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v

Rome was not built in a day, as the English playwright John Heywood 
famously wrote. Innovation and advancement in the field of salivary gland 
regeneration is one of the great examples that reflects this sentiment. The first 
research article available on this topic through the US National Library of 
Medicine dates back to 1950. The article, entitled “Regeneration in the 
Submaxillary Gland of the Rat,” by B.B. Milstein in 1950, cites Van 
Podwyssozki as the first to describe regeneration of organs of small animals 
as long ago as 1886 and regeneration of the salivary glands (Die Regeneration 
an den Speicheldrusen) in 1887.

Since the 1950s, an ever-expanding literature and diversified approaches 
aimed at functional restorations have mirrored strong interest and attention to 
this particular subject of research. Journal articles dealing with autoimmune 
Sjögren’s syndrome, effects of radiation, and ductal ligation models in rats 
and mice appeared in the early 1980s, followed by research on neural regula-
tion of secretion and effectiveness of epidermal growth factor in wound heal-
ing models and glandular regeneration in the late 1980s through the 
mid-1990s.

In 1995, the late Dr. Michael Humphreys published his well-known review 
article entitled “Saliva and growth factors: the fountain of youth resides in us 
all,” which emphasized the vital importance of growth factors in oral/sys-
temic health and glandular repair/regeneration. Histological analyses of glan-
dular architecture and development were established by Dr. Robert Redman, 
the author of Chap. 4 of this volume. With the turn of a new century, molecu-
lar and cellular mechanisms of branching morphogenesis and glandular 
development were further investigated and pioneered by Drs. Kenneth 
M. Yamada and Matthew P. Hoffman, whose work provided foundations for 
the application of tissue engineering concepts and methodologies to salivary 
regeneration. Outstanding contributions by Dr. Bruce J. Baum to the field of 
tissue engineering and gene therapy have ultimately been solidified in appli-
cations such as clinical trials involving AAV2-mediated human aquaporin-1 
delivery in recent years. Investigation of ductal ligation models, irradiation 
models, and Sjögren’s syndrome NOD models dominated interest in the field 
until around 2010, when stem cell research in vitro and in vivo reignited 
research interest and passion in salivary gland regeneration.

In the current era, the authors and coauthors in this book, who are renowned 
researchers, dentists, and surgeons in the field, have spearheaded efforts to 
discover the underlying pathogenesis of xerostomia and innovative approaches 
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to restore secretory function. I am proud to present their collective efforts and 
years of their research outcomes revealed in their book chapters, which will 
establish another significant milestone in the history and tradition of studies 
on glandular regeneration.

This book begins with the description of fundamental and molecular pro-
cesses occurring during salivary gland organogenesis/branching morphogen-
esis and molecular communications among epithelial, mesenchymal, 
endothelial, and neuronal cells for cellular differentiation and organ develop-
ment (Chap. 1, Dr. Lombaert). The importance of understanding the commu-
nications and simulating optimal environments in glandular repair and 
regeneration is further discussed under Future Prospects.

With rapidly advancing biotechnology, the application of systems biology 
has become an indispensable tool in this field. Chapter 2 discusses the defini-
tion and applications of systems biology for glandular tissues and saliva sam-
ples (Chap. 2, Dr. Larson et al.). Systems biology approaches in conjunction 
with traditional approaches unveil the complex molecular, cellular, and phys-
ical processes in development, disease processes, and regenerative medicine 
involving the salivary glands.

One of the underappreciated subjects in the field is the important role of a 
large family of mucins in oral health. In Chap. 3, the authors summarize the 
main structural and functional characteristics of salivary mucins, their expres-
sion patterns during salivary gland development and regeneration, and quali-
tative and quantitative changes in pathological processes in the salivary 
glands due to irradiation, autoreactive immune cells, neoplasm, or inflamma-
tion (Chap. 3, Dr. Castro et al.).

Changes due to radiation are not limited to mucin expression profiles but 
are also manifested in the parenchymal and stromal structures in the salivary 
glands. These changes are detailed in Chap. 4 with photomicrographs and 
transmission electron micrographs of rat and human salivary glands (Chap. 4, 
Dr. Redman). Understanding the damage occurring in the glands before and 
after radiation therapy will expedite the development of intervention strate-
gies to protect the salivary glands from the harmful radiation.

In Chap. 5, Dr. Tran’s group reviews recent advances from the years 2010 
to 2015 in the treatment of salivary gland hypofunction with a special empha-
sis on mesenchymal stem cells (Chap. 5, Dr. Tran et al.). This chapter covers 
in detail adipose tissue-derived stromal cells, mesenchymal stromal cells 
derived from various sources, and finally the authors’ experience with the 
soluble contents/factors in bone marrow soup extracted from a whole bone 
marrow cell lysate.

As differentiation-inducing factors are crucial for initiating stem cell dif-
ferentiation from the state of quiescence, these extrinsic and intrinsic factors 
(transcription factors) involved in pancreas, liver, and salivary gland regen-
eration are further detailed in Chap. 6 with a focus on directed-cell differen-
tiation and transdifferentiation (Chap. 6, Drs. Park and Cha).

Current cell models for bioengineering of the salivary glands are presented 
in Chap. 7, along with the pros and cons of utilizing various salivary cell 
lines. Practical tips on cell isolation and culture techniques in conjunction 
with the use of scaffolds complement the use of stem, progenitor, and acinar 
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cells for salivary gland regeneration. Current trends in salivary gland bioen-
gineering deliver great promise in functional restoration of the salivary glands 
(Chap. 7, Dr. Baker).

To explore further the subject of bioengineering, factors and elements 
needed for successful development of a functional salivary gland are dis-
cussed in detail in Chap. 8, emphasizing the dynamic nature of the basement 
membrane and the significance of the extracellular matrix and cell polarity 
in salivary gland development and reconstruction. In addition, studies utiliz-
ing the salivary-derived stem cells/gland progenitor and three-dimensional 
(3D)  biomimetic scaffolds encompassing decellularization methods, various 
matrices, and polymers are summarized for 3D culture technique, which 
underpins  current knowledge on bioengineering of the salivary glands 
(Chap. 8, Martinez et al.).

3D printing technology creates life-size body parts and tissues using living 
cells as the ink. This technology has revolutionized the field of regenerative 
and reconstructive medicine, enabling customized and personalized thera-
peutic approaches. In Chap. 9, Dr. Choi et al. describe basic principles and 
different types of 3D technologies, patient-specific modeling, bioprinting, 
and salivary gland regeneration (Chap. 9, Dr. Choi et al.).

A novel bioengineering method involves epithelial and mesenchymal stem 
cell manipulation to generate a bioengineered organ germ. In Chap. 10, 
Dr. Ogawa explains that the bioengineered glandular germs demonstrated 
reciprocal interactions between epithelial and mesenchymal cells in one day 
and invagination of epithelial tissue in three days in vitro. Once the germ was 
engrafted into the parotid gland duct of salivary gland-defective mice, the 
connection between the germ and the duct was established in a month, and 
the mice exhibited restored salivary secretion after transplantation. This inno-
vative approach emphasizes that current advancement in the field promises a 
therapeutic intervention for patients suffering from xerostomia (Chap. 10, 
Drs. Ogawa and Tsuji).

Currently, functional restoration of the salivary glands is still challenging 
to accomplish even with successful reconstruction of salivary cellular compo-
nents. Therefore, understanding the mechanisms of saliva secretion becomes 
critical for positive clinical outcomes that we desire. Chapter 11 covers con-
siderations for establishing functional secretion by providing information on 
stimuli for secretion, neural connection along with neurotransmitters and 
receptors, protein secretion, and studies of neural agonists and antagonists. 
The chapter also clarifies myths surrounding this topic with recent research 
data (Chap. 11, Drs. Carpenter and Carvalho).

Thought-provoking renderings of the past, current, and future of gene 
therapy in salivary gland diseases are provided by Dr. Passineau in Chap. 12. 
In this chapter, current challenges in the field of salivary gland gene therapy, 
along with the author’s proposals to circumvent or overcome the hurdles, are 
forthrightly discussed (Chap. 12, Dr. Passineau).

Last, but not least, the chapter on surgical management of salivary gland 
disease reveals the critical considerations for glandular regeneration from the 
perspectives of otolaryngologists and surgeons (Chap. 13, Drs. Varadarajan 
and Dziegielewski). The extensive description in this chapter includes, but is 
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not limited to, glandular anatomy, pathology, surgical advances for neoplastic 
and nonneoplastic diseases of salivary glands, and recent discoveries in the 
field such as salivary gland transfer and salivary duct repositioning. The 
importance of understanding the expected sequelae in human patients follow-
ing radiation or surgery cannot be overemphasized as none of the existing 
laboratory approaches would come to fruition for patients without such 
knowledge.

Based on the cutting-edge information offered in this book, it is undoubt-
able that many more innovative strategies for salivary gland regeneration will 
emerge in upcoming years. Research that unlocks the complex processes of 
organ development would be fundamental to develop such approaches. With 
the current enthusiasm and growing interest in the field, it will just be a matter 
of time before we build another Rome.

Gainesville Seunghee Cha, DDS, PhD
FL, USA
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Implications of Salivary Gland 
Developmental Mechanisms 
for the Regeneration of Adult 
Damaged Tissues

Isabelle M.A. Lombaert

Abstract

The convergence of the fields of tissue engineering and regenerative 
medicine provides a potential blueprint to repair damaged tissues. 
Accordingly, a range of therapeutic applications have emerged that hold 
great potential to regenerate branching organs, such as salivary glands. 
This unique saliva-secreting organ is required for proper oral health, 
lubrication, immunity, and food digestion but is susceptible to damage 
either by co- irradiation as a side effect of radiotherapy cancer treatment, 
autoimmune- related Sjögren syndrome, disease-related medications, or 
surgical resection. This chapter focuses on fundamental cellular and 
molecular processes occurring during organ ontogenesis and in develop-
ing branching glands. We cover the growth of the epithelial compart-
ment, which is the major functional component of the gland, but also 
how surrounding niches such as mesenchymal, endothelial, and neuronal 
cells communicate, intertwine, and influence the formation of glands 
and other branching organs. Finally, we highlight how this key informa-
tion has created new regenerative-related approaches and how these 
impact future clinical translation.

1.1  Introduction

Increasing our knowledge of how organs develop 
has profound implications for the design of thera-
pies to regrow and/or repair injured tissues. 
Understanding the mechanisms regulating cell 
survival, expansion, specification, movement, 
communication with neighboring cells, as well as 
how they respond to damage is critical to navigat-
ing the landscape of future therapy designs.

I.M.A. Lombaert, PhD  
University of Michigan, School of Dentistry,  
2800 Plymouth Road, Ann Arbor, MI 48109, USA 

Biointerfaces Institute, 2800 Plymouth Road,  
Ann Arbor, MI 48109, USA
e-mail: lombaert@umich.edu
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In order to appropriately translate informa-
tion gathered from studies on organ develop-
ment, we need to compare molecular and cellular 
processes during embryonic development with 
adult homeostasis and when repair initiates and/
or fails after each damaging event. Each of these 
stages correlates with specific cellular responses, 
activation of specific signaling pathways, and 
accumulation of environmental cues. Thus, 
developmental-related information is instrumen-
tal to stimulate regrowth within an existing dam-
aged in vivo organ or to initiate de novo growth.

