypoblast. In the third week, during
gastrulation, cells from the epiblast migrate inward through the primitive streak and give rise
to the three germ layers ectoderm, mesoderm and endoderm. These layers will eventually give
rise to all the tissues in the human body. Afterwards, during and after the third week in utero,

the neurulation starts and forms the neural crest cells which play a significant role later (20).

Fast forwarding to the fourth week of intrauterine development, we can already differentiate
several structures of the embryo. In the sagittal section we can appreciate the primitive mouth,
termed ““stomatodeum” or “stomodeum”, which represents the area of greatest interest for our

understanding regarding the teeth (9,21,22).
3.2. Embryonal development of teeth and pulp

In the sixth intrauterine week, the stomodeum is lined with primitive oral epithelium.
Underneath this is a layer of connective tissue into which neural crest cells have migrated from
their ectodermal origin. This tissue is therefore called ectomesenchyme. The process of the
development of the teeth and their pulps can be described as an intricate interplay between this

primitive oral epithelium and the ectomesenchymal cells.
3.2.1. Initiation of tooth development

This complex process begins around day thirty-seven, in the sixth week of intrauterine
development. Initially the basal cells of the oral epithelium start proliferating into the
underlying ectomesenchyme. There they form two continuous bands of epithelium. One in the
space where the maxilla will eventually be located and another where the mandible will form
later. These epithelial proliferations, which are termed “primary epithelial bands”, are located
between the tongue, that forms on one side, and the tissues that differentiate into the cheek and

lip on the other side.

The horseshoe-shaped primary epithelial bands bifurcate to first form an inner process, called
“dental lamina” located towards the tongue, and shortly after an outer process, called "vestibular

lamina” towards the side of cheek and lip. The vestibular lamina will give rise to the oral

8
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vestibule by quickly proliferating and growing deeper into the underlying tissue, followed by
the degeneration of the cells in the center of this proliferation, which leave behind a furrow.
This furrow marks the oral vestibule, the area between the tooth bearing area on one side and

the lip and cheek on the other side.

On the other hand, the teeth will originate from the dental lamina. This process starts with the
dental lamina displaying localized growths of cells, termed “dental placodes”. The upper and
lower dental lamina will each give rise to ten placodes, which correspond to the deciduous teeth
later. The permanent teeth develop from lingually positioned outgrowths, called “successional
laminae”, which are associated with these 20 initial placodes respectively. The permanent
molars, however, do not have respective predecessors in the deciduous dentition and therefore
develop in a different way. To give rise to the dental placodes of the permanent molars the dental
laminae grow longer distally, and then delve posteriorly into the ectomesenchymal tissue below.

This posterior expansion of the tissue then forms the placodes of the permanent molars (23).
3.2.2. Bud stage, cap stage and bell stage

The following development from the dental placode to the complete tooth is a continuous
process but has been broken down to several phases, termed bud, cap and bell stage. These
names refer to the morphology that is assumed by the cells of the oral epithelium in respective

stages of development.

The further differentiation of the dental placodes starts in the eighth week with the oral
epithelium proliferating and invaginating into the underlying ectomesenchymal tissue to then
assume the shape of a bud. This tooth bud consists of central polygonal cells and low columnar
cells in its periphery. Furthermore, the ectomesenchyme subjacent to the tooth bud will become

more condensed in its cellular structure.

In the ninth week, the bud will undergo morphological transformation caused by an unequal
rate of cell proliferation. This will lead to the formation of an invagination in the central part of
the bud which will thereby assume a different appearance that is termed cap or cap stage.
Furthermore, the cells of the cap are now referred to as enamel organ, since they will eventually
give rise to the enamel. Additionally, the condensation of ectomesenchymal cells below the
enamel organ will be termed dental papilla and will give rise to the dentin and pulp of the tooth.
Moreover, the cells surrounding the dental papilla and enclosing the enamel organ are termed
dental follicle and differentiate into the periodontal ligament and participate in the development

of cementum and alveolar bone. The inner enamel epithelium is constituted of short columnar

9
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cells lining the enamel organ towards the dental papilla, while the low cuboidal cells lining its

periphery are termed outer enamel epithelium.

In the transition from cap to bell stage, the central cells between inner and outer enamel
epithelium will secrete hydrophilic glycosaminoglycans, which attract water into their
extracellular compartments. The central cells will thereby become pushed apart, only remaining
connected by their desmosomal junctions, which gives them a star-shaped appearance, hence
this cell group is called stellate reticulum. Enamel knots form as dense nondividing collection
of cells above the inner enamel epithelium and function as signaling centers and determine the

shape of the tooth crown.

Continuing growth of the cap leads to yet another shape of the enamel organ around the 11%

week of development, which is called bell or bell stage. Early in the bell stage
histodifferentiation and morphodifferentiation take place. Histodifferentiation describes
processes, in which cells of the dental papilla are induced by the inner enamel epithelium to
differentiate into odontoblast and the cells of the inner enamel epithelium themselves
differentiate into ameloblasts. Morphodifferentiation refers to the determination of the tooth
shape. The stratum intermedium, a layer of cells that develops in between the stellate reticulum

and inner enamel epithelium, is important in enamel production.
3.2.3. Development of enamel and dentin

Later in the bell stage, the dental lamina will undergo degeneration and leave behind the cell

rests of Serres (24).

Further the ameloblasts and odontoblasts will start to form enamel and dentin. Then the stellate
reticulum will collapse. When the formation of dentin and enamel reaches the cervical loop, the
area where inner and outer enamel epithelium meet, a two-cell layer called Hertwig’s epithelial
root sheath, is formed. This extension of the outer and inner enamel epithelium grows into the
underlying ectomesenchyme and separates dental papilla and dental follicle. It extends further
to correspond to the later shape of the root, leaving only a small apical space, the epithelial
diaphragm, which eventually constitutes the apical foramen. Hertwig’s epithelial root sheath
induces neighboring cells of the dental papilla to differentiate into odontoblasts, which lay down
dentin of the root. Afterwards the root sheath degrades and leaves behind remnants, called cell
rests of Malassez. Subsequently after degradation of the root sheath, the cells of the dental
follicle will contact the newly formed root dentin, which causes them to develop into

cementoblasts and lay down cementum on the outer side of the root (9).

10
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4. PATHOLOGY OF THE PULP AND ITS REACTION TO OUTSIDE STIMULI
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The aim of this chapter it to understand the outside stimuli (e.g. caries, dental materials) and

how the dentinopulpal complex reacts to these insults.

Since caries is the most prevalent cause of major insult to the tooth structure, it will be the major

concern of this paragraph.

Teeth, in comparison to other tissues that are derived from the ectoderm (e.g. skin), are of a
non-shedding nature and therefore are faced with different challenges regarding the fight

against microorganisms that colonize their surface.

We know today that the oral cavity is inhabited by many different bacterial species, some
beneficial and some detrimental to the health of the oral cavity and the body as a whole
organism. There are a few bacterial species that are especially harmful to the tooth structure,

since they drive the process of caries development, hence we call them cariogenic bacteria (25).
4.1. Demineralization by cariogenic bacteria

The group of cariogenic bacteria is mainly constituted by two distinct species: the lactobacilli
and mutans streptococci. The detrimental effect of these bacteria is caused by their capacity to
break down hard tooth structure, which is due to the organic acids these species produce as
byproducts during metabolization of carbohydrates. Carbohydrates are readily available to
these bacteria since they are found in abundance in our modern diet. Organic acids like lactic
acid and acetic acid are capable of demineralizing dental hard tissues. The process of
demineralization is brought about by the shifting equilibrium of the oral milieu to become more
acidic in nature, caused by increased amounts of acidic metabolic byproducts of said cariogenic
bacteria. This will in turn cause the loss of important minerals from enamel and dentin and
thereby continuously weaken its structure, thereby making the dental structures more easily

prone to further physical breakdown and degradation (26).

On one side of this equation symbolizing the challenge of caries, we have the cariogenic
bacteria and sugar-rich diet contents. On the other side, trying to balance out these harmful
stimuli is our saliva, which has proven important in counteracting the effects of said cariogenic
bacteria. It contains antibacterial compounds and serves as a buffer system with the capacity to
keep the pH of the saliva at a moderate level (pH 6.5 — 7). It must balance out the acidic contents
that our diet and the fermentation of carbohydrates by cariogenic bacteria introduce into the
oral cavity. If this balance is disturbed and the pH of the saliva tilts too far into the acidic

direction, demineralization occurs.

12
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To prevent demineralization, the saliva provides a solution saturated with minerals important
for enamel and dentin structure, which are, if they pH is neutral, integrated into the tooth
structure and hereby promote remineralization. Caries develops due to repeated cycles of
demineralization, which occurs several times a day whenever the pH decreases too far. In the
same manner does remineralization occur if the pH is adequate and minerals are available in

the solution of the saliva to be incorporated into the dental structures (26).

Ecological Plague Hypothesis - dental caries
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Figure 1 shows the effect of the acid-base balance in the oral cavity
on the dental hard tissues, which result in demineralization (27)
[source: Wikicommons; CCO - public domain image]

Moreover, the accumulation of microorganisms on the tooth surface leads to the formation of
plaque, which makes it harder for the saliva to bathe the tooth surface in its buffering and
mineral providing solution. Another problem is that the presence of plaque on the teeth protects
the microorganisms inside the plaque and prevents the saliva from properly cleaning and
washing away leftover dietary contents and microorganisms, so that the acids produced by the
cariogenic bacteria stay in contact with the tooth’s surface longer and hereby lead to increased

damage (28).
4.2. Destruction of dental tissue by caries

Macroscopically the progressing caries lesion is seen as an advancing process that can be
divided into several stages. According to the International Caries Detection and Assessment
System (ICDAS) a caries lesion encountered upon clinical examination can assume several
distinct stages. These range from a small white or brownish spot to an extensive deep caries

lesion, involving large parts of dentin and possibly the dental pulp (29).
13
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Breakdown of dental hard tissue is clinically detectable, and the experienced clinician might be
able to estimate the damage caused by the caries insult via analysis of dental radiographs, but
clinicians can seldom accurately judge the pulpal status. Today no technical device or clinical
test is available to accurately predict the degree of pulp inflammation. Diagnoses determining

reversible or irreversible pulpal damaged can therefore rarely be more than a prediction (30).

Albeit the difficulty of judging dental pulps as reversibly or irreversibly damaged from a clinical
perspective, the microscopical point of no return for a dental pulp is quite clearly visible. To
understand the changes that take place in the dentin and pulp, we must therefore enter the realm

of histology and pay close attention to the changes that are visible on this level (6).
4.2.1. The enamel caries lesion

Microscopically several different zones are detectable in the caries-enamel lesion that
penetrates deeper than the superficial white spot, which correspond to the depth of invasion.
The surface zone seems to be the least affected by the invasion of the caries lesion. This can be
explained by the elevated levels of fluoride found in the plaque, which precipitate and
strengthen the dissolved enamel on the surface. The remineralization of enamel in the surface
zone decreases the destruction that is microscopically detectable. Fewer minerals can reach the

zones below the surface, which therefore display greater tissue destruction (28).
4.2.2. The dentin caries lesion

If the caries lesion is allowed to spread deeper into the underlying tissue, it will eventually reach
the dentin. Once the caries lesion reaches the dentin, it spreads down the Dentinoenamel-
junction. If the lesion continues to burrow deeper into the dentin, the overlaying enamel will
lose its foundation and become undermined. If the masticatory forces ever become too high for
the weakened tooth structure, it will eventually break away and open the underlying carious
area to the surrounding oral environment. Such an open lesion will usually present a temporary
decrease in caries activity. Possibly due to the remineralization properties of the saliva that can
now reach the exposed dentin cavity (6,31). The breaking away of the enamel surface layer
does not always happen but is a usual step in the further progression of the caries lesion. It is

dependent on the extent of caries destruction of the dental structures caused by caries invasion.

However, in dentin the presentation of advancing caries is different. Since the composition of
dentin is different from enamel it is logical that the destruction of this structure appears

histologically different than enamel. Caries destruction progresses more rapidly in dentin due
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to its less mineralized structure. Microscopically we can differentiate five zones in dentin caries
lesions: From the Dentinoenamel-junction towards the pulp these are: zone of decomposed
dentin, zone of bacterial invasion, zone of decalcification of dentin, zone of dentinal sclerosis

and zone of fatty degeneration (28).

The surface zones of decomposed dentin and bacterial invasion represent irreversibly damaged
tooth tissue and cannot be remineralized. In the zone of decomposed dentin, we can observe
serious destruction of the dentin that leads to a complete loss of its structure and substantial
amounts of bacteria. Beneath this zone, denatured collagen and vast demineralization of the
dentin are present. Furthermore, distention of the dentinal tubules is visible, which are densely
populated with microorganisms and liquefaction foci. In the zone of decalcified dentin,
demineralization and decalcification occur along the walls of the dentinal tubules through
which the bacteria advance. The zone of dentinal sclerosis shows the protective response of the
odontoblasts that try to establish protection from the advancing bacteria and acids. This
protective response manifests as calcification of dentinal tubules to shield off bacterial entry
into them. In the deepest zone, below the dentinal sclerosis, no bacteria are present. The dentin
here is normal in appearance but the odontoblastic processes between the dentin degenerate and

leave behind tissues of fatty degeneration (28).

The first visible sign of the advancing caries process that reaches the dentin beneath the enamel,
is an area of demineralization which can be observed under the microscope. This
demineralization is caused by the bacterial acids that diffuse ahead of the acidogenic bacteria.
Then bacteria invade along the dentinal tubules, which represent the easiest entrance into the
dentinal tissue for these microorganisms. After initial invasion of the tubules, demineralization
increases, the tubules distend, and the dentin matrix becomes increasingly degraded ultra-
structurally. The escalating tissue destruction allows the bacteria to escape the dentinal tubules

and spread laterally through the intertubular dentin (9,32).
4.3. Reaction of the dentinopulpal complex to harmful stimuli

Since caries is often but not always a slowly advancing process that happens in a cyclic nature
of demineralization and remineralization, odontoblasts that are located inside the dentinal
tubules might have enough time to take reactive measures accordingly. If the insult to the dentin
is of a slowly progressive character, the odontoblasts will start to close the dentinal tubules
towards the advancing caries front and retract further into the tubule to create a physical barrier.

The aftermath of such a retracted or degenerated odontoblastic process in a sealed-off tubule
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can be seen in the form of so-called dead tracts that are essentially empty dentinal tubules

devoid of the odontoblastic processes they once harbored (33).

Thereby they shield themselves and other vital tissues inside the pulp from further harm of the
invasion of microorganisms and their acidic metabolic byproducts. The dentinal tubule will
gradually become more obstructed until it is completely sealed. This process is thought to be
partially caused by the odontoblasts that deposit collagen and partially by the expansion of the
peritubular dentin, which lines the dentinal tubules, towards the tubule center. The expansion
of the peritubular dentin is thought to result from reintegration of mineral salts that become

available due to the advancing caries process. This process is called dentin sclerosis (9,34).

Tertiary dentin is, compared to the formation of secondary or primary dentin, not a
developmental process but rather a defense mechanism of the dentinopulpal complex to protect
itself from outside harm (e.g. caries, mechanical insults or chemical stimuli from composite
monomers). Tertiary dentin is only produced directly underneath the area of harmful stimuli.

When referring to tertiary dentin, one must differentiate reactionary and reparative dentin (35).

Reactionary dentin is formed by injured odontoblasts that survived the damaging stimulus and
now try to seal themselves off from harm. Reactionary dentin is similar to secondary dentin in
that it is secreted by the same odontoblasts that formed the secondary dentin and is tubular in

structure but has a lower hardness and a decreased elastic modulus (36).

Reparative dentin is different in many ways from the reactionary dentin and therefore from the
secondary dentin. The most significant difference might be that it is not secreted by odontoblasts
but instead by so-called odontoblast-like cells that are stem or progenitor cells originating from
the dental pulp. These cells proliferated and differentiated to take the place of the odontoblasts
that died during the injurious insult. This differentiation only takes place if the caries lesion is
arrested or controlled (by the pulp defense itself or by means of surgical intervention of the
dentist). Furthermore, the reparative dentin is different in structure to reactive dentin. It is rich
in noncollagenous content but poor in collagen compared to secondary dentin (37,35). During
this process odontoblasts can become entrapped in the secreted tertiary dentin matrix and

resemble lacunae in bone; hence this type of dentin is termed osteodentin (35,38).

If the carious destruction advances too fast for the odontoblasts to wall themselves off by
producing further layers of dentin or closure of the tubules, a different reaction ensues. Once
odontoblasts encounter bacteria invading their space by detection of certain bacteria cell wall

components (e.g. lipoteichoic acid of gram-positive bacteria), they will respond with activation
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of their defense mechanisms. If the bacteria are detected by the odontoblasts, the odontoblasts
in turn start production and release of cytokines and chemokines. Subsequently, these molecules
will initiate the immune response and attract immune cells into the area and thereby increase
the level of inflammation. Afterwards the immune response is then further mediated by
dendritic cells that migrated to the area of inflammation. The degree of inflammation

corresponds directly to the depth of bacterial invasion and level of tissue destruction (37).

If the insult to the tooth happens abruptly or at least too fast for the odontoblasts to react
accordingly in time, the odontoblasts will potentially die, and the harmful stimulus will progress
further into the tissue and thereby cause damage to the pulp. This will elicit a massive increase
in the inflammatory response of the pulp which will either be able to fight off the harmful
stimulus by shielding itself off via formation of a dentin bridge of reparative dentin or will
undergo necrosis. This necrosis can be partial, meaning only the coronal part of the pulp or only

one pulp canal could be affected while the remaining tissue is able to survive.

In the scenario that the pulp manages to produce a dentin-bridge and seal itself off from the
insulting agent it is still not completely clear which cells proliferate to produce the reparative
dentine bridge, but the odontoblast-like cell, which differentiated from dental pulp stem cells,

are suspected to react in this manner (9,34).

The tooth and with it its pulp are not just exposed to the insults of carious bacteria but also to
several different potentially harmful stimuli. Heat is one of these stimuli that can elicit
deterioration responses of the dental pulp, once the heat exposure is too high for the pulp to
bear. Such scenarios of heat exposure to the pulp or close to the pulp resemble tooth preparation
performed without adequate water cooling or direct and intense exposure of the pulp to heat

generated from dental light curing units.

Other stimuli that are potentially harmful to the pulp can be caused by exposure to different
dental materials like amalgam, dental cements or resin composites. These insults are especially
dangerous to the pulp if they are placed in direct contact, which is the case in deep cavities or
pulp exposure. The reaction of the pulp to such stimuli depends on the toxicity of the material
itself, the thickness of residual dentin shielding the pulp from direct exposure to the stimulus
and regenerative capabilities of the pulp. Reactions of the pulpal tissue to these insults can range
from temporary inflammatory responses to chronic inflammation and eventually ensuing

necrosis of the pulp (6,39).
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4.4. Progression from reversible pulpitis to periapical disease

Pulpitis or inflammation of the pulp can be caused by several different stimuli, e.g. by incipient

caries and thermal or mechanical irritation from recent dental treatment.

Reversible pulpitis is described as a condition that displays pulpal inflammation with the
associated changes in increased blood flow and infiltration of inflammatory cells. This inflamed
pulp however can quickly return to its normal physiological state after the harmful stimulus is
removed, therefore it is termed reversible. Clinically the pulp presents with a heightened

sensitivity, which can be elicited by thermal stimulation.

Irreversible Pulpitis on the contrary describes the state of a pulp, which is irreversibly damaged
and cannot reverse to a healthy state again, even after all harmful stimuli are removed.
Histologically it presents with small abscess formations and necrotic areas in the affected region
of the pulp, accompanied by many polymorphonuclear cells and signs of a chronic
inflammatory response in the periphery. Irreversible pulpitis and its focal tissue necrosis can be
confined to local parts of the pulp. Irreversible pulpitis can present with symptoms or
completely asymptomatic and shows intense painful responses to thermal stimulation, which

usually lingers even after stimulus removal.

Necrosis ensues if the pulpal inflammation progresses further towards the apical region —
affected tissues die. Nutrient supply in the form of vasculature and innervation are lost and
therefore the pulpal cells are inevitably doomed to undergo tissue death, which results in
liquefaction necrosis and gross destruction with loss of cellular organization. The necrotic pulp

becomes mostly nonresponsive to clinical tests.

Gangrene is a term referring to bacterial invasion as the source of pulp tissue death. The pulp’s
defense mechanisms are overpowered by harmful effects of the advancing bacteria. The tissue
degradation facilitated by the bacteria results in a characteristically foul odor that can be

detected upon instrumentation of the affected root canal system.

If the infection spreads to periapical tissues beyond the apical foramen of the tooth root, apical
or periapical disease ensues. This presents as accumulation of pus beyond the apex and starts
to erode the surrounding alveolar bone. Clinically periapical lesions show painful responses to
percussion and palpation due to the compressive force that is exerted onto the contents of the
lesion in a confined space. Periapical disease can either become chronic and continuously drain

via a sinus tract or spread to surrounding soft tissue spaces (6,7).
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S. REGENERATIVE THERAPIES IN ENDODONTICS
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The practice of modern endodontic procedures, which today is regarded as an essential tool in
the arsenal of almost every dentist on the globe, began its development in the early 20th century.
The breakthrough in the fields of aseptic operation techniques as well as local anesthesia made
it possible to operate in the root canal system without intensifying the present infection or
spreading to distant sites in the organism. Since its beginning, the endodontic or root canal
treatment, as it was named by Dr. Louis I. Grossman, often regarded as the father of modern
endodontics (40), has ever since followed a systematic protocol of steps. This protocol is
comprised of the initial step of trepanation, meaning accessing the pulp chamber and root canal
system by mechanically opening the tooth. Followed by the cleaning and shaping as well as
disinfection of the whole root canal system, which aims to remove all infected tissue, bacteria
and organic debris. And finally, obturation is performed, which is filling and sealing the root
canal system in a manner that prevents microleakage and the re-entry of bacteria. If the
obturation posed successful, a filling is fabricated over the obturated root canal system to shield

it from bacteria of the oral cavity and enhance its stability to withstand the forces of mastication

(41).

Since the development of this technique, many new materials and instruments have become
available to the endodontist to make his treatment more efficient and ensure a curative outcome.
Besides these advancements also a development of more conservative treatment approaches has
been formulated and found useful in clinical practice, namely pulpotomy. Today it is customary
practice to not completely remove the contents of the root canal system but instead only clean
the parts of the infected pulp that are irreversibly damaged. This technique must be judged
carefully regarding its usefulness to the patient and can only be employed if the present level

of infection and degradation in the pulp is in accordance with required indications.

Although the field of endodontics saw many impressive developments that made the procedure
more predictable and easier to perform, it did not change much at its core until today. The basic
principle of repair that is so quite common in dentistry is applied here as well. The only aim of
the endodontic treatment approach is to alleviate the patient of his symptoms and provide a
solution for his disease, but it does not heal the tooth and instead only repairs it. This approach,
although exceptionally useful in dentistry, can in the long term only be seen as a compromise

in the quest to complete healing of disease-afflicted teeth.
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New techniques are emerging in dentistry, which focus on the use of stem cells and cell
signaling, to cause complete healing of diseases. These new developments are promising and
seem to be the next step in the quest to the complete regeneration of the lost tissue or restitutio
ad integrum. This goal, which was regarded far outside of our reach years ago, seems not so
utopic anymore with the advent of such novel technologies on the horizon of medicine and

dentistry.

In the following section an overview of the emerging technologies in regenerative endodontics
will be presented. It will also shed light on novel procedures that are available already today as
well as possibilities in the future and the current focus of research in the field of regenerative

endodontics.

The aim of pulpal regeneration can be summarized as the complete regeneration of its tissues
and function, preferably in a manner that makes them identical or at least like the lost tissues.
Therefore, a renewal of innervation, vasculature, and odontoblasts’ capability to generate dentin
as well as immunological functions of the dentinopulpal complex must be restored to be able

to speak of complete regeneration.

Generally, the field of regenerative endodontics can be divided into two different approaches.
The cellular approach, which deals mainly with the use of stem cells and their employment to
regenerate the lost tissue, and the acellular approach, which is focused on the development of
treatment procedures that use what is called cell homing. These are strategies that utilize
signaling molecules and similar methods to activate and heighten the regenerative capability of

the body itself (42).

5.1. Regenerative endodontic procedures/ revascularization

The first development towards pulpal regeneration was the advent of the revascularization
technique. It did not live up to the promise of complete pulp regeneration but proves successful
in stimulating the healing capacities of the human body to a higher degree than it was possible
before in endodontics. Revascularization is a procedure officially recognized and performed

today in clinical settings.

Revascularization, also called revitalization or regenerative endodontic procedure, is a novel
approach that is used to treat immature permanent teeth. Such immature permanent teeth are

often afflicted with endodontic disease as a consequence of trauma or caries. If the dentist
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performs treatment on these teeth to resolve the underlying pulpal necrosis, further root growth
is arrested and the tooth keeps a wide-open apex and usually thin dentin walls, which
significantly increase its fracture risk. The standard treatment modality for these immature

permanent teeth today is the so-called apexification.

Apexification is a treatment approach in which the clinician first removes the pulp tissues,
disinfects the root canal system, and then positions calcium hydroxide or a similar material in
a monthly repeated fashion at the apex of the open root canal to induce calcification and apical

closure (43).

Revascularization poses a different and potentially better treatment solution to immature
permanent teeth since it aims at regenerating the lost pulpal tissue. Even though this goal has
not been completely achieved until now, revascularization is a technique that is practiced
successfully in dentistry already today. The treatment of revascularization is already recognized
as a valid alternative to apexification and guidelines for the procedure were published by the

American Association of Endodontists and the European Society of Endodontology.

The procedure of revascularization is performed by removal of the necrotic pulp with minimal
debridement of the root canal walls followed by canal disinfection. Then an intracanal
medicament is placed and the patient is rescheduled for a further appointment in several weeks.
On the second visit any prior swelling and signs of persistent endodontic infection must have
subsided to enable the dentist to continue the treatment protocol of revascularization. Re-
accessing and repeated irrigation as well as complete removal of the intracanal dressing which

was placed on the initial visit are mandatory steps in preparation of revascularization.

After this preparation, the essential step is performed where the clinician will purposefully over-
instrument the open tooth apex to cause damage in the periapical region and introduce bleeding
in the area. The blood will then fill the root canal system and form a blood clot, which is capped
with a collagen membrane and a bio-ceramic material. The goal of this intentional bleeding
beyond the apical tooth region is to produce a scaffold for healing inside the root canal system
and to attract growth factors and stem cells located in the periodontal ligament and apical area

into the root canal, which will potentially promote regeneration of the pulp tissue.

Endodontic revascularization has produced remarkable results of completed root development
and increased dentin wall thickness as well as in some cases return of sensitivity to pulp vitality
tests. The degree of success in this treatment approach, however, largely depends on the age of

the patient and therefore the tooth’s regenerative capabilities. The outcome of such procedures,
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although successful in alleviating patient’s symptoms and producing a biological filling of the
root canal system, did not completely regenerate the contents of the dentinopulpal complex that
were lost. Instead, histological analysis revealed that the tissue inside the root canal system was
in fact not pulp-like but bone, cementum, or tissues of the periodontal ligament. Therefore, the
results of revascularization cannot be regarded as true regeneration but rather as resolution of
apical lesions with inconsistent influence on the completion of root development. Furthermore,
the repair of the root canal system by infilling with ectopic tissues is reported as a consequence
of the blood clot. Regardless of the incomplete regeneration of pulp tissues, the results of
revascularization are already a success compared with apexification, since apexification often
involves series of repeated visits and will create an apical barrier of equal or inferior quality
compared to the further root development induced by revascularization (44). Although the result
of successful revascularization seems promising, the procedure of revascularization or
endodontic regeneration has several drawbacks. Namely the inconsistency of successful root
maturation, which cannot be predicted efficiently and might be influenced by failure of
resolving the inflammation of the bacteria laden pulp cavity. Further increased rates of adverse
effects and tooth discoloration compared to apexification contribute to the drawbacks of this

novel treatment approach (45,46).

5.2. Acellular approach

The acellular approach does not use any kind of cells that are implanted or reintroduced from
outside the patient’s body into the root canal system but rather focusses on the stimulation of

the body’s own regenerative capabilities.

The acellular approach to pulpal regeneration employs the strategy of cell homing, which aims
at the attraction of cells, particularly stem cells, from the apical region, to facilitate pulp
regeneration. These stem cells from the apical papilla (SCAP) or periodontal ligament (PDLSC)
are attracted by different means to migrate into the root canal system and differentiate into the
cells needed to renew the dental pulp. The cell homing strategy utilizes active signaling
molecules, which are incorporated themselves into the root canal system or continuously
released from scaffolds into which they are implanted to attract the stem cells from the apical

region into the pulp chamber.

The cell homing concept requires two different cellular processes of the human body to take

place to fulfil its task of tissue regeneration. These are recruitment and differentiation of cells.
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Recruitment is the attraction and migration of stem cells towards the region that needs to
become regenerated. Differentiation refers to the stem cells maturing into the specialized cells

needed to replace the lost tissue and its function.

Cell homing is possible due to the great regenerative capability of stem cells. Even though there
are many distinct types of stem cells present in and around the root canal system, the main target
of cell homing are the stem cells from the apical region and potentially surviving stem cells
inside the root canal system. These stem cells are stimulated by utilization of either exogenous

or endogenous biological signaling molecules (47).
5.2.1. Exogenous signaling molecules

In the case of exogenous signaling molecules, it is wise to acknowledge that many different
small molecules are contributing to the signaling cascade that will cause pulpal regeneration.
Since the dentinopulpal complex is a quite sophisticated construct of cells, extracellular matrix
and interactions of both, the signaling needed to introduce regeneration of such complicated
structure is quite challenging and requires extensive knowledge of the molecular interactions

of tissues and chemotactic as well as differentiation factors.

Different molecules, especially growth factors, can introduce many different cellular processes,
such as maturation, proliferation, and migration of cells. A wide range of different growth
factors comes into play in this intricate process of tissue regeneration, but the most important
ones are Bone morphogenetic protein (BMP), Platelet-derived growth factor (PDGF),
Transforming growth factor B (TGF-B), Nerve growth factor (NGF) and Fibroblast growth
factor (FGF). Bone morphogenetic protein influences the regeneration of bone matrix and its
repair by stem cells. Platelet-derived growth factor induces wound healing and stem cell
proliferation while Transforming growth factor  facilitates wound healing as well and regulates
the inflammatory response of the tissue. Nerve growth factor is essential in proliferation of

nerve cells and Fibroblast growth factor promotes proliferation of stem cells (48).
5.2.2. Scaffolds

Another component that is used to introduce cell signaling and tissue regeneration is the
incorporation of scaffolds usually with implanted bioactive molecules into the pulp chamber.
Scaffolds are employed to resemble the three-dimensional structure and functions of the
extracellular matrix. The scaffold must fulfil several essential functions. Ideally it provides a

supporting structure that colonizing cells can migrate into, securing cell survival by oxygen and
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nutrient passage as well as allowing growth factors to reach their target cells and stimulate
extracellular matrix formation. Further it must be biocompatible and non-immunogenic to
prevent adverse reactions and damage to the migrating cells and forming tissues. If the scaffold
serves as a temporary framework for the colonizing cells, it must be degradable. Its degradation
rate must equal the rate at which the migrating cells will lay down their own extracellular matrix
so that the replacement of the scaffold with a true extracellular matrix will take place without
interruption of the supporting network for the cells. Stiffness of the scaffold is another important
aspect since it will change important characteristics like cell adhesion and the morphology of

the colonizing cells (49,50).

Scaffold materials can either be natural of synthetic. Natural polymers like alginate or cellulose
possess an intrinsic biodegradability and chemical tailoring with functional groups present in
the polymer is possible but are associated with drawbacks like undesired pathogen transmission
or evoked immune responses. Hydrogels like fibrin or collagen have high biocompatibility, can
be manufactured in an injectable or gel-like consistency and allow for modification with growth
factors but lack mechanical strength. Synthetic polymers like polylactic acid are suitable due to
their ability to tailor their physical properties and degradation rate but expose the colonizing

cells to an environment that is different in structure than the extracellular matrix of the dental
pulp (51).

A wide array of varied materials is available to support pulp regeneration with the aid of
scaffolds, but the material must be chosen specifically to the needs of the cells and tissue that
need to be regenerated. Unfortunately, no single material available at the present moment
possesses all the required characteristics that are necessary to seamlessly facilitate cell
colonization and differentiation into pulp tissues. To further increase the usefulness of scaffolds,
it is possible today to implement biological signaling molecules like growth factors into them.
Scaffolds can be modified in this way to possess a wide range of properties to optimally support
the colonization of cells. These properties include cell-matrix interactions like adhesion of cells

to the matrix or cell proliferation (52).

Although breakthroughs using exogenous growth factors and scaffolds for pulp tissue
regeneration have been documented, the development of this technology today is far from being
easily available and applicable to the clinical environment. The cascade of growth factors that
is needed to influence stem cells in the exact manner to renew the lost pulpal tissues needs more

research and better manufacturing protocols to make it available to everyday clinical settings.
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5.2.3. Endogenous signaling molecules

Conversely, it was recently demonstrated to be possible to induce regenerative changes in the
pulpal tissue without the introduction of exogenous growth factors (53). Endogenous molecules
can be harnessed to influence the stem cells in an equivalent way to exogenous sources. The
dentin resembles an ample reserve of endogenous growth factors that become trapped in its
matrix during dentinogenesis. These endogenous biological signaling molecules become freed
once the dentin is broken down by intracanal substances, e.g. ethylenediaminetetraacetic acid
(EDTA) or disinfection agents, used in the process of preparing the root canal system for further
interventions. The endogenous factors cause chemotaxis, meaning the attraction and migration

of cells via chemical stimuli, and aid the regenerative response of the attracted stem cells (54).

Revascularization can be interpreted as a simplistic example of cell homing. Here the artificially
created blood clot will induce the migration of stem cells from the apical region into the root
canal system. There endogenous growth factors released from the blood clot will further
facilitate chemotaxis and differentiation of the stem cells into the tissues that can later be found

in the pulp chamber, namely bone, cementum, and periodontal ligament structures (55,56).

Different protocols suggest the use of growth factors like platelet- rich plasma (PRP) or platelet-
rich fibrin (PRF) in the revascularization process to further increase its clinical success rate and

resemble further advances in the field of acellular cell homing approaches (57).

5.3. Cellular approach

The second approach focuses on the employment of cells, specifically stem cells, to bring about

the goal of dentinopulpal regeneration.

“Stem cell” is a generic term for several different cell types with differing origin and
regenerative capabilities. One characteristic which all cells in the stem cell category possess is
the ability to differentiate into mature cells to repair damaged tissue although the potential for

differentiation is not the same in different types of stem cells.

In the following section an overview of different kinds of stem cells that are potentially capable

of contributing to the regeneration of pulpal tissue is presented.

Embryonic stem cells originate from the eight to nine days old blastocyst of embryos. These

cells are totipotent, meaning theoretically able to differentiate into every single tissue of the
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human body. Although it is possible to cultivate such cells in vitro, ethical concerns arise
regarding the use of embryonic tissues. Furthermore, there is no source of embryonic stem cells
available in the adolescent or adult organism, which complicates their use for clinical

interventions.

Compared to the embryonic stem cells, adult stem cells are not totipotent and their capability
for tissue renewal or stemness becomes limited to more specific tissue ranges. Although they
have lost the ability to form a complete organism by continuous proliferation, these cells are

still able to differentiate into a vast array of differing phenotypes.

Adult stem cells can be described as undifferentiated cells which undergo self-renewal and have
the function of tissue regeneration. They can be found in all kinds of somatic tissue types. These
adult stem cells can be distinguished by their differentiation potential, which can reach from
the ability to mature into several different specific cell types to the ability to only differentiate
into a single cell phenotype. Apart from their differentiation potential they can be set apart due
to their origin. Stem cells can originate from many different types of tissues, e.g. from fat tissue
or bone marrow, called adipose-derived stem cells and bone marrow-derived mesenchymal

stem cells respectively (58).

Another type of stem cells, which are potentially able to aid in dental stem cell therapy are so-
called induced pluripotent stem cells. These cells are differentiated somatic cells that were
induced to resemble the differentiation potential of embryonic stem cells. The manufacturing
process of induced pluripotent stem cells requires manipulation of somatic cells like fibroblasts
with transcription factors, which are responsible for the maintenance of the undifferentiated
status of embryonic stem cells. After this induction via viral transfection the induced cells
resemble embryonic stem cells. Although they hold great potential, these induced pluripotent

stem cells did show malignant transformation under certain circumstances (59).

Many different adult stem cells can be found in and around the region of the dental root canal
system. They display the properties of general adult stem cells and fulfil the function of tissue
repair for the respective tissue niche. The most often used stem cells of the dental space are

listed below:

The dental pulp stem cells (DPSC) originate from the neural crest cells and are found in the
cell rich zone in the intact dentinopulpal complex. They are thought to facilitate repair of injured

dentin by proliferation into odontoblast-like cells, which produce reparative dentin to shield the
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pulp from the harmful stimuli. DPSCs can differentiate into adipocytes, odontoblasts or

odontoblast-like cells, osteoblasts, and neuron-like cells (60).

Stem cells from human exfoliated deciduous teeth (SHED) originate from the remnants of
exfoliated deciduous tooth pulps. SHEDs have high proliferation rates and possess
osteoinductive qualities. They differentiate into chondrocytes, adipocytes, myocytes,

osteoblasts and neuron-like cells (61).

Periodontal ligament stem cells (PDLSC) are isolated from the periodontal ligament and can
differentiate into the cells that form the supporting apparatus or periodontium of the tooth.

These are chondrocytes, osteoblasts, cementoblasts and adipocyte neuron-like cells (62).

Stem cells from the apical papilla (SCAP) are cells associated with the developing dental
roots. SCAPs can differentiate into odontoblasts, adipocytes and neuron-like cells among
others. These cells are thought to contribute to the successful root development initiated by the

revascularization treatment in immature permanent teeth (63).

Dental follicle stem or precursor cells (DFPC) surround the tooth germ during development
and are responsible for the formation of tissues of alveolar bone, cementum, and the periodontal
ligament. These cells can differentiate into adipocytes, osteoblasts, cementoblasts,

chondrocytes and dentin-like cells among others (64).

Figure 2 shows various dental stem cells and their site of origin, adapted from (65)
[source: Wikicommons; CCO - public domain image]
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5.3.1. The stem cell niche

An important concept in today’s understanding of stem cells and their capabilities is the so-
called stem cell niche. The stem cell niche theory can provide answers to the question how the
stem cells are influenced to engage into this damage repair and mature into adult cells of specific
nature. The theory of the stem cell niche was introduced by Schofield in 1978 (66). According
to this concept, stem cells reside in a complex microenvironment that influences stem cells and
aids their function of tissue regeneration. The stem cell niche is composed of all the factors that
surround the stem cells. These factors include other cells in proximity to the stem cells, the

extracellular matrix, growth factors and cytokines, which exert their effects on the stem cells.

Various cells in the proximity of dental pulp stem cells are fibroblasts, different immune cells
and endothelial cells. Fibroblasts play an important role in the structural integrity of the
extracellular matrix and the pulp as a whole. They secrete growth factors that maintain the pulp
structure and influence differentiation and recruitment of dental pulp stem cells. Endothelial
cells line the blood vessels present inside the dental pulp. They secrete growth factors concerned
with angiogenesis and aid in nutrient and oxygen supply for the stem cells. Various immune
cells are tasked with immune surveillance and modulation of the immune response of the pulp.

They collaborate with the dental stem cells to reach the goal of tissue regeneration (67).

The extracellular matrix contributes a support structure for the stem cells and other cells in the
stem cell niche. The physical properties of the extracellular matrix, namely stiffness and
viscoelasticity, are important modifying factors in the differentiation and migration of stem
cells. Furthermore, does the extracellular matrix communicate with stem cells via cell surface

receptors and mediate growth factor effects in its vicinity (68).

Soluble molecules found in the stem cell niche, mainly growth factors, have major influence on
the dental stem cells’ capability to proliferate, differentiate and fulfil their role of regeneration
in the face of tissue injury. Growth factors and similar biological signaling molecules resemble
the major way of cell communication and induce changes to bring about homeostasis and tissue

repair (69).

The stem cell niche is the location that stem cells reside in. In this specific niche the number of
stem cells present is regulated tightly. The stem cells are instructed by their physiological
environment to maintenance of surrounding tissues and self-renewal. Further, these surrounding
factors influence the differentiation and proliferation potential of stem cells to contribute to

regeneration and replacement of lost cells and tissues.
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The discovery of dental pulp stem cells in 2000 led to the quest of regeneration in the endodontic
space. After first dental pulp stem cell implantation trials in animal models, it became clear that
these stem cells possess regenerative potential. Although guidance of the multipotent stem cells’
proliferation and differentiation into the correct direction is complex and needs further research.
To artificially influence and direct the stem cells towards regeneration of the desired tissues, it
was necessary to understand the factors that exert influence on the stem cells and their

environment or stem cell niche (70).

The understanding of the stem cell niche explains the interplay of the different factors in the
anatomical space surrounding the stem cells. Therefore, scientific research today aims at
artificially creating this environment for the stem cells to guide the cells’ proliferation and
maturation towards the desired regeneration of tissues. To create this surrounding artificial

space, several different factors are necessary as discussed above.

Today the research in the field of endodontic regenerative therapies focusses on the components
that are necessary to regenerate the dentinopulpal complex inside the empty root canal system
of endodontically treated teeth. Scaffolds made of biomaterials are employed to mimic the
surrounding extracellular matrix of the stem cells. A vast range of different synthetic and natural
materials is available to provide the required characteristics of this support structure.
Furthermore, growth factors are employed to influence the migration, proliferation and
differentiation of stem cells into the tissues that comprise the dental pulp. Stem cells are either
cultured in vitro, or strategies of cell homing are employed to attract stem cells to the desired
location. This method of artificially regenerating biological tissues with the utilization of stem

cells, scaffolds and growth factors is termed tissue engineering (71).

5.4. Ectopic and orthotopic models for pulp regeneration

Researchers have employed several different animal models in the quest for tooth regeneration.

These models are listed and shortly explained below:

Ectopic models for pulp regeneration are models in which isolated dental stem cells coupled
with osteoinductive granules were implanted into the subcutaneous, and therefore ectopic,
space of immunocompromised rodents. This model showed first signs of differentiation into

pulp or pulp-like tissues, e.g. odontoblast-like cells (72).
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In semi-orthotopic models, researchers implanted human tooth slices containing dental stem
cells and / or growth factors into immunocompromised animals. Regeneration of pulpal tissues

occurred inside the tooth slices (73).

Orthotopic regenerative models involve larger animals like ferrets and dog. These trials utilize
the implantation of stem cells or engineered tissues, with various combinations of scaffolds,
cells and growth factors, into the original, orthotopic, space, such as dog tooth’s pulp chambers.
These orthotopic models have more similarity to humans and better resemble the clinical
conditions for stem cell therapy and tissue engineering. Therefore, they allow better evaluation

of regenerative potentials and risks regarding stem cell use in vivo (74).

Research regarding the basic knowledge of stem cells and tissue engineering in dentistry has
been undertaken and progressed rapidly in the past years. Although scientific researchers were
able to answer many questions until today, the intricate process of dental stem cell
differentiation is still not completely understood until today. Albeit this enormous progress,
many studies in the field of regenerative endodontics have been halted in the preclinical stage
and focused mainly on animal models. Few trials are progressing to the clinical stage due to

rigorous safety and ethical concerns about the use of dental stem cells in patients (75).

First clinical trials in humans were reported successful in further advances to regenerate the
injured dental pulp. In 2018 Xuan and colleagues implanted autologous SHEDs into teeth which
suffered from pulp necrosis as a consequence of dental trauma, and successfully regenerated

the pulpal tissue, which contained sensory nerves. (76).

Although further investigations shed more light on the complex differentiation of dental stem
cells and their implementation in tissue engineering, the goal of true regeneration of the
dentinopulpal complex with all its tissues and functions is still not reached today. The
advancement of clinical trials is complicated by the limited number of available teeth or similar
tissues that could be employed to harvest and cultivate stem cells autologous to the patients in
such trials. Further, safety concerns and high costs of manufacturing as well as quality control
complicate the translation of dental stem cell research from the preclinical stage towards large-

scale clinical trials (77).
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Figure 3 shows the relevant factors that are necessary for successful tissue
engineering, adapted from (78)

Tissue engineering

5.5. Gene therapy

The advances and approaches in gene therapy are shortly mentioned here but not discussed in
detail since today’s scientific research focuses largely on the techniques stated above to promote
endodontic regeneration. Furthermore, gene therapy in dentistry faces various safety and ethical

issues and therefore progresses slowly.

The application of gene therapy in the field of regenerative endodontics aims at modifying
specific genes of the patient to bring about regeneration and repair of endodontic tissues.
Specific genes are identified and can be replaced or repaired in the case of gene damage to
facilitate regeneration. Different techniques, such as gene insertion, gene regulation or gene

editing, are applied.

Gene insertion aims at the implementation of a gene into a specific or nonspecific site in the
genome of the patient. Hereby another gene is substituted by the inserted gene to repair the
function of altered or damaged genes. This process can imply the use of viral vectors to transfer
the gene into the target cell. Gene regulation is concerned with the process of switching certain
identified genes on or off to fulfil specific functions and thereby facilitate tissue regeneration.

Gene editing focusses on accurately altering DNA sequences and modifying gene function in
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the process. The latest breakthrough in the field of gene editing employs the CRISPR-Cas9
system (clustered regular interspaced short palindromic repeats), which is able to correct

genetic errors and turn specific genes on or off with reasonable ease (71,79).

5.6. Risks and safety concerns associated with stem cell therapy and tissue engineering

Recent breakthroughs regarding research in the field of endodontic regeneration and stem cell
use in dentistry carry hope for the artificial regeneration of pulpal tissues in endodontically
compromised teeth in the not so far future. Albeit these advantageous findings, there are several

drawbacks to the use of tissue engineering and stem cell use.

Patient groups that most often require endodontic treatment and would therefore benefit most
from the regeneration of endodontic tissues are elderly. Unfortunately, the activity of dental
stem cells in elderly patients is decreased compared to stem cells of young or adolescent
individuals. Therefore, the use of autogenic stem cells for dental procedures in the geriatric
population seems to be diminished in effectiveness. Allogenic stem cell transplants, meaning
stem cells from non-self donors, could provide a solution to this problem in the future, although

they pose the risk of potential immune responses of the host tissue against the transplanted cells

(80).

Adverse effects are known risks that occurred in other medical fields, which employ stem cell
therapy approaches and which reaches from mild reactions like fever and localized pain to
major adverse reactions such as thromboembolism and fibrosis. Adverse immune responses
after stem cell therapy are a potential risk, which must be accessed before dental stem cell

therapy can be used clinically.

Furthermore, stem cell transplantation carries the risk of tumorigenicity. In-vitro culturing,
especially long-term culturing, poses the risk of malignant cell transformation and an increase

in chromosomal abnormalities.

Biological materials and stem cells used in tissue engineering carry the risk of potential
pathogen transmission to the transplant patient. Therefore, good manufacturing practice is
necessary to ensure no transmission of microorganisms by contaminated cells or materials in

tissue engineering (80,81).
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6. DISCUSSION
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The subspeciality of endodontics in the realm of dental medicine has come a long way since its
initial emergence. Today millions of patients are successfully treated by endodontic procedures,
which alleviate them of pain and potentially more hazardous consequences associated with
endodontically diseased teeth. It is safe to say that dentistry took a big leap forward in its
development with the clinical application of endodontics. The field of endodontics positioned
itself as an important branch of dentistry that is constantly subject to new inventions in regard
to materials and techniques to ease the treatment process for clinicians and patients alike.
Although endodontic treatment today proves essential for many patients, a look at other
branches of medicine shows that the approach in the health care system slowly shifts from mere
repair of injuries and pathological processes to true regeneration. Stem cell therapy and similar
regenerative procedures prove effective in resolving underlying causes of disease instead of

symptomatic treatments.

Research and development of regenerative procedures can certainly be found in endodontics as
well. New clinical procedures slowly emerge on the horizon of endodontology. The field of
research and clinical practice of endodontic regeneration slowly but surely garnered increasing
attention in the last decades. With its declared ultimate goal of true regeneration regarding lost
pulpal tissues and their function it poses an alternative or possibly upgrade to past and present

endodontic procedures.

First treatment options geared towards endodontic regeneration are already approved by
American and European dental associations and gain increasing fame in the clinical sphere.
Revascularization, as described earlier, is a clinical treatment modality available today to
dentists and represents a regenerative approach to immature permanent teeth which require
endodontic treatment. Where past approaches employed repeated deposition of intracanal
materials for the formation of an artificial apical barrier, it is possible today to stimulate
continued root growth and apex closure by the natural regenerative capabilities of the body
itself in the form of revascularization. Although this treatment approach provides a good
alternative for past methods in theory, its indication is narrow, and its success is not entirely
predictable. Furthermore, even if successful, it does not facilitate true regeneration, namely
renewal of lost pulpal structures, but instead replacement with tissues, which are related but

functionally and histologically different (44,45,46).

Different approaches towards endodontic regeneration have become increasingly famous in the

dental scientific community today. Among them are the techniques of cell homing, stem cell
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therapy and tissue engineering as well as gene therapy. Cell homing facilitates cell migration
and differentiation of autologous cells towards the injury site to promote regeneration.
Revascularization can be regarded as a simple form of cell homing. Different protocols employ
biological scaffolds and signaling molecules to further increase the effectiveness of such
strategies. Stem cell therapy on the contrary utilizes the culturing and transplantation of donor
or autologous cells and belongs to the domain of tissue engineering, which couples stem cells
with scaffolds and signaling molecules similar to cell homing, to facilitate tissue renewal.
Lastly, gene therapy resembles another approach aimed at tissue regeneration. Gene therapy
utilizes different techniques to edit and modify the existing genome of patients to unlock healing

capacities and tissue renewal (71,77,79).

Research advances regarding preclinical trials and in vivo-animal models proved successful in
regenerating lost pulpal tissues and yielded much useful information for further investigation.
Nevertheless, researchers still face several challenges, and further investigation is needed to
solve the puzzle of endodontic regeneration as a whole. Clinical trials with patients slowly start
to emerge and first progresses were reported. Despite the long way the field of endodontic
regeneration has come, there is much to improve today, and further research needs to shed light
on the challenges ahead. A deeper understanding of the molecular and genetic processes, which
underly endodontic regeneration is necessary to achieve the coordinated safe and successful

renewal of lost pulpal tissues.

None of these novel approaches, with the small exception of revascularization, has found broad
clinic application nor have they been approved by dental associations in America or Europe.
Albeit the possibilities that novel treatment approaches promise, there is much controversy
regarding stem cell use and gene therapy. Neither of these new treatment strategies can be
considered completely safe and without potentially severe side effects. Risks associated with
novel approaches include adverse immune responses, pathogen transmission and cell alteration
that can lead to malignant cell transformation. Arising safety and ethical concerns regarding
such therapies reveal the need for further research. The transition from animal to clinical trials
is slow and faces many challenges regarding ethical and safety regulation. Before these
treatment approaches can be available for the broad population, further investigation is required
to minimize associated potential side effects. Patients need to be able to reap the full benefit of
novel treatment modalities without being exposed to potentially life-threatening adverse effects

(80,81).
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7. CONCLUSION
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It has become clear that regenerative endodontic therapies hold much promise for the future.
Endodontic procedures and possibly dentistry in general might be altered and completely
changed by the developments of further research in stem cell and gene therapy. Endodontics
today already utilizes the impressive benefits of available regenerative procedures. One day in
the not so far future it might be possible to renew diseased tissues and stimulate tooth growth

in edentulous patients or implant artificially grown teeth into the jaws of patients.

Nevertheless, this optimistic vision for the future, the status quo of regenerative approaches in
the field of endodontics suffers from major drawbacks in the areas of patient safety. Side effects
and outcomes of novel treatment approaches focusing on endodontic regeneration seem
inconsistent and associated risks are unpredictable for the individual patient. Therefore, the
processes of tissue engineering and gene therapy cannot be regarded as fully understood. Hence
it becomes clear that further research must not only focus on the development of safe and
efficient treatments but a deeper understanding of molecular and genetic processes in general
is necessary before the promise of regenerative endodontics and possibly regenerative dentistry
can be fulfilled and become available for broad parts of the population. At the current moment
the promise of endodontic regeneration remains a promising vision for the potentially near

future.
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