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Abstract

The salivary glands are exocrine organs that secrete saliva to maintain oral
health and homeostasis. Dysfunctional salivary glands exhibit symptoms
of dry mouth, including dental caries and dysfunction in speech and swal-
lowing. Current clinical therapies for dry mouth disease include artificial
saliva substitutes or parasympathetic stimulants, but these are transient
and palliative approaches. To achieve the functional recovery of dysfunc-
tional salivary glands, salivary gland tissue stem cells are thought to be
candidate cell sources for salivary gland tissue repair therapies. In addi-
tion, whole salivary gland replacement therapy is expected to be a novel
therapy resulting in the regeneration of fully functional salivary glands.
The salivary glands arise from their organ germs, which are induced by
epithelial-mesenchymal interactions. Recently, we developed a novel bio-
engineering method, i.e., the organ germ method, which can regenerate
the ectodermal organs, including the teeth, hair, lacrimal glands, and sali-
vary glands. The bioengineered salivary glands successfully secrete saliva
into the oral cavity and can also improve the symptoms of dry mouth, such
as bacterial infection and swallowing dysfunction. In this review, we sum-
marize recent findings and bioengineering methods for salivary gland
regeneration therapy.

10.1 Introduction

Exocrine glands, such as the sweat glands, lacri-
mal glands, and salivary glands, produce secre-
tory fluids such as sweat, tears, and saliva. These
secretory fluids have important roles in maintain-
ing health and homeostasis. For example, saliva
is secreted into the oral cavity and functions dur-
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gland organ germ, which is generated by the
interaction of epithelial-mesenchymal stem cells
during embryonic development [3, 4]. Salivary
glands consist of three major glands, including
the submandibular gland (SMG), sublingual
gland (SLG), and parotid gland (PG), and many
minor glands. Overall, 95 % of the saliva secreted
per day is secreted by the SMG, SLG, and PG,
and 5 % is secreted by the minor salivary glands.
The SMG and PG secrete serous saliva that con-
tributes mainly to the digestion of food. The SLG
secretes mucous saliva, which protects the oral
cavity from drying. Therefore, salivary gland
dysfunction induces xerostomia and has an
adverse effect on bodily health [5, 6].
Xerostomia induces some clinical problems,
including dental decay, bacterial infection, masti-
cation and swallowing dysfunction, and a general
reduction in quality of life [5-7]. Xerostomia
develops due to autoimmune diseases, such as
Sjogren’s syndrome, aging, and radiation therapy
for head and neck cancer. Current therapies for
xerostomia rely on the use of artificial saliva sub-
stitutes or parasympathetic stimulants to promote
saliva secretion and to prevent dry mouth [8, 9].
However, these therapies only provide temporary
effects and cannot result in the recovery of sali-
vary gland dysfunction, which is why the devel-
opment of novel therapies for restoration of
salivary gland function is necessary [10].
Regenerative therapies utilizing stem cell
transplantation have been conducted in various
organs, including salivary glands [11, 12]. In
addition, salivary gland regeneration therapy
involving gene modification and tissue engineer-
ing may eventually be used to restore damaged
tissue and recover the flow of saliva [13]. Similar
organ replacement therapy approaches for ecto-
dermal organs such as the teeth and hair follicles,
which can be achieved by transplantation of bio-
engineered organ germs that have been reconsti-
tuted using organ germ methods, have been
reported [14-16]. Recently, we induced the
regeneration of salivary glands and lacrimal
glands using this method [17, 18]. In this book

chapter, we discuss the novel findings and bioen-
gineering methods used in salivary gland regen-
eration and the feasibility of these methods for
future organ replacement regenerative therapy.

10.2 Development of Salivary
Glands
During Embryogenesis

The salivary glands are generated from the
organ germ, which is produced by epithelial and
mesenchymal stem cell interactions during early
embryonic development. The SMG, SLG, and
PG are generated through similar morphoge-
netic events but differ in the timing and position
at which generation begins [2-4, 19-22]. The
development of the SMG is produced by the
invagination of the oral epithelium into the mes-
enchymal region derived from the base of the
tongue on embryonic day (ED) 11 (prebud)
(Fig. 10.1). The invaginated epithelial tissue
proliferates to form an epithelial stalk and a ter-
minal bud at the tip (initial bud). The epithelial
stalk differentiates into the ducts, which are
called the intercalated, striated, and excretory
ducts depending on their position relative to the
side of the opening. The terminal bud forms the
branched structure by forming a cleft and by
repeating the elongation and branching process
during ED 12.5-13.5 (pseudoglandular) [23—
25]. From ED 15.0, the terminal bulbs differen-
tiate into the acinar cells and begin the synthesis
of secretory proteins, which differ depending on
the type of salivary gland [26]. The SMG and
PG secrete serous saliva, which contains a large
amount of digestive enzymes such as a-amylase,
which degrades starches and aids in digestion.
The SLG secretes mucous saliva, which con-
tains rich mucin protein to protect the mouth
against dryness. The epithelial cells also differ-
entiate into myoepithelial cells, and adult epi-
thelial tissue stem cells are maintained in the
excretory duct to contribute to the repair of
injured tissue [27-29].
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Fig. 10.1 Schematic representation of the developmental
stages of the salivary gland. The salivary glands, including
SMG, SLG, and PG, are produced from organ germs induced
by the interaction of the epithelial tissue and the mesenchy-
mal tissue. The epithelial tissue invaginates into the mesen-

10.3 Diseases and Treatments
of Salivary Glands

The various types of salivary gland diseases
include salivary gland-specific diseases, such as
salivary tumors, obstructive disorders, and infec-
tions, as well as the symptoms of systemic dis-
eases, such as Sjogren’s syndrome (SS),
lymphoma, and metabolic diseases [2]. Salivary
dysfunction resulting from the atrophy of acinar
cells and saliva reduction leads to xerostomia
(dry mouth syndrome). In Europe, approximately
20 % of the population is thought to suffer from
dry mouth syndrome, and this disease has been
estimated to occur in approximately 800 million
people in Japan [30]. The treatment of head and
neck cancer, including salivary tumors, has been
performed using radiation therapy. However, as
the salivary glands are more sensitive to radia-
tion, this treatment can cause atrophy of the aci-
nar cells. Another condition that affects the
salivary glands is SS, an autoimmune disease that
occurs frequently in middle-aged and elderly
women. It also affects the salivary glands as well
as other glands such as the lacrimal glands,
resulting in dry eyes. The annual number of SS
patients has been reported to be approximately

chymal tissue and forms a certain morphology according to
the development of each organ. The salivary gland epithelial
tissue is formed by the epithelial stalk and terminal bulb,
which form the duct and acinar cells. The acinar cells mature
and begin to synthesize and secrete secretory proteins

15,000-20,000 [30]. Of all SS patients, approxi-
mately 70 % are positive for the SS antibody SSA
(anti-Ro), and 40 % are positive for the SS anti-
body SSB (anti-La) [31-33]. However, these
antibodies are not common to all patients, and the
details of the pathogenic mechanism are not
clear. Current therapies for dry mouth syndrome
include symptomatic treatments such as the
administration of artificial saliva and sialogogues
to enhance moisture retention in the oral cavity
[9]. In addition, parasympathomimetic drugs
such as pilocarpine and cevimeline have been
used to stimulate the muscarinic M3 receptor and
induce salivary flow [32].

10.4 Salivary Gland Regeneration
Using Stem Cells and Gene
Therapy

10.4.1 Tissue Regeneration Using
Adult Tissue Stem Cells

Transplantation of adult tissue stem cells has
become a recognized method for regenerative
therapy to restore damaged tissues and organs in
diverse diseases [11, 34]. Regarding salivary
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gland regeneration, tissue stem/progenitor cell
studies have reported that tissue stem cells have
the capacity for tissue repair. The c-kit- and sca-
1-positive tissue stem cells are localized to the
intercalated duct of adult salivary glands, where
these cells can induce the acinar and duct cells
[35-38]. Furthermore, these stem cells are plu-
ripotent and can differentiate into the liver or
pancreas’ tissues [39, 40]. The c-kit-positive sali-
vary gland stem cells can be cultured while main-
taining the tissue repair capacity in vitro [12,
41-43]. A transplant of these cells can recover
the decreased salivation resulting from
irradiation-induced atrophy of the acinar cells. In
addition, it has been reported that the bone
marrow-derived mesenchymal stem cells have
the ability to promote the regenerative capacity
of the salivary gland stem cells that remain in the
damaged salivary glands after irradiation [44].
Stem cell transplantation is expected to serve as
an effective means of achieving salivary gland
regeneration.

10.4.2 Gene Therapy for Salivary
Gland Regeneration

Because the salivary glands are located close to
the body surface, regeneration of damaged sali-
vary glands via gene therapy has been studied.
The salivary glands open via the duct into the oral
cavity, and thus methods of direct gene transfec-
tion into the salivary glands via the duct have
been reported. After the transfection of the water
channel aquaporin-1 (AQP1) gene using adeno-
virus or adeno-associated virus, the saliva secre-
tion of irradiated salivary glands was significantly
recovered [45, 46]. However, salivary glands are
known to function as exocrine glands that secrete
saliva in the oral cavity and as endocrine glands
that secrete substances into the bloodstream.
Gene therapy using the salivary glands has also
been performed as a treatment for other diseases,
including SS and other genetic diseases [47, 48].
It has been reported that some materials, such as
IL-17 receptor antibodies, growth hormones,
parathyroid hormones, and erythropoietin, can be
expressed in adult salivary glands via gene trans-

fer and circulated throughout the body by the
bloodstream [49-53]. Stem cell transplantation
therapy and gene therapy are expected to be a
new treatment strategy for salivary gland disor-
ders and other diseases.

10.5 Functional Regeneration
of a Bioengineered Salivary
Gland

The current research for regenerating three-
dimensional organs mimics organogenesis in
the developing embryo. In the salivary gland
regeneration field, epithelial cell aggregates are
used to elucidate the mechanism of regeneration
and branching morphogenesis in vitro [54]. In
addition, the aggregate mix of epithelial and
mesenchymal stem cells has been reported to
increase the number of branches and rate of
branch formation [54].

Recently, we demonstrated the possibility of
full functional regeneration of the ectodermal
organs, including the teeth, hair follicles, lacri-
mal glands, and salivary glands, using “organ
germ methods” that involved epithelial and mes-
enchymal stem cell manipulation techniques to
induce the formation of an organ germ (Fig.
10.2a) [14-18]. Using this method, it is possible
to control the size, number, morphology, and
invagination direction of the regenerated organ
[16, 55]. For successful salivary gland replace-
ment therapy, it is important that the invagination
direction is controlled in such a way that the
invaginated tissue connects to the ducts to secrete
saliva into the oral cavity.

10.5.1 Development
of a Bioengineered Salivary
Gland

To reconstruct the bioengineered salivary gland,
the germs including the SMG, SLG, and PG were
isolated from mice at embryonic day (ED) 13.5—
14.5. The bioengineered SMG germ showed
epithelial-mesenchymal interactions and epithelial
bud formation in organ culture (Fig. 10.2b) [17].
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Fig. 10.2 Regeneration of salivary gland germs using
organ germ methods. (a) Ectodermal organs including the
teeth, hair follicle, and secretory glands can be regener-
ated in vivo by transplanting bioengineered organ germs
that are reconstituted by organ germ methods. (b) Phase-

The regenerated SLG and PG germs also showed
patterns that were similar to that of the SMG germ
and structurally correct based on the natural sali-
vary gland germ. The correct transplantation of the
bioengineered salivary gland is important to
achieving the secretion of saliva into the oral cav-
ity. A bioengineered salivary gland germ was
engrafted into the PG duct of the model mice with
salivary gland defects using an intraepithelial tis-
sue-connecting plastic method. In these mice, the
SMG, SLG, and PG were excised. After 30 days,
the growth of the bioengineered salivary gland and
its connection to the PG duct was successfully
achieved (Fig. 10.3a) [17]. The bioengineered sali-
vary gland structures, including the localization of
myoepithelial cells, the water channel aquaporin 5
(AQPS5), and neuronal connections, were similar to
those of a natural tissue (Fig. 10.3b) [17].
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contrast images of the bioengineered submandibular
gland germ at 0, 24, and 72 h of in vitro culture. The bio-
engineered submandibular gland showed the interaction
between the epithelial and mesenchymal cells (24 h) and
invagination of the epithelial tissue (72 h)

10.5.2 Secretion of a Bioengineered
Saliva

About 1-1.5 L of saliva is secreted per day from
the salivary glands. This secretion is induced by
eating, heat, and painful stimulation to the oral
cavity. These stimulations are transmitted via the
afferent and efferent neural networks from the
oral cavity to the salivary glands (Fig. 10.4a) [56—
60]. Moreover, because secreted saliva also plays
an important role in taste perception, the hypose-
cretion of saliva has been known to cause taste
disorders [61-63]. In the medical field, the secre-
tion of saliva from the salivary gland has been
analyzed using five tastes, including sour (citrate),
bitter (quinine hydrochloride), salty (NaCl), sweet
(sucrose), and umami (glutamate) [63, 64].
Compared to the control substance, citrate
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Fig. 10.3 In vivo transplantation of a bioengineered sali-
vary gland. (a) Photographs of the bioengineered subman-
dibular gland at day 30 after transplantation (left). The
bioengineered submandibular gland duct connected with
natural PG duct (right). (b) Histological analysis of the
bioengineered SMG (upper columns) and the SLG (lower

stimulation induced significant quantities of saliva
secretion from both the natural and bioengineered
salivary gland (Fig. 10.4b) [17]. Saliva secretion
was induced in response to all tastes in addition to
the sour stimulus. The secretion amount depended
on the type of stimulus and exhibited the follow-
ing order: sour > bitter > umami > salty = sweet
[64]. In addition, the secreted bioengineered
saliva contained the amylase protein, which has
starch-degrading activity [17]. Salivation was
measured about 1-3 months after transplantation
and followed up for 6 months. These findings

columns). Images of HE staining (left) and periodic acid
and Schiff (PAS) staining (second from the left). The bio-
engineered SLG showed a strongly positive PAS staining.

Immunohistochemical images of calponin (red),
E-cadherin (green, third from the left), and NF-H (green,
right) are shown (Modified from Ref. Ogawa et al. [17])

demonstrate that saliva secretion by the bioengi-
neered salivary gland may be controlled through
the afferent-efferent neural network.

10.5.3 Functional Restoration
of Swallowing Dysfunction
Using a Bioengineered
Salivary Gland

Oral health and homeostasis are maintained by
saliva and saliva proteins, such as amylase,
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Fig. 10.4 Saliva secretion induced by gustatory stimula-
tion. (a) Schematic representation of saliva secretion
induced by gustatory stimulation via the central nervous
system. (b) Assessment of the amount of saliva secretion

lysozyme, IgA, lactoferrin, myeloperoxidase,
NGF, EGF, and parotin. Therefore, the hypose-
cretion of saliva causes various problems, includ-
ing dental caries, bacterial infection, sleep
disorders, and swallowing dysfunction [65, 66].
The bioengineered salivary gland-engrafted
mouse had fewer bacteria compared with the sali-
vary gland defect model mouse. Among the sali-
vary gland functions, the swallowing function is
critical for reducing the risk of aspiration. The
saliva promotes the formation of a bolus of food
or water and triggers the swallowing reflex.
Therefore, salivary gland dysfunction can cause
chronic lung disease and can affect the survival,
quality of life, and overall health of an individual
[67]. In the salivary gland defect model mouse,
the body weight was abnormally decreased, and
all mice died within 5 days, despite having free
access to food and water (Fig. 10.5) [17]. Dry
mouth patients often drink high-viscosity water
because they cannot swallow water. Similarly,
the salivary gland defect model mouse exhibited
a recovery of body weight and an increased sur-
vival rate when drinking high-viscosity water;
this result in the model mouse raised the possibil-
ity that dysphagia may occur. In contrast, all of
the bioengineered salivary gland-engrafted mice

from natural SMG (light bar) and bioengineered SMG
(dark bar) after gustatory stimulation by citrate. The
amount of secreted saliva exhibited no significant differ-
ence (b reprinted from Ref. Ogawa et al. [17])

survived, and their body weight increased within
4 days after transplantation [17]. These results
indicated that the bioengineered salivary gland
can improve the swallowing function associated
with the maintenance of oral health.

10.6 Future Directions of Salivary
Gland Regeneration

Organ regenerative technology has advanced sig-
nificantly. To achieve future clinical applications
of salivary gland replacement therapy, it is impor-
tant to identify suitable cell sources. The ideal cell
source is the patient’s own cells because there is no
immunological rejection. Recent stem cell biology
studies have revealed the presence of adult tissue
stem cells in the salivary gland. These adult tissue-
derived stem cells, which include c-kit- and sca-
1-positive cells, can repair the acinar cells injured
by radiation and can partially recover the total
amount of secreted saliva [12, 41-44]. The sali-
vary gland of adult stem cells would be valuable
cell sources for achieving salivary gland tissue
regeneration via stem cell transplantation therapy.
In contrast, pluripotent stem cells and induced plu-
ripotent stem cells are also potential cell sources
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for salivary gland regeneration because these cells
can differentiate into all types of cells, including
endodermal, ectodermal, and mesodermal cells
[68-70]. It has been reported that some organs,
such as the optic cup and pituitary gland, can be
derived from ES cells or iPS cells. In the future,
the method of salivary gland regeneration using
iPS cells is expected to be established [71-73].

Another important direction for future salivary
gland regeneration therapy is to establish the mech-
anisms by which autoimmune diseases such as SS
cause xerostomia [31-33]. In autoimmune dis-
eases, salivary gland damage, such as the atrophy
of acinar cells, is caused by self-antigens. Therefore,
even if the bioengineered salivary gland is trans-
planted and can temporarily recover the saliva
secretion, there is the possibility that the bioengi-
neered acinar cells will again undergo atrophy. To
achieve future clinical applications of salivary
gland replacement therapy, genetic modifications
of patient-derived stem cells will be necessary to
decrease the expression of autoantigens.

Current whole organ regenerative therapy has
the potential as a future therapeutic technology
for several diseases. Salivary gland regenerative
therapy is regarded as a model for future secre-
tory organ replacement therapies that will sub-
stantially contribute to achieving an understanding
related to organ regeneration technology.
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