The majority of our current knowledge on 
salivary gland organogenesis derives from exper-
imental animal models, primarily mice and rats. 
While rodent biology is not identical to that of  
humans, many processes and pathways are very 
similar. As such, developmental biologists have 
been and continue to be a valuable resource to 
other disciplines such as engineering, oral sur-
gery, and oncology to translate conceptual ideas 
into therapeutic designs.

The advantages of specific biomaterials, gene 
therapy, and surgical in vivo approaches are 

 outlined in depth in the following chapters. In 
this review, we focus on different salivary gland 
cell types and their supportive environment that 
is needed to form the fully functional secretory 
branching organ. Subsequently, we outline how 
this knowledge can render future therapeutic 
implications and/or what potential complications 
might arise.

1.2  Epithelial Growth Driven 
by Stem Cells

Branching organs such as salivary, lacrimal, and 
mammary glands are comprised of different cell 
types, including epithelial and the surrounding 
mesenchymal, endothelial, and neuronal cells 
(Fig. 1.1). Intertwined within these tissues are 
circulating hematopoietic-related blood and 
immune cells. The major component of develop-
ing and adult salivary glands (SGs) is the epithe-
lia, which is responsible for saliva secretion and 
transportation to the oral cavity. Here, we 
describe how the epithelial compartment of three 

a

b

c

Fig. 1.1 Developing salivary glands in mice. (a) Bright 
field picture represents E13 submandibular (SMG) and 
sublingual gland (SLG). The epithelial compartment is 
comprised of a distal endbud and proximal duct area. (b) 
Epithelia (blue) innervated by the parasympathetic 
nerves (PSG, red) during embryonic SMG development. 
The PSG releases neurotransmitters via varicosities 

(arrow). Confocal image of E-cadherin stained epithelia 
and Tubbulin-3 stained PSG. (c) Different niches sur-
rounding the epithelium in adult mouse submandibular 
gland. Confocal 30 μm projected image of stained SMG 
with epithelial marker E-cadherin (blue), neuronal 
marker Tubbulin-3 (red), and endothelial protein CD31 
(green)

I.M.A. Lombaert



5

major glands, which provide 90 % of total saliva, 
becomes established by tightly controlled mecha-
nisms of cellular interactions.

1.2.1  Morphological Development 
of Salivary Glands

Salivary glands originate as an invagination of the 
oral epithelium from a placode at embryonic day 
(E) 11.5 in mice or Carnegie stage 18 (~44 days, 
weeks 6–7) in humans. This thickening epithe-
lium arises on the side of the tongue outside of the 
lamina dentalis at the anlage of the dental arch. 
Each major gland initiates at slightly different 
locations: the serous parotid gland (PAR) in the 
labiogingival sulcus, the mucous sublingual 
(SLG) in the paralingual sulcus, and seromucous 
submandibular gland (SMG) in the linguogingival 
sulcus. Even though glands arise in the tongue 
area, they grow out during development toward 
the back of the mouth below the ears, floor of the 
mouth near the mandibular bone, and the anterior 
floor of the mouth. While in mice, SMG, SLG, 
and PAR initiate around E11.5, E12, and E13, 
respectively, human SLGs initiate later than SMG 
and PAR at the ninth embryonic month. More 
detailed descriptions on anatomic locations of 
human glands have been recently reviewed [41]. 
The developmental origin of each gland has not 
been clear, with some classifying the PAR as ecto-
dermal derived and SMG and SLG as endoder-
mal, while genetic experiments in mice suggest 
they are all ectodermal [87].

Once the epithelial thickening arises, a cell 
population, termed endbud or tip, forms dis-
tally from an elongating stalk (Fig. 1.1a), which 
developmentally progresses to form major ducts 
termed Wharton’s (SMG), Bharton’s (SLG), and 
Stensen’s (PAR) ducts. The unique SG branch-
ing pattern is created by repetitive clefting of the 
initial and subsequently formed endbuds. Ductal 
structures gradually mature by elongation, lumen 
formation, and expansion. The clefting endbuds 
mature by E16 in mice and 19–24 weeks (7th 
month) in humans to form polarized pro-acinar 
and pro-myoepithelial cells. While pro-acinar 
cells do express some secretory-related proteins, 

they are not yet fully functional and must still 
undergo specific acinar-lineage maturation so that 
by birth, in both humans and mice, the organ is 
comprised of functional secretory compartments.

1.2.2  Contribution of Stem Cells 
and Their Differentiating 
Progeny

The stem/progenitor cell theory asserts that all 
salivary gland cells are initiated from and main-
tained by stem and progenitor cells. By defini-
tion, these cells are characterized by their ability 
to expand themselves, i.e., self-renew, as well as 
to propagate multiple more defined cell types, 
such as acinar cells. Stem cells are further clas-
sified as being more potent than progenitor cells 
in their self-renewal and differentiation potential. 
When both these cellular processes are tightly 
controlled, stem/progenitor cells not only give 
rise to tissues but also maintain and repair organ 
structures during adulthood. Any deregulation in 
this regulatory network during development can 
lead to malformation/absence of the organ and in 
the adult may cause cancer formation. Over the 
past years, remarkable progress has been made 
wherein multiple stem/progenitors have been 
classified based on their ability to (1) form mul-
tiple cell types (mouse genetic lineage tracing, 
ex vivo culturing), (2) alternate quiescence with 
proliferation (BrdU incorporation or genetically 
labeled DNA tracing), and (3) restore radiation- 
induced damaged SGs (in vivo transplantation 
assay). One new consensus gathered from this 
data is that different stem/progenitor cells con-
tribute to the growing SG and that these cells 
may originate at different time points during 
development. Importantly, this permits the organ 
to compensate for any losses in specific stem/pro-
genitor cells and still allows proper development 
[88]. Known stem/progenitors contributing to 
SG organogenesis include cells marked by their 
expression of intracellular cytokeratin 5 (CK5, 
K5) and CK14 [50, 57], receptors KIT (c-Kit, 
CD117) and FGFR2b [57], and transcription fac-
tors SOX2 [3] and ASCL3 [10]. Remarkably, 
stem/progenitors contributing to development 

1 Implications of Salivary Gland Developmental Mechanisms for the Regeneration of Adult Damaged Tissues
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might not serve a similar role during adult 
homeostasis. Recent studies observed active pro-
liferation of cells within specific compartments, 
such as acini and intercalated, striated, and excre-
tory ducts, wherein these cells self-duplicate to 
replenish their own entity, as reviewed in [4]. To 
what extent these adult compartmental “reser-
voir” cells contribute to recovery after injury is 
a focus of ongoing research. At least after severe 
radiation-induced damage, which leads to irre-
versible hyposalivation, there is no active repair 
initiated by remaining SG cells. This is often a 
combinatorial result of (a) drastic loss of acinar 
and duct “reservoir” cells or stem/progenitor 
cells, (b) decrease in signaling pathways required 
to activate surviving “reservoir” or stem/pro-
genitor cells, and/or (c) severely damaged cells 
that can no longer contribute to self-duplication 
or differentiation. In such cases, multiple strat-
egies ranging from constructing a new gland to 
gene therapy and stem/progenitor cell transplan-
tations may aid in restoring the functional and 
morphological components of the gland. Thus 
far, transplantations of cells selected for their 
expression of receptor KIT, EPCAM, CD24, and/
or CD29 (Integrin β1, ITGβ1) were shown to 
restore acinar and ductal compartments, leading 

to  significantly increased saliva levels [58, 62, 72, 
103]. This does not, however, exclude the poten-
tial of other SG-specific epithelial cells, non-SG 
specific cells, and/or their bioactive cell lysate to 
contribute to the repair of damaged SGs. These 
options will be surveyed in following chapters, 
and their impact on when to use them in different 
damaging situations has been recently reviewed 
[61]. In this chapter, we will further outline our 
current understanding of how SGs are structur-
ally built by various cell types (Fig. 1.1b, c) and 
how their continuous interactions are informing 
the design of current and future therapies.

1.2.3  Lessons from Developmental 
Regulatory Mechanisms 
Guiding the Epithelium

Often disorders in humans and genetic rodent 
model systems can provide critical information 
on what signaling pathways are essential for epi-
thelial cell survival, proliferation, differentiation, 
and movement (Fig. 1.2). Major examples are 
Fgf10−/− and Fgfr2b−/− mice, which are related to 
human loss-of-function mutations in FGF10 and 
FGFR2 that result in hereditary diseases  including 

Fig. 1.2 Signaling 
pathways influencing 
epithelial growth. Cartoon 
represents known signaling 
pathways that influence SG 
epithelial cell survival, 
proliferation, expansion, 
and differentiation. Green: 
expressed by epithelial 
cells; orange: expressed by 
mesenchyme; red: 
expressed by neuronal 
cells; black: expression by 
multiple compartments
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lacrimal and SG-related aplasia of lacrimal and 
salivary glands (ALSG), lacrimo-auriculo- dento-
digital (LADD) syndrome, and lung- related 
chronic obstructive pulmonary disease (COPD). 
In these conditions, SG development is stalled, as 
FGFR2b+ epithelium no longer receives survival 
and proliferative cues from the surrounding 
FGF10-producing mesenchyme [80]. Thus, when 
invading oral epithelial cells at gland ontogenesis 
receive FGF10, they initiate an endbud and duct 
formation. From then on, FGFR2b signaling 
expands KIT+ progenitors in the continuously 
clefting endbuds in combination with stem cell 
factor (SCF)/KIT signaling [57]. As FGF10 has a 
heparan-binding (HB) core, it evokes and expands 
more rapid responses once it is bound to specific 
3-O-sulfated heparin sulfate (3-O-HS). This HS 
belongs to a group of heparan sulfate proteogly-
cans (HSPGs) located in the basement membrane 
or at cell surfaces. Interestingly, KIT+ endbud 
progenitors highly express HS3ST3, the 3-O-HS-
specific modifying enzyme 3-O-sulfotransferase, 
to rapidly increase their expansion during devel-
opment [80]. A similar function remains during 
adult homeostasis. Regulating this FGFR2b sig-
naling pathway is of crucial importance so that 
every epithelial cell does not undergo extensive 
proliferation. Ductal cells therefore express FGF 
antagonists, Sprouty 1 and 2, to lower FGFR2b 
signaling and upregulate WNT [48]. Both canon-
ical WNT/β-catenin and noncanonical WNT5b 
pathways drive ductal formation via upregulation 
of Tfcp2l1 while inhibiting endbud development. 
In turn, endbuds repress duct development by 
FGF-mediated Wnt5b repression and secretion of 
WNT  ligand- sequestering protein SFRP1 [78]. 
Evidently, a tight FGF-WNT gradient allows for 
KIT+ progenitor expansion in endbuds, while 
ductal cells prepare for upcoming lumenization 
and maturation. In this process, ERBB1 (EGFR)+ 
ductal K5+ progenitors proliferate in response to 
HB-EGF to give rise to maturing K19+ cells [50]. 
One mechanism of action is via induction of 
membrane-type-2 matrix metalloproteinase 
(MT2-MMP) and FGFR expression in epithelial 
cells. MT2-MMP is crucial to release bioactive 
NC1 domains from extracellular matrix (ECM) 
protein collagen IV, which in turn promotes 

branching via epithelial ITGβ1 [84]. MMPs also 
cleave pro-HB-EGF into an N-terminal and 
C-terminal fragment at the membrane so that the 
latter fragment can move to the nucleus to acti-
vate cell proliferation via cyclin A [95]. 
Conversely, another member of the EGF family, 
neuregulin (NRG), binds ERBB3 on endbuds to 
aid in their local expansion [70]. NRG1 is further 
essential for innervation as Nrg1−/− mice are 
devoid of nerves and show aberrant duct forma-
tion and lumenization [73].

Similar to FGF10, Fgf8 hypomorphic and 
Fgfr2c heterozygous mice exhibit hypoplastic 
glands due to reduced communication between 
FGF8-producing epithelia and FGFR2c-receiving 
mesenchyme. In both FGF-deficient mice, initial 
epithelial invagination occurs, but subsequent SG 
growth does not occur. To date, FGF8 has been 
described as a potential target of the EDA path-
way. Human mutations in ectodysplasin-A 
(EDA) or its receptor EDAR result in hypohi-
drotic ectodermal dysplasia (HED). Defects in 
teeth, hair, sweat, and salivary glands are notice-
able due to reduced cell proliferation and differ-
entiation [45, 74]. In SGs, EDA and downstream 
target NF-kB aid in ductal lumenization and end-
bud branching, presumably by inducing ductal 
maturation within the center of endbuds. Early 
on, mesenchyme-produced EDA is downstream 
of mesenchymal WNT and upstream of epithelial 
SHH (sonic hedgehog) signaling. As such, SHH 
treatment can rescue SGs deprived of EDA [100]. 
After E13, EDA does not seem to correlate with 
WNT anymore, based on their different expres-
sion pattern located in the epithelial or mesen-
chymal compartment [31, 78]. SHH’s important 
role in SG development has been confirmed, as 
SHH-deficient SGs are hypoplastic with unpolar-
ized epithelial cells and underdeveloped lumen 
formation [36, 43]. SHH is also linked to FGF8 
as both can upregulate each other [43]. Therefore, 
FGF8 is able to rescue Hedgehog inhibition but 
surprisingly not EDA deficiency [43]. As such, 
EDA-FGF8’s precise signaling interaction still 
needs to be determined.

FGF signaling, in particular via FGFR1 (vari-
ant b in the epithelium and c in the mesenchyme), 
can also upregulate bone morphogenetic protein 
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(BMP) ligands. BMPs are part of the TGFβ sig-
naling family and signal via BMP receptors. 
FGFR1 signaling regulates BMP7 directly and 
BMP4 indirectly to regulate epithelial growth. 
BMP4, which is mesenchyme specific, inhibits 
epithelial branching, while BMP7, released by 
both epithelium and mesenchyme, increases it 
[90]. The role of another member of the TGF 
family, TGFβ1, is still inconclusive. While 
TGFβ1-deficient mice have normal SGs, over-
stimulation of TGFβ1 results in acinar loss, elon-
gated ducts, and/or fibrosis [35, 42].

Additionally, ECM and epithelial integrin cell 
interactions are just as essential for branching 
morphogenesis. These ECM molecules line up 
the basement membrane (BM) separating the epi-
thelium from mesenchyme. Interestingly, iso-
lated epithelial cells can easily grow without the 
physical presence of mesenchymal cells but not 
without ECM component(s), such as laminin, 
fibronectin, perlecan, collagen, or mouse 
sarcoma- derived reconstituted BM “Matrigel.” 
Deposition of unique ECM components along 
the clefting endbuds and elongating ducts plays a 
role in correct branching. Impairing these con-
nections will lead to reduced clefting, endbud 
number, cell movement, and/or growth. Detailed 
descriptions of disruptive ECM cell outcomes 
were recently reviewed in [79].

Finally, an underexplored area contributing to 
SG formation are microRNAs (miRNAs), which 
are small, noncoding RNAs that specifically tar-
get mRNAs to globally regulate gene expression. 
Epithelial endbud progenitors highly express 
miR200c to reduce FGFR-dependent prolifera-
tion. miR200c downregulates the autocrine ree-
lin/very low-density lipoprotein receptor 
(VLDLR) pathway, which positively regulates 
FGFR signaling [83]. Additionally, it was found 
that EGF can specifically induce mesenchymal 
production of miR-21, which decreases multiple 
target mRNA candidates. One of these, RECK, 
inhibits MMPs, which subsequently influences 
ECM degradation to enhance SG branching [37].

In conclusion, various signaling pathways 
instruct different cell types within the epithelial 
compartment and not surprisingly interact with 
and regulate each other to safeguard temporal- 

spatial proliferation, differentiation, and clefting. 
Initiation of some of those embryonic signaling 
pathways has been observed in active repair situ-
ations, such as ductal ligation settings where aci-
nar atrophy and hyposalivation is temporarily 
induced by restricting salivary flow from the 
major duct [17]. We can thereby try to manipu-
late the activation and/or repression of specific 
developmental pathways to stimulate in vivo 
repair of damaged SGs, as is outlined further in 
this chapter.

1.3  Environmental Cues 
Patterning Epithelial 
Branching and Maturation

SGs are highly vascularized and innervated, all of 
which integrate within a condensed mesenchyme. 
Developmentally, SG epithelia invade a con-
densed mesenchymal placode already containing 
a complex endothelial network and parasympa-
thetic neuronal bodies awaiting cues for innerva-
tion [48]. Both signals for epithelial invasion into 
the mesenchyme and subsequent branching are 
transmitted via direct cell-cell contact and/or 
indirect paracrine signaling pathways, which are 
discussed below.

1.3.1  Guiding Neurons

Different cranial nerves innervate the pre- and 
postnatal SG where they exert different func-
tions. While the autonomic nervous system regu-
lates the SG at an unconscious level and in stress 
conditions, sensory neurons respond to mechani-
cal, thermic, and light signals.

For decades, both the parasympathetic and 
sympathetic nervous system have been acknowl-
edged as the driving stimulant to release saliva 
from acinar cells into ducts. While parasympa-
thetic stimulation results in serous secretion and 
ion release, sympathetic activation stimulates 
mucous or protein-containing saliva and can also 
play role in local inflammation and blood flow 
[23, 67]. Both parasympathetic and sympathetic 
nerves are part of the autonomic nervous system, 
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and their neuronal guidance is ensured by axons 
that sprout along unique paths within the tissue. 
While the former innervates along the epithelia, 
the latter follows the vasculature. This directional 
guidance is driven by neurotrophic factors, 
secreted by cells in the periphery, as well as the 
presence of specific receptors on the axons that 
allow or block their adhesion to the adjacent 
ECM. The most notable trophic molecules include 
neurotrophins (e.g., NGF, BDNF, NT-3), netrins, 
semaphorins, ephrins, and myelin inhibitors. 
Similarly, axons secrete neurotransmitters in their 
proximity, exerting a variety of effects through 
specific receptors on their target cells (Fig. 1.3). 
Parasympathetic nerves signal via the cholinergic 
acetylcholine (ACh) pathway, targeting musca-
rinic receptors on neighboring cells, as well as 
water channels such as aquaporin 5 (AQP5). In 
contrast, sympathetic nerves release epinephrine 
and norepinephrine (i.e., noradrenaline, NA) that 
bind to β-adrenergic receptors (adrenoceptors) on 
acini. Other non-ACh, non- NA neurotransmitters 
can be produced by both parasympathetic and 
sympathetic nerves and may include vasoactive 
intestinal peptide (VIP), substance P (SP), neuro-
peptide Y (NPY), neurokinin A, pituitary adenyl-
ate cyclase-activating peptide (PACAP), and 
calcitonin gene-related peptide (CGRP).

Developmentally, parasympathetic ganglia 
(PSG) neuron cell bodies migrate along the 
branches of mandibular arteries [91] to cues from 

initiating SG epithelia to localize into ganglia 
around the primary duct and send out axons 
toward the endbuds [48]. Sympathetic nerves 
innervate SGs along the blood vessels during 
later stages of development when final epithelial 
maturation is needed. As such, developmental 
experiments can clearly dissect the role of neu-
rotransmitters and neurotrophic factors affecting 
the PSG. It is now well appreciated that the PSG 
establishes a communication loop with specific 
epithelial cells to allow outgrowth of both com-
partments. When the PSG is absent, the pool of 
K5-expressing epithelial progenitors is signifi-
cantly reduced [50], which influences down-
stream K19+ ductal luminal differentiation and 
subsequent epithelial outgrowth. This is medi-
ated via a loss in ACh-CHRM1 (muscarinic 
receptor 1) signaling from the PSG to K5+ cells 
and resulting in a subsequent reduction of 
HB-EGF/EGFR pathway signaling that initiates 
maintenance and differentiation of K5+ progeni-
tors. Lumenization, which marks further ductal 
maturation, is also coordinated by the PSG but 
not via the ACh pathway. The neurotransmitter 
VIP activates a cAMP/protein kinase A (PKA) 
pathway to induce epithelial duct cell prolifera-
tion and formation of a single lumen by the fusion 
of multiple microlumens. After initial lumen for-
mation, VIP remains essential to expand the 
lumen size via the cystic fibrosis transmembrane 
(CFTR) pathway [73].

Fig. 1.3 Signaling 
pathways driving neuronal 
survival and innervations. 
Illustrated signaling 
pathways for 
parasympathetic nervous 
system were demonstrated 
in prenatal glands, 
sympathetic nervous system 
in postnatal SGs. Green: 
expressed by epithelial 
cells; red: expressed by 
neuronal cells; blue: 
expressed by endothelial 
cells; black: undefined 
which compartment takes 
part in it
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Organ development also requires proper bidi-
rectional communication. Feedback signaling 
from epithelial cells toward the PSG stimulates 
cell survival, migration, and innervation. At SG 
ontogenesis, WNT-producing epithelia, particu-
larly K5+ progenitors, maintain PSG neuron sur-
vival and proliferation [48]. At later stages of 
branching morphogenesis, the neurotrophic fac-
tor neurturin (NRTN), which is mainly secreted 
by endbud progenitors, not only promotes neuro-
nal survival via GFRα2/RET but also maintains 
axon outgrowth along ducts toward the endbuds 
[49]. In the developing lung, there also appears to 
be a link between nerves and blood vessels. 
Denervation, in this case via physical cell abla-
tion, resulted in reduced endothelial prolifera-
tion, leading to hypo-vascularized lungs [9]. It is 
unclear whether this is a direct or indirect 
neuronal- endothelial effect and whether similari-
ties exist within the developing SG.

Detailed anatomical descriptions of nerves in 
adult SGs are outlined in a recent review [40]. It 
is assumed that similar communication between 
nerves and epithelium persists into adulthood as 
denervation of SGs, via ductal ligation or neurec-
tomy, reduces epithelial content that regenerates 
after ligation removal if the nerve is intact or 
reconnected [46, 55, 65]. A morphological differ-
ence of early development with later stages and 
adulthood is that smaller ganglia are found dis-
persed within adult tissue [40], presumably to 
reach their target cells more easily as distances 
are much larger compared to embryonic 
development.

Even though tyrosine hydroxylase (TH)-
expressing sympathetic ganglia are presumed 
not to be present at SG ontogenesis, some 
mRNA expression levels of its unique recep-
tor neuropeptide Y receptor 2 (NPY2R) were 
detected early during development at low levels 
that increase before birth [23]. Since NPY2R is 
also present on endothelial cells, some, if not 
all, of the mRNA expression could be related to 
blood vessel formation within the SG. However, 
TH-expressing neuronal cells were detectable 
by E16.5, which might indicate there is a pre-
natal presence of sympathetic ganglia [89]. 
Nevertheless, postnatal sympathetic denervation 

does lead to  hypoplasia of the gland [82] and 
thus must involve a direct or indirect role for 
sympathetic nerves in either epithelial cell main-
tenance or maturation. In the adult gland, RET 
signaling is also known to be essential for sym-
pathetic neuron survival, but likely via the ligand 
artemin instead of NRTN. SGs also produce high 
amounts of NGF and genetic ablation of NGF or 
its TrkA receptor leads to defective sympathetic 
innervation, indicating its crucial role in sympa-
thetic neuron survival [22, 27]. Depletion of non-
canonical WNT5a in WNT1-derived neural crest 
cells further leads to incomplete sympathetic 
innervation and branching in prenatal SGs. While 
the authors suggest this is due to an autocrine 
WNT5a/retinoid-related orphan receptor (ROR) 
pathway in sympathetic neurons, it doesn’t rule 
out that epithelial WNT5a-producing cells might 
be stimulating sympathetic neurons as well [89]. 
Similarly, endothelial-released endothelin 3 
(EDN3) is also suggested to be a cue for a sub-
set of EDN receptor A+ sympathetic neurons to 
innervate the prenatal SG along the nascent exter-
nal carotid arteries [63]. The specific role of other 
neurotransmitters from the GDNF and NPY fam-
ily as well as other neurotrophic factors are still 
being explored. While semaphorins are involved 
in axon pruning and neuronal migration in the 
central nervous system, they also appear to have a 
role in developing SGs. Semaphorin (SEMA) 3A 
and 3C bind co-receptors neuropilin and plexin. 
Neuropilin is expressed by epithelial endbuds 
and by activation with SEMA3A and 3C cleft 
formation is induced without changing prolifera-
tion and, most likely, by affecting cell movement 
[15]. However, additional FGF7/10 growth-pro-
moting signals from surrounding mesenchyme 
were required to mediate this cleft formation. 
Whether additional participation of SEMAs on 
receptive nerves is required for cleft formation or 
SG development still remains unclear.

At adulthood, it remains to be determined how 
sensitive sympathetic nerves are to injuries such 
as radiation. In rodents, sympathetic nerve func-
tion was retained after radiation [52], and 
increased levels of TH as well as NGF/NGFR and 
adrenergic receptor 2 (ADRA2B) were detected 
in radiated human SMGs [49]. Whether a 
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 reestablishment of the balance between parasym-
pathetic and sympathetic nervous system is nec-
essary for regeneration is not known.

Furthermore, it is assumed that sensory neuro-
nal cells are present along the sympathetic and 
parasympathetic nerve tracks in adult SGs [51], 
although they have not yet been studied in detail. 
While sensory neurons can be defined into mul-
tiple subtypes based on different criteria such as 
their origin and molecular expression patterns, 
they often are loosely classified as unmyelinated 
capsaicin-sensitive TRPV1+ receptor expressing 
neurons or myelinated glutamate receptor- 
expressing neurons. Upon activation, sensory 
nerves can secrete various neuropeptides, such as 
Substance P and CGRP. At least in the lung and 
pancreas, literature indicates that sensory neu-
rons release neurotransmitters in the periphery to 
serve as direct mediators for recruiting and acti-
vating inflammatory cells [68, 86]. Whether a 
similar mechanism occurs in salivary glands is 
not known.

In conclusion, innervation plays an essential 
role for organ development, homeostasis, and 
repair after injury. Studies on SG biogenesis have 
been highly informative for defining the involve-
ment of the PSG in branching morphogenesis, 
not only of SGs but also other organs such as 
prostate and lungs. The existence and/or loss of 
bidirectional communication with epithelial 
stem/progenitor cells have been reported to occur 
in rodent and human SG homeostasis and postra-
diation. The inhibition of parasympathetic neuro-
nal function influences adult epithelial K5+ 
progenitors [49] but it is not known yet whether 
postradiation regeneration due to epithelial stem/
progenitor transplantation repairs neuronal func-
tion, even though morphological repair has been 
suggested [71].

1.3.2  The Role of Blood Vessels

The vasculature in branching organs develops in 
close proximity to the epithelia, although its spa-
tial pattern differs from parasympathetic nerves. 
Not only are endothelia important for mediating 
gas exchange but also as a source of endothe-

lial secretory factors, termed angiocrines, which 
impact organ development (Fig. 1.4). While 
research on blood vessels in SGs remains limited, 
much can be learned from other branching organs. 
Overall, complex cross-communication between 
epithelial and endothelial cells appears to regu-
late both epithelial differentiation and angiogen-
esis. The initial cues to form an endothelial cell 
plexus around a condensed mesenchyme do not 
require epithelia. This is observed in Fgf10−/− 
mice that don’t form initial SMG epithelia but 
where the placode of mesenchyme, blood ves-
sels, and neuronal bodies are present [48]. After 
SG ontogenesis, however, epithelial- derived 
angiogenic factors, such as VEGF-A, do play a 
role as null mutations in Vegf-A or its endothelial- 
expressed receptor (Vegfr) show  vascular defects 
in tissues, reduced epithelial budding, and ulti-
mately embryonic lethality [13, 107]. Another 
epithelial-induced angiogenic mechanism may 
include the vitamin D pathway. The enzymes 
CYP27B1/24A1 that activate and catabolize 
vitamin D are highly upregulated just before 
birth and in postnatal lung. Exogenous vitamin 

Fig. 1.4 Potential communications initiated by and to 
endothelial cells. Described pathways were majorly found 
in other branching organs. Whether they exist in SGs 
needs to be determined. Green: expressed by epithelial 
cells; orange: expressed by mesenchyme; blue: expressed 
by endothelial cells
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D positively influences lung growth by inducing 
maturation in vitamin D receptor- expressing epi-
thelial cells (VDR) [64]. As VDR is also present 
on endothelial cells, this enhanced growth might 
be due to direct effects of vitamin D on endothe-
lial cells and/or indirect effects from epithelia to 
endothelia. Nevertheless, it is clear that epithe-
lial-endothelial communication requires a tight 
balance as any hyper- vascularization inhibits epi-
thelial growth [14].

Apart from endothelial-epithelial cross- 
communication, there is also endothelial- 
mesenchymal communication, as recently 
reviewed [94]. The early endothelial cells pro-
mote survival of pancreatic mesenchymal cells, 
which in turn have a pivotal role in organ devel-
opment. A similar complex paracrine signaling 
network was also found in the lung. Retinoic 
acid (RA), which is produced by endothelial 
cells, induces VEGF-A expression in lung epi-
thelia. Evidently, endothelial cells are recruited 
via VEGF-A, and thus angiogenesis is stimu-
lated via this endothelial-epithelial communica-
tion loop. Furthermore, endothelial-released RA 
also stimulated mesenchymal cells to produce 
more FGF18 and ECM component elastin, thus 
increasing epithelial alveolar formation [108]. 
Other organ-specific angiocrine factors that may 
follow this paracrine loop include HGF, WNT, 
NOTCH, and BMP ligands. Mesenchymal cells 
also signal back to endothelial cells to stimulate 
survival, proliferation, migration, and autoph-
agy via production of ECM components, such 
as the perlecan/heparan sulfate proteoglycan 
(HSPG2) fragment endorepellin, decorin, and 
endostatin [18, 75].

While blood vessels and nerves can indepen-
dently respond to their own set of signaling fac-
tors, there also seems to be a paracrine connection 
via epithelial-released VEGF. Even though 
VEGFR is absent on nerves and not required for 
innervation, VEGF overexpression in pancreas 
not only led to hyper-vascularization but also to 
hyper-innervation [85]. Interestingly, endothelial 
cells did not produce any known neurotrophic 
factors, but the effect appeared to be related to 
their upregulated expression of basement mem-
brane components, such as collagens and 

 laminins. These components in turn served as 
scaffolds for increased axon outgrowth.

In addition to blood vessels, we must not for-
get the circulating cells within them. White blood 
cell monocyte-derived macrophages and den-
dritic cells arise from the bone marrow and colo-
nize tissues via blood vessels to phagocytose 
cellular debris and help in the innate non-specific 
and specific adaptive immune defense. While 
macrophages normally develop in the bone mar-
row via granulocyte-macrophage colony- 
stimulating factor (GM-CSF), mesenchymal 
cells in tissues can also release GM-CSF to 
induce a similar differentiation effect on circulat-
ing monocytes. While it is clear that both macro-
phages and dendritic cells may be involved in 
organ morphogenesis, their exact functions are 
not always fully understood. Also in adult tissues, 
for example, in the lung, there is conflicting data 
on their specific role: antigen-sensing dendritic 
cells might induce different immune responses 
depending on their physical location in the tissue 
while surrounding different epithelial cell types 
[54]. Similarly, various macrophages invade the 
mesenchyme where they can interact with den-
dritic cells, lymphocytes, and epithelia to regu-
late immunity. Macrophages suppress immune 
responses by inhibiting both dendritic-mediated 
T-cell activation and inactive TGFβ production. 
Subsequent activation of this inactive TGFβ into 
bioactive TGFβ by lung epithelia is essential in 
order to prevent spontaneous inflammation after 
acute injury. Lung alveolar cells in turn secrete 
various ligands to receptive macrophages to 
ensure this prevention of inflammatory responses. 
Whether a similar action or disruption in this 
communication is occurring in adult SGs after 
radiation remains to be determined.

Apart from immune regulators, macrophages 
further shape the branching patterning of organs 
by remodeling the ECM around the ducts to 
allow outgrowth as well as survival of endbud 
stem/progenitor cells [11, 102]. They also regu-
late angiogenesis by instructing endothelial cells 
to undergo apoptosis via WNT signaling, coun-
terbalancing a pro-survival factor produced by 
pericytes, which wrap around endothelial cells to 
influence functions such as blood flow [2].
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In sum, blood vessels play important roles 
during development in other branching tissues 
not only for oxygen supply but also to maintain 
essential communication signaling pathways 
with epithelia and surrounding mesenchyme. The 
bone marrow-derived cells circulating in the 
blood vessels also aid in tissue branching mor-
phogenesis and evoke or suppress immune 
responses after injury. Whether similar mecha-
nisms exist in the developing and adult SGs 
remains to be determined.

1.3.3  Supporting Mesenchymal 
Cells

Embryonic SG mesenchymal cells are WNT1+ 
neural crest-derived cells [44, 105] and provide 
supportive cues such as growth factors, proteases, 
and ECM proteins to guide and activate epithelial, 
neuronal, and endothelial cells (Fig. 1.5). In vitro 
recombination experiments show that the SG mes-
enchyme induces an SG-like branching pattern in 
various epithelia such as a pancreatic, mammary, 
and pituitary gland [96]. This property, however, is 
not found in mesenchyme from non-SG tissues, as 
E11.5–13 SG epithelium does not properly branch 
unless it is recombined with SG mesenchyme [28, 

29, 99]. This indicated that SG mesenchyme has 
strong and unique multicomponent instructional 
properties. One of them is the high production of 
FGF10, which is also essential for lung, lacrimal, 
and mammary gland initiation. Notably, non-SG 
epithelia only adapted SG-like branching patterns 
when they were placed in close vicinity to high 
FGF10-expressing mesenchymal tissue, confirm-
ing the importance of FGF10’s spatiotemporal 
dosage [99]. With this in mind, it is important to 
understand that the SG mesenchymal component 
in these experimental conditions contains mesen-
chymal cells as well as ganglia and blood vessels 
albeit disconnected from the rest of the body. It 
can therefore not be excluded that SG-specific 
neuronal cells and/or blood vessels may have addi-
tional contributions to this specific SG patterning.

Interestingly, early-stage E11.5–12.5 SG epithe-
lia, but not later stages, are able to instruct E10.5 
mesenchyme from different sources to produce 
FGF10. However, not every mesenchyme is as 
competent to receive this signal as only SG and pha-
ryngeal second arch mesenchyme responded and 
limb mesenchyme, for example, did not. This indi-
cates that this initial signal is exclusively located 
within specific regions of the embryo, likely to 
restrict specific organ outgrowth to the correct loca-
tion in the body. What this initial epithelial signal is 

Fig. 1.5 Described 
signaling interactions with 
the SG mesenchyme. Most 
known communications 
are between the SG 
mesenchyme and 
epithelium. Green: 
expressed by epithelial 
cells; orange: expressed by 
mesenchyme; blue: 
expressed by endothelial 
cells; black: undefined 
which compartment takes 
part in it
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remains a subject of debate. Whereas early limb and 
lung epithelia secrete FGF8 or FGF9 to initiate this 
process, it is unlikely that FGF8 serves a similar 
function in SGs [99]. Neither is the signal FGF4, 
BMP2, SHH, TGFβ1, or WNT6 [47]. One unex-
plored candidate is platelet-derived growth factor 
(PDGF). During development, PDGF-A and 
PDGF-B ligands are mainly produced by epithelia 
and mesenchyme, respectively [105], while 
PDGFR-A and PDGFR-B receptors are expressed 
in the mesenchyme. By adding exogenous PDGF, 
epithelial proliferation can accelerate via upregula-
tion of mesenchymal Fgf7, Fgf10, Fgf1, and Fgf3 
and downregulation of growth inhibitory factor 
Fgf2. While this induction was observed during SG 
morphogenesis (E14), it has not been confirmed 
that epithelial PDGF-A is a potential FGF10 inducer 
at SG ontogenesis. Nevertheless, once FGF10 
expression is initiated, it persists and becomes inde-
pendent from epithelial cues. It is also interesting to 
note that mesenchymal condensation at placode ini-
tiation is independent of this FGF10 activation. As 
such, the mesenchyme can condense around a net-
work of blood vessels and resting PSG cells before 
SG initiation and in the absence of FGF10 as seen in 
Fgf10−/− mice. This mesenchyme presumably 
awaits signal(s) from the invading oral epithelia to 
initiate FGF10, which in turn promotes SG-specific 
epithelial growth.

Even during branching morphogenesis, mesen-
chymal cells continue to play a part in multiple 
bidirectional signaling pathways. Early on, WNT/
β-catenin signaling is exclusively induced in the 
mesenchyme before it is expressed in lumenizing 
ductal cells [78]. This mesenchymal WNT can 
activate EDA and, at least in part, influence SG 
morphogenesis via epithelial EDAR [31]. 
Branching epithelia also regulate local FGF10 
expression to reduce aberrant cell proliferation. 
Lung epithelia release BMP ligands as well as 
SHH to spatially downregulate FGF10 and specifi-
cally induce secondary bud formation [12]. A 
recent study further points to an important role for 
mesenchymal retinoic acid (RA) to enhance 
branching. RA is a small diffusible hormone-like 
molecule generated by a two-step enzymatic oxi-
dation of dietary vitamin A via RDH10 and 
ALDH1A. RDH10, which metabolizes vitamin A 

in the first step, is exclusively expressed in early 
SG mesenchyme, while RA activity is mainly 
observed in RA receptor+ epithelia. Disruption in 
Rdh10 results in early embryonic lethality, often 
before SG epithelial invagination. However, when 
E13 SGs were treated with an RAR inhibitor 
reduced branching was observed [101]. In contrast, 
mesenchymal cells can also secrete signaling 
inhibitors to slow down branching. DLK1, a non-
canonical NOTCH1 ligand produced by the mes-
enchyme, inhibits branching and subsequent 
innervation, presumably to modulate cleft forma-
tion [25]. Furthermore, DLK1 appears to regulate 
the epithelial balance of K14+ progenitors, 
although the precise mechanism is unclear [26]. 
The role of TGFβ1 is also unclear; there is some 
evidence that epithelial-secreted TGFβ1 enhances 
collagen production from Coll1α1+ mesenchymal 
cells to inhibit SG acinar formation [42].

Other mesenchymal signaling pathways that 
may influence epithelial branching are hepato-
cyte growth factor (HGF)/c-MET and SDF1/
CXCR4 signaling [38]. Additional cellular 
instruction mechanisms also include microRNAs 
(miRNAs). miRNAs are small noncoding RNA 
molecules that function to silence other mRNAs.

While most research has focused on 
mesenchymal- epithelial interactions, there may 
also be mesenchymal-endothelial interactions. 
When the mesenchymal factor SDF-1 was specifi-
cally inhibited from binding CXCR7+ endothelial 
cells, SG epithelial branching was decreased [38], 
thus suggesting a tri-directional loop between 
mesenchymal, endothelial, and epithelial cells. It 
is also possible that mesenchymal cells may play a 
role in axonal guidance. As outlined earlier, mul-
tiple studies have verified that mesenchymal cells 
aid in cellular migration, clefting, and differentia-
tion via regulation of ECM production.

1.4  Translation into Future 
Therapies to Repair 
Damaged Salivary Glands

There is a tremendous need for long-term thera-
pies to restore salivary flow. Clinical impacts of 
dry mouth, or xerostomia, not only include difficulty 
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with food mastication, swallowing, taste, and 
speech but also increased risks for dental caries, 
pain, and oral infections [19]. Depending on the 
type of damage, different therapies could be con-
sidered. Moderate damage could be addressed by 
protein and/or gene activation, while cell thera-
pies and/or bioengineered tissues to restore the 
entire organ may be more suitable for cases of 
severe radiation-induced damage. Current bioen-
gineering, gene and mesenchymal stem cell ther-
apies, as well as SG transfers are emphasized in 
the following chapters. Here, we review how dif-
ferent therapies could contribute to SG repair by 
correlating them with the developmental con-
cepts described above.

1.4.1  Epithelial Protection 
and Repair

Since epithelial cells are the major component of 
SGs, they are the main target for any type of dam-
age, especially radiation. Therefore, the preven-
tion of SG cell apoptosis and/or membrane 
damage-induced dysfunction of acinar cells is 
clinically attempted by using intensity modulated 
radiation therapy (IMRT) rather than conventional 
radiotherapy. The precise delivery of radiation by 
IMRT reduces the amount of the SGs being tar-
geted, still, 40 % of head and neck cancer patients 
experience moderate to severe oral dryness [8]. 
Recently, it was revealed that exclusion of a subre-
gion of the cranial SG is essential to reduce severe 
loss of organ function [97]. Not surprisingly, this 
region appears to harbor the highest number of 
epithelial SG stem/progenitor cells. Superior dose 
distribution as delivered by proton therapy is fur-
ther expected to improve dose sparing of SGs, spe-
cifically in this cranial subregion [56].

In the meantime, free radical scavengers (ami-
fostine and tempol) and saliva-stimulating sialo-
gogues (pilocarpine) provide relief to some 
patients. However, major health-related side 
effects induced by radical scavengers, such as 
vomiting and fever, need to be taken in consider-
ation. Also the effectiveness of pilocarpine is 
related to the severity of tissue damage as this 
muscarinic agonist relies on some functional SG 

epithelial cells still being present in the gland. 
Suppressing cell apoptosis is another treatment 
that has had some success in animal models. 
Approaches shown to be effective in mouse mod-
els include pretreatment with insulin growth fac-
tor 1 (IGF1) [69], FGF2 [30, 53], Tousled kinase 
(TLK1B) [77], Pkcδ [1], or roscovitine. The lat-
ter is a cyclin-dependent kinase inhibitor that 
transiently inhibits G2/M cell cycle arrest, allow-
ing suppression of apoptosis and DNA repair 
[66].

Alternatively, epithelial cell proliferation can 
be stimulated via posttreatment with aldehyde 
activator ALDH3 [5] or pre- and posttreatment 
with keratinocyte growth factor (KGF) or FGF7 
[60, 109] to ameliorate radiation-induced 
hyposalivation in mice. Other signaling pathways 
shown to enhance adult SG regeneration postra-
diation or post-ductal ligation in mice are concur-
rent or transient activation of WNT/β-catenin 
[33, 34], SHH [32], and EDA [39]. Similar to 
developmental processes, all of these pathways 
affect epithelial stem/progenitors and aid in their 
expansion and differentiation. Notably, radiation 
itself does not alter endogenous WNT, EDA, or 
SHH pathway components, but evidently over-
stimulation reinforces epithelial growth mecha-
nisms required to regenerate the damaged tissues. 
Another approach is to use a cocktail of chemo-
kines, cytokines, and growth factors obtained by 
mobilizing or injecting bone marrow-derived 
cells, adipocytes, and/or mesenchymal stem cells 
into damaged SGs, as reviewed in [61]. These 
bioactive lysates are proposed to drive SG repair 
by reactivating signaling pathways in the 
 epithelial and endothelial cells that remain. 
Whether they also stimulate post-damage neuro-
nal repair is currently unclear.

Restoration of saliva secretion is further fea-
sible by epithelial water channel aquaporin 1 
(AQP1) protein gene therapy. After extensive ani-
mal research in mice, rats, pigs, and monkeys, the 
safety of an adenovirus-containing human AQP1 
vector (AdhuAQP1) was studied in human Phase 
I clinical trials [6]. While there was some efficacy 
reported in some patients, follow-up studies to 
test the effectiveness of this therapy for long-term 
maintenance of increased salivary flow are 
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 ongoing. The reader is guided to a following 
chapter for more in-depth information.

SG cell transplantations have proven to be an 
effective treatment in rodent models. Several SG 
epithelial specific and non-SG cell types are able to 
integrate within the remaining epithelial compart-
ment and contribute to its repair and subsequent 
homeostasis by differentiating into pools of various 
ductal and acinar cell types. Their potential use in 
the clinic has been reviewed in detail [61]. Briefly, 
autologous SG cell transplantation could occur in 
patients who still need to undergo radiation and 
where a SG biopsy could be taken before radiation 
therapy starts. Subsequent post-therapy transplan-
tation of biopsy-isolated cells could initiate regen-
eration of the radiated SG. Alternatively, other cell 
types such as mesenchymal or adipose cells could 
be transplanted or mobilized post-radiotherapy to 
positively influence epithelial, mesenchymal, and 
endothelial repair.

In conclusion, the number of remaining stem/
progenitor cells and functional epithelial cells will 
determine the probability of spontaneous regenera-
tion of the damaged SG, as well as efficiency of 
sialogogues, apoptosis protectors, and signaling 
pathway stimulators. Restoring the epithelial com-
partment could elicit repair of surrounding blood 
vessels and nerves as well. As indicated from ani-
mal models [32, 59, 72], this can occur via para-
crine communications from epithelial angiocrine 
and neurotrophic factor (e.g., BDNF, NRTN) 
release. One important clinical issue to be deter-
mined is whether these proposed treatments lead to 
undesirable side effects such as radioresistance 
and/or the acceleration of the patient’s tumor cells.

1.4.2  Inducing Neuronal Survival 
and Reinnervation

Nerves have a limited capacity to regenerate, and 
irradiated human SGs have been shown to have 
reduced parasympathetic innervation [49]. The role 
of nerves and neurotransmitters during organ devel-
opment and homeostasis is being elucidated, but 
less is known about their role during gland repair. 
Apart from neurotrophic release, innervation can 
also be influenced via cell plasma membrane-

derived vesicles or exosomes, which not only medi-
ate transmission of proteins but also mRNA and 
microRNAs [76]. One study proposes a participat-
ing role for mRNA and microRNAs in neuronal 
myelination and survival. Oligodendrocytes secrete 
exosomes with specific proteins and RNA toward 
surrounding neurons in the brain to improve their 
viability under stress conditions [24]. While exo-
some-influenced neuronal repair has yet not been 
investigated in SGs, neurotrophic protein deliveries 
via injection or gene therapy are currently being 
explored. In fetal SG experimental settings, radia-
tion-induced neuronal apoptosis and denervation 
were reduced by postradiation delivery of exoge-
nous neurturin (NRTN), which binds GFRα2/RET 
receptors on parasympathetic nerves [49]. Adult 
radiated SGs were shown to benefit from exogenous 
GDNF, which binds GFRα1 and aids in epithelial 
stem/progenitor cell expansion [103]. This likely 
occurs via neuronal communication, although its 
reinnervation pattern has not yet been studied.

Future efforts will also need to be directed 
toward determining the impact of radiation on sym-
pathetic nerves and possible positive influences by 
WNT5a, NGF, or END3, which are known to be 
important during development of the gland.

In sum, functional neuronal repair and rein-
nervation may help in the release of neurotrans-
mitters to maintain epithelial stem/progenitor 
cells and induce epithelial regeneration and duc-
tal maturation. Moreover, their reactivation is 
necessary for proper saliva release from acinar 
cells and may also reestablish the communication 
pathways necessary for repair and subsequent 
homeostasis. Importantly, the major human SMG 
and SLG parasympathetic ganglions are located 
outside the gland in contrast with many rodent 
models [21]. The prevention or reduction of radi-
ation to these ganglions, as well as the PAR gan-
glion that is located outside the tissue, could also 
improve the efficiency of these therapies.

1.4.3  Restoration of Blood Vessel 
Supply

Radiation severely impacts blood vessels to the 
point that capillary endothelial cells detach from 
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the basal lamina, their density reduces, and large 
blood vessels dilate. Reducing damage to blood 
vessels will contribute to repair of damaged SGs. 
As iterated above, endothelial cells communicate 
not only with epithelial and mesenchymal but 
also neuronal cells. Furthermore, circulating 
bone marrow-derived cells migrate via blood 
vessels into damaged tissues to phagocytose the 
damaged environment. Several proposed strate-
gies actively contribute to repair of the endothe-
lial compartment. Pre-radiation gene delivery of 
angiocrine VEGF or FGF2 could ameliorate 
endothelial damage, resulting in reduced hyposal-
ivation [16]. In vivo mobilization of bone 
marrow- derived cells is also a feasible approach 
to increase saliva flow as both their secretory bio-
active lysate as well as the presence of endothe-
lial progenitors can contribute to stimulation of 
endothelial survival and proliferation [59, 92].

1.4.4  Inflammation and Stromal 
Cell-Induced Fibrosis

Inflammation following radiation is an acute 
damage response but can persist and become 
chronic. While recruitment of macrophages is a 
necessity to phagocytose apoptotic cells [102], 
too much secretion of inflammatory cytokines 
and chemokines like IL, CCL2, and TNF can 
augment epithelial dysfunction. If not immedi-
ately controlled, the inflammatory response 
becomes pathogenic, as seen in autoimmune dis-
eases and tissue fibrosis. In such cases, it is 
imperative to switch the pro-inflammatory 
response to an anti-inflammatory state in order to 
allow repair. Various potential mediators for 
reducing inflammation include IL-4, IL-13, 
T-reg, and B1 B-cells, and new evidence has also 
shown the ameliorating effects of stromal (mes-
enchymal) stem cells (MSCs) [81].

In adult tissues, the stromal cell pool harbors 
interstitial fibroblasts and adipocytes that con-
tinue to deposit and remodel the ECM. With 
aging patients, more adipose and fibrotic tissue is 
apparent that together with acinar cell loss leads 
to a 30–40 % decrease in parenchymal SG vol-
ume [7, 20]. Radiated stromal cells can enhance 

stress fiber formation and mature their cell matrix 
focal adhesions to turn into myofibroblasts, 
thereby producing excessive ECM. Injecting 
MSC/adipose-derived stem cells reduces muscu-
lar fibrosis as a consequence of radiation [93]. In 
the SG, these cells could presumably reduce 
inflammation as well as degrade the ECM and 
induce phagocytosis of apoptotic myofibroblasts. 
The timing of cell delivery, however, will be cru-
cial as delayed therapy after radiation resulted in 
increased lung fibrosis due to the differentiation 
of mesenchymal stem cells into myofibroblasts 
[106]. Although TGFb has beneficial roles in 
wound healing and inflammatory responses, 
excessive levels of TGFβ1 can result in a number 
of serious conditions that are characterized by 
fibrosis, including chronic hepatitis, glomerulo-
sclerosis, and postradiation tissue remodeling. As 
such, treatment with TGFβ inhibitors or geneti-
cally engineered TGFβR or HGF-expressing 
MSCs may be beneficial to attenuate fibrosis, as 
has been observed in radiated lungs [98, 104].

1.5  Future Prospects

From both this chapter and following chapters, it is 
clear that there are a number of different strategies 
to repair damaged SGs. Intravenous protein deliv-
ery, particularly of growth factors or agents that 
increase stem/progenitor cell activity, is often clin-
ically disputed due to concerns regarding activa-
tion of any remaining tumor tissue. Local 
retrograde duct delivery of agents, such as viral 
vectors as part of gene therapy, provides a local-
ized delivery and safer strategy as SGs are encap-
sulated and epithelial cells are easily transfected. 
While there is a possibility of vector diffusion into 
the bloodstream, this has not been a major issue in 
preclinical analysis. Similarly, direct cell delivery 
or mobilization of resident cells will always 
require evaluation of possible improper growth 
patterns, and bioengineered tissues will have to 
integrate with existing tissue and/or connecting 
ducts, nerves, and blood vessels.

Research on gland morphogenesis and repair 
will continue to identify targets from which new 
ways to approach regenerative therapies are being 
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developed. Clearly, reestablishing crosstalk 
between different cell types endogenously 
enhances the regeneration process. Thus, by 
improving one compartment, one may also indi-
rectly improve repair in another compartment. 
Recreating an optimal environment wherein cells 
can multiply and reconstruct the organ will be key. 
Currently, multiple approaches may be required to 
improve specific tissue structures within the organ 
and/or simultaneously influence other compart-
ments to regenerate a damaged organ.
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Abstract

There are multiple challenges currently facing clinical salivary gland 
research, encompassing a wide range of topics from understanding devel-
opment to understanding disease etiology and from diagnosing disease to 
designing more effective, personalized therapies. Systems analysis com-
plements traditional reductionist approaches, and the integration of these 
two approaches is starting to provide a more comprehensive understand-
ing of the causal relationships leading to normal and abnormal biology. 
Understanding normal developmental processes is critical for understand-
ing development of disease. Morphogenesis and differentiation are com-
plex developmental processes involving orchestrated interactions between 
heterotypic cell types that have proven difficult to understand through 
reductionist approaches alone. It has become clear that it is not possible to 
understand the complex molecular, cellular, and physical process integra-
tion that is required for any developmental or disease process without the 
use of systems biology approaches. In this chapter, we demonstrate exam-
ples in the use of systems approaches to better characterize the difference 
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between embryonic submandibular salivary glands grown in vivo and 
ex vivo as 3D organ explants and to identify potential signaling networks 
in heterotypic subpopulations of cells that lead to the prediction of a func-
tion for endothelial cells in salivary gland development. We conclude with 
examples of how systems biology-based approaches using both tissue 
samples and saliva from patients are currently being used in many labora-
tories to make progress in salivary gland disease diagnosis, understanding 
disease etiology, and informing therapeutic development for cancer and 
regenerative medicine strategies.

2.1  Introduction

Knowledge of developmental mechanisms is crit-
ical to inform effective therapies for regeneration 
and repair of damaged glands [66]. During 
embryogenesis, the information encoded in the 
genome is converted into a 3D organ, where 
primitive clusters of cells undergo morphogene-
sis and differentiation to acquire mature structure 
and function. Embryonic development of secre-
tory and absorptive organs including the salivary 
glands, kidneys, lungs, mammary glands, pros-
tate, and lacrimal glands depends on a process 
known as branching morphogenesis [11]. 
Branching morphogenesis allows organs to max-
imize epithelial surface area while efficiently 
minimizing volume within the tissue. 
Differentiation begins with changes in gene 
expression during early development that trans-
late into differential protein expression, allowing 
cells to take on specific functions. Morphogenesis 
and differentiation are complex processes involv-
ing orchestrated interactions between multiple 
cell types that have proven to be difficult to 
understand through reductionist approaches 
alone, and systems biology approaches are 
needed to facilitate understanding of the complex 
molecular, cellular, and physical process integra-
tions required for organ development. Systems 
biology can be defined in many ways, but 
attempts to integrate molecular-level knowledge 
of genes, RNAs, and proteins with biophysical 
and cellular processes into networks of interact-
ing components are the essence of systems biol-
ogy approaches. Systems analysis complements 
traditional approaches, and the integration of sys-

tems biology with reductionist approaches is 
proving to provide a more comprehensive 
 understanding of the causal relationships leading 
to normal and abnormal organogenesis.

Animal models that have provided insights 
relevant to human salivary gland development 
include the mouse, rat, and the fruit fly, Drosophila 
melanogaster, but most recent studies have used 
the mouse model due to its relative similarity to 
humans and its tractable genetics. The mouse sub-
mandibular salivary gland begins its development 
at embryonic day 11.5 (E11.5) (with the day of 
coital plug discovery defined as E0) as a thicken-
ing of the primitive oral  epithelium that grows into 
the first branchial (mandibular) arch mesenchyme 
to form the solid epithelial placode (reviewed in 
[21, 27, 30, 34, 67, 87]). This placode protrudes 
into the mesenchyme by E12, forming a single, 
solid mass of immature epithelial cells connected 
to the tongue epithelium by a stalk of immature 
epithelial cells. By E12.5, alterations in the base-
ment membrane form indentations on the surface 
of the bud termed clefts. The clefts are essential to 
gland development since, as they progress to sep-
arate the primary bud into multiple buds [10, 37], 
they define the boundary between developing pro-
acini and ducts. As cleft progression proceeds, the 
epithelium proliferates, and the base of the cleft 
becomes the nascent ductal structure. This pro-
cess of salivary gland branching morphogenesis is 
repeated multiple times over the course of several 
days, continually increasing the complexity of the 
organ. By late E14, the simple one-bud one-duct 
salivary gland has both grown and branched sig-
nificantly, and the main duct begins to lumenize. 
The end buds undergo reorganization and begin to 
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form acini – the main secretory units of the sali-
vary gland. By E15–16, lumenization of the main 
secretory duct is nearly complete, and by E17, the 
forming acini lumenize, so that the gland has a 
continuous network of lumenized, but still imma-
ture, acini and ducts connecting to the oral cavity. 
Both nerves and blood vessels populate the gland 
in association with the branching epithelium, and 
the nerves are known to be critically involved in 
the elaboration of organ structure [32]. Cellular 
differentiation occurs in parallel with branching 
morphogenesis through pathways that are at least 
partially independent [9] as the glands continue 
to mature after birth. The developmental program 
is complex, with multiple processes occurring 
simultaneously.

Salivary gland function is equally complex in 
the adult as are the mechanisms leading to multi-
ple forms of dysfunction. Multiple epithelial cell 
types are required to make saliva and for regula-
tion of exocrine secretion involving both sympa-
thetic and parasympathetic innervation [73]. Saliva 
production begins with the secretion of incomplete 
saliva by submandibular acinar cells, including 
contributions from both serous and mucous acinar 
cells in human glands. This primary fluid is modi-
fied by ductal cells as it is transported to the oral 
cavity, where it mixes with secretions from other 
salivary glands to generate whole saliva. Adult 
salivary glands can be affected by viral and bacte-
rial infections, inflammation, autoimmune disease, 
and tumorigenesis. Infections of the salivary gland, 
or sialadenitis, can occur from bacterial, viral, fun-
gal, or other causes. Sjögren’s syndrome (SS) is a 
complex systemic autoimmune disease affecting 
primarily the salivary glands and the lacrimal 
glands with an elusive etiology [13, 40]. SS is dif-
ficult to diagnose until it is in its later stages due to 
many factors, including a lack of molecular mark-
ers. Up to 90 % of SS patients express antibodies 
targeting autoantigens [52], but these autoantibod-
ies are not unique to SS. SS patients may also be 
affected by other autoimmune diseases, and such 
patients are classified as secondary SS patients. 
Around 5 % of SS patients typically progress to a 
non- Hodgkin’s, mucosa-associated lymphoid tis-
sue (MALT) lymphoma [33]. Independent from 
SS, salivary gland tumors can occur. In general, 

primary tumors of the major salivary glands are 
 relatively rare, accounting for 11 % of oropharyn-
geal neoplasms in the USA [7]. A distinguishing 
feature of salivary gland neoplasms is that they are 
highly histologically variable due to the significant 
variance in their cellular origins and presumably 
variable etiology. As a result, histological classifi-
cation of salivary gland tumors is challenging and 
subject to misdiagnosis by nonexperts [84, 85]. 
Although potentially invaluable for tumor classifi-
cation, molecular signatures for salivary tumors 
are lacking, similar to the lack of definitive mark-
ers for SS.

Other than patients with malignant tumors, the 
most significant problems for patients with sali-
vary gland disease typically result from salivary 
hypofunction, or a decrease in or loss of salivary 
function. Hyposalivation, or decreased saliva 
production, occurs in patients that have SS, and 
also as a side effect following radiation therapy 
for head and neck cancers. Loss of salivary flow 
results in “dry mouth” and affects additional 
 processes, such as mastication and swallowing. 
Secondary oral disease states can subsequently 
develop, including sialadenitis, dental caries, 
periodontal disease, and persistent oral infections 
[61], leading to a general decline in the quality of 
life. The molecular basis for hyposalivation in 
patients suffering from SS and the mechanism of 
the selective destruction of salivary acinar cells 
leading to hyposalivation as a result of radiation 
therapy remain poorly understood. There are few 
satisfactory therapeutic options for these patients.

There are multiple challenges currently facing 
salivary gland research encompassing a wide 
range of topics from understanding development 
to diagnosing human disease and developing 
more effective therapies. Understanding disease 
pathogenesis and developing rational therapies 
will require an understanding of the emergent 
properties of these interactions, which is the 
strength of systems biology. Since this topic was 
last reviewed [38], systems-based approaches 
have been widely incorporated into many studies 
addressing basic biological mechanisms as well 
as translational studies that address salivary gland 
disease pathogenesis and therapeutic develop-
ment. In this chapter, we will demonstrate 
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 examples of how systems-based approaches can 
be used to understand the complexities of sali-
vary gland organogenesis and disease. 
Specifically, we will demonstrate how we have 
used systems- based methods to evaluate the 
embryonic mouse submandibular salivary gland 
organ explants as a model system for the study of 
in vivo biology and how data mining of existing 
databases can be used to generate novel hypoth-
esis regarding mechanisms of development. We 
will also review how others have used systems-
based profiling and modeling approaches to gain 
novel insights into mechanisms involved in glan-
dular differentiation and salivary gland diseases 
and how systems- based evaluation of saliva is 
useful potentially not only for diagnosis of sali-
vary diseases but of systemic conditions.

2.2  Current Reductionist 
Approaches to Understand 
Salivary Gland Development

2.2.1  Organ Explants, Organoid 
Culture, and Other Primary 
Cultures

Traditionally, cell and developmental biologists 
have taken a reductionist approach to understand-
ing the development and function of salivary 
glands. This approach – rooted in the scientific 
method itself – has provided useful information 
regarding linear signaling pathways. First estab-
lished in the 1950s [5, 6, 19, 20], the embryonic 
submandibular gland organ explant culture sys-
tem has provided researchers with a 3D experi-
mental system that can be used to ask in-depth, 
complex questions about the control of morpho-
genesis. Organ explants have been useful to study 
and identify many signaling pathways that are 
critical during early development since they pre-
serve heterotypic cell-cell interactions that occur 
in vivo and the morphogenesis that occurs closely 
mimics the in vivo process. More recently, it has 
been demonstrated that the early differentiation 
of multiple epithelial cell types occurs in the 
developing organoids [70]. Embryonic develop-
ment of the salivary glands depends upon the 

regulated proliferation and differentiation of pro-
genitor cell populations. Growth of salivary gland 
cells in small clusters of cells known as organoids 
or “salispheres” is currently being used as a use-
ful method of preserving cell phenotype through 
homotypic and, in some cases, heterotypic cell 
interactions. Although organoids are further 
removed from the in vivo conditions than organ 
explants, they offer advantages for maintaining 
stem/progenitor cell populations. Both organ 
explants and organoids offer the opportunity to 
manipulate multiple genes in a moderate- 
throughput manner via pharmacological [36], 
RNA-mediated knockdown [10, 22, 78], viral 
transduction [23, 28, 80], and other means.

2.2.2  Transgenic Mouse Models

Numerous transgenic mouse models have identi-
fied critical genetic mediators of salivary gland 
development (reviewed in [58]). Recent studies 
have additionally employed transgenic mouse 
models encoding fluorescent lineage reporters to 
characterize molecular mediators of heterotypic 
cell interactions and progenitor cell function that 
control salivary gland development and regenera-
tion [3, 31, 32, 62], providing important insights 
for improved cell therapy and regenerative medi-
cine strategies. The future looks bright for the con-
tinued use of transgenic animals in salivary gland 
research. The introduction of CRISPR/Cas-based 
methods for manipulation of the mouse genome 
promises to make the process of generating trans-
genic animals more efficient [81]. New promoters 
are increasingly becoming available to be able to 
target specific salivary gland cell populations [51]. 
The disadvantage of the transgenic approach is that 
only one gene can be manipulated at a time; how-
ever, the utilization of CRISPR/Cas methods prom-
ises to make the manipulation of multiple genes at 
a time [95] much more efficient and cost effective 
than using traditional transgenic technologies. 
Manipulation of genes within model organisms 
occurs within the context of the organismal system, 
and such manipulations can have widespread 
effects. Hence, there is a significant need to apply 
systems- level analysis to transgenic organisms.
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2.3  Systems-Based Approaches 
to the Study of Gland 
Development

2.3.1  Salivary Gland Molecular 
Anatomy Project

Gene profiling is a powerful tool for researchers 
studying both developmental processes and human 
disease to identify the transcriptome. Developed 
by Matthew Hoffman and Kenneth Yamada in the 
intramural research program at the NIDCR, the 
Salivary Gland Molecular Anatomy Project 
(SGMAP) (http://sgmap.nidcr.nih.gov) provides a 
searchable gene expression database for multiple 
stages of mouse submandibular and sublingual 
salivary gland development that is an invaluable 
tool for researchers. Temporal expression patterns 
of genes are provided for salivary glands extracted 
from mice at embryonic day (E) 11.5 through 
adult that were obtained using Agilent mouse 
microarrays. The SGMAP website allows for 
searching of any gene symbol, gene description, or 
gene ontology (GO) term [2] to obtain information 
on its developmental expression, expression in 
epithelium vs mesenchyme at E13, or its spatial 
expression in specific regions of the gland at spe-
cific developmental time points [59].

2.3.2 Comparison of the 
transcriptome of embryonic salivary 
glands grown in vivo as compared 
with that of embryonic organ 
explants grown ex vivo

Although organ explants have been in use for 
many years, it has not been clear how closely the 
explant culture system mimics in vivo develop-
ment. To address this question, we compared 
our own gene expression data obtained from 
embryonic mouse submandibular salivary 
glands grown on a polyacrylamide gel con-
structed to mimic the compliance of the in vivo 
environment vs gene expression data obtained 
from glands that were grown in vivo that is 
available from SGMAP. This study was founded 

on our prior work that demonstrated that devel-
opment of the mouse submandibular salivary 
gland is mechanically sensitive. Both epithelial 
morphogenesis and differentiation proceed the 
most similar to in vivo when glands are grown 
on a substrate having a stiffness that mimics that 
of the in vivo environment [70, 71]. We com-
pared the genome-wide differential expression 
of individual mRNAs of embryonic glands 
grown in vivo from E13 through E15, as reported 
in SGMAP,1 with E13  embryonic organ explants 
cultured on a 0.5 kPa polyacrylamide gel for 24 
or 72 h, as previously described [70, 71]. We 
quantified mRNA expression using Affymetrix 
Mouse Gene ST 2.0 gene arrays. Our microar-
ray data was normalized using GeneSpring 
v12.6, first being quantile normalized using a 
PLIER16 algorithm and baseline transformed to 
the median of all samples. The log2 normalized 
signal values were filtered to remove entities 
that show signal in the bottom 20th percentile 
across all samples. We then compared gene 
expression levels from the organ explants with 
data from SGMAP.

Comparison of different datasets that were 
obtained from different types of samples and that 
were processed independently is challenging 
with microarray data. Ideally, the datasets should 
be compared starting with raw data and then pro-
cessed in parallel [96]. In comparing our micro-
array data with the SGMAP data, both datasets 
were first normalized to the same scale to facili-
tate the comparison. Genes from the in vivo data 
for which no data were available were omitted 
from the comparison, which corresponded to 
10.9 % or 2462 of 22,510 genes. Both datasets 
were then standardized to a zero mean and a 
standard deviation of one, and then the expres-
sion levels in individual developmental stages 
were scaled to the interval [0, 1]. The in vivo and 
ex vivo datasets were cross-matched, retaining 
only shared genes for the analysis (13,709 
genes).

We first compared the corresponding in vivo 
and ex vivo overall distributions of differential 
expression between the in vivo dataset from E13 to 

1 http://sgmap.nidcr.nih.gov/sgmap/sgexp.html
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E15 and the ex vivo data set grown for 24–72 h. As 
shown in Fig. 2.1, the overall shapes of the two 
distributions are similar; however, there are more 
genes having higher differential expression that 
are both upregulated and downregulated in the 
in vivo dataset than the ex vivo dataset. This analy-
sis suggests that gene expression levels are gener-
ally tempered in glands cultured ex vivo compared 
to glands grown in vivo.

Given that there are notable differences in the 
global distributions of gene expression between 
glands grown in vivo vs ex vivo, we attempted to 
identify what groups of genes were different. 
Differential gene expression for each dataset was 
defined as a significant difference between the 
24 h and the 72 h culture condition for the ex vivo 
culture and a significant difference between the 
E13 and E15 in vivo gene expression time points. 
We compared the functional agreement of the 
most differentially expressed genes based on their 
biological process annotations in the gene ontol-
ogy (GO) [2]. We performed this GO term analy-
sis for the 10 % most differentially expressed 
genes (i.e., those genes whose expression 
decreased or increased most drastically between 
the two time points). Agreement was most signifi-
cant for the top 10 % of genes ranked by differen-
tial expression ex vivo, where 35 % of such genes 
were also in the top 10 % in vivo (data not shown). 

We summarize the annotations of the top 10 % 
differentially expressed genes ex vivo and the top 
10 % in vivo genes (Fig. 2.2). The percentage of 
annotations that occur in the top 10 % ex vivo are 
similar to those that occur in the top 10 % in vivo 
across all level 1 biological process GO terms. In 
other words, at least at a high level, genes involved 
in the same processes are changing in expression 
levels both in vivo and ex vivo.

To understand which biological processes were 
the most conserved and less conserved in subman-
dibular salivary glands grown ex vivo as compared 
to in vivo, we performed a Kolmogorov- Smirnov 
(KS) test on the genes within each of the level 1 GO 
categories. The KS test quantifies how dissimilar 
two sample distributions are, with a smaller KS 
indicating high similarity and a larger KS term indi-
cating lesser similarity. Since the mean KS for all 
genes was 0.128, we considered biological pro-
cesses with a lower KS than 0.128 and a p-value of 
p < 0.05 to be conserved. As shown in Fig. 2.3, the 
Kolmogorov-Smirnov test demonstrated that the 
most conserved biological processes in glands 
grown ex vivo vs in vivo were included in the GO 
terms for growth (KS 0.101), metabolic processes 
(KS 0.111), developmental processes (KS 0.118), 
cellular processes (KS 0.119), and biological regu-
lation (KS 0.124). As genes included in these 
 categories would be predicted to be essential for 
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Fig. 2.1 Comparison of the differential gene expression 
of all genes expressed in developing salivary glands from 
E13 to E15 in vivo vs ex vivo. All genes showing develop-
mental differential gene expression were plotted. Both 
distributions appear to have a single mode near 0, indicat-
ing that it is most common for a gene not to be  significantly 

differentially expressed in either condition. The ex vivo 
mode peaks higher, indicating that there are a greater 
number of genes that are not significantly differentially 
expressed as compared to in vivo, while the in vivo distri-
bution is broader, indicating a greater range of differential 
expression in comparison with ex vivo growth
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development, this analysis validates the mouse 
embryonic submandibular salivary gland as a valid 
model system to evaluate developmental processes. 
The less-conserved biological processes, as deter-
mined by a KS value greater than the mean of 0.128 
with a p-value of <0.05, are biological processes 
whose expression does not agree as well in ex vivo 
as in vivo (Fig. 2.4). At the top of this list were the 
GO categories, cell killing (KS 0.417), immune sys-
tem process (KS 0.202), and behavior (KS 0.167). 
As the organ explants do not maintain an intact 
immune system, nor do they remain  connected to 
the nervous system, vascular system, or lymphatic 

system, it is also not surprising that expressions of 
genes classified in the categories, “Immune System 
Process” and “Behavior,” are somewhat different 
in vivo and ex vivo. This systems- based analysis of 
gland development ex vivo confirms that many gen-
eral biological processes that are required for devel-
opment, including cell growth, metabolic processes, 
and other developmental processes, occur in organ 
explants similarly to how they occur in vivo, while 
other processes that require interaction with the rest 
of the body system are somewhat different.

To examine how similar the differential gene 
expression is for specific genes in vivo vs ex vivo, 

Ex-vivo annotation percentages in
highly differentially expressed genes by term

In-vivo annotation percentages in
highly differentially expressed genes by term

Reproduction: ex-vivo: 0.0 % in-vivo: 0.0 %

Rhythmic process: ex-vivo: 0.5 % in-vivo: 0.4 %

Reproductive process: ex-vivo: 1.5 % in-vivo:1.5 %

Single-organism process: ex-vivo: 15.7 % in-vivo: 16.1 %

Behavior: ex-vivo: 1.0 % in-vivo: 1.1 %

Growth: ex-vivo: 1.0 % in-vivo: 0.7 %

Signaling: ex-vivo: 0.9 % in-vivo: 0.7 %

Multicellular organismal process: ex-vivo: 6.1 % in-vivo: 7.2 %

Biological regulation: ex-vivo: 15.1 % in-vivo: 15.5 %

Cellular process: ex-vivo: 15.5 % in-vivo: 15.2 %

Cellular component organization or biogenesis: ex-vivo: 6.2 % in-vivo: 5.2 %

Development process: ex-vivo: 8.3 % in-vivo: 8.0 %

Metabolic process: ex-vivo: 9.3 % in-vivo: 9.4 %

Localization: ex-vivo: 5.0 % in-vivo: 5.2 %

Biological phase: ex-vivo: 0.0 % in-vivo: 0.0 %

Response to stimulus: ex-vivo: 5.9 % in-vivo: 6.1 %

Multi-organism process: ex-vivo: 1.1 % in-vivo: 1.1 %

Biological adhesion: ex-vivo: 2.4 % in-vivo: 2.0 %

Cell killing: ex-vivo: 0.1 % in-vivo: 0.1 %

Locomotion: ex-vivo: 2.3 % in-vivo: 2.0 %

Immune system process: ex-vivo: 2.2 % in-vivo: 2.1 %

Cell aggregation: ex-vivo: 0.1 % in-vivo 0.1 %

Fig. 2.2 Comparison of the biological process represen-
tation in differentially expressed in vivo and ex vivo 
genes. We considered the known annotations of genes 
with GO terms at the first level of the GO biological pro-
cess ontology and show the percentage of annotations for 
each term in vivo and ex vivo. This analysis indicates that 

the relative importance of each process ex vivo is similar 
to the in vivo situation. Only the top 10 % of the most dif-
ferentially expressed genes were considered. Genes with 
more specific annotations at ontology levels deeper than 1 
were considered to be annotated with the corresponding 
ancestor biological process at level one for this analysis
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hierarchy are included 
in the comparison for 
each of the 
distributions. The pairs 
of distributions of all 
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we examined the top three most conserved GO 
categories and divided them into subcategories 
based on the next tier of GO descriptors. As an 
example, we plotted differences in gene expres-
sion of genes annotated with GO process 
“Maintenance of Cell Number,” a subcategory of 
“Developmental Process.” The heat map of the 
subcategory, “Maintenance of Cell Number” 

(Fig. 2.5), demonstrates that on the individual 
gene level, there are some genes that are regu-
lated more similarly than others. The analysis we 
report here of differences between differential 
gene expressions in organ explants vs glands 
grown in vivo is useful in understanding how the 
transcriptome is regulated similarly in vivo and 
in vitro.

In vivo Ex vivo

Color key

Value
-0.2 0 0.1

Bcl9l

Ascl2

Kit

DII 1

Sox9

Six2

Lrp5

Spi1

Elf5

Tfap2c

Mmp24

Tbx3

Prdm16

lgf1

Cdh2

Mecom

Hmga2

Fgf10

Ldb2

Fig. 2.5 Hierarchical clustering of differentially 
expressed mRNAs in “Maintenance of Cell Number” GO 
category. The top 10 % of differentially expressed genes 
were selected from the “Maintenance of Cell Number” 
category (GO:0098727), a subcategory of “Developmental 
Process” category (GO:0032502), one of the most con-
served categories (Fig. 2.3), to perform hierarchical clus-
tering, and displayed as a heatmap using the heatmap.2 
function in R. The hierarchical clustering provided two 

distinct groups including a preferentially upregulated 
gene group and a downregulated gene group, suggesting 
that differentially expressed genes between in vivo and 
ex vivo are relatively well conserved. This is consistent 
with the high agreement of the parent GO class 
“Developmental Process” category (GO:0032502) in 
Kolmogorov-Smirnov test in Fig. 2.3. However, note that 
individual genes are regulated slightly differently in vivo 
and ex vivo
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2.3.3  Systems-Level Analysis 
to Identify Temporal-Spatial 
Differences in Gene 
Expression During Salivary 
Gland Development

Given that during embryonic development, het-
erotypic epithelial and mesenchymal cell sub-
types undergo dynamic communication [63], 
knowledge of how specific cell subpopulations 
contribute to gland development and how these 
cell subpopulations are regulated is critical to 
understand gland development [34]. Cleft forma-
tion initiates the process of branching 
 morphogenesis and subdivides buds into cells 
that will become nascent secondary ducts and 
cells that will become secretory acini. In an early 
systems- level analysis using serial analysis of 
gene expression (SAGE), fibronectin (FN) was 
identified as a critical regulator of cleft formation 
[37, 77, 78]. Cleft formation was also found to be 
accompanied by a concomitant loss of adjacent 
E-cadherin-based cell-cell junctions [78]. This 
conversion of cell-cell adhesions to cell-matrix 
adhesions was found to be regulated transcrip-
tionally through increases in BTB (POZ) domain 
containing 7 (Btbd7) [64]. Btbd7, which was also 
identified as a cleft-enriched gene using SAGE, is 
reported was suggested to activate a local 
epithelial-to- mesenchymal transition (EMT) 
within the epithelial cells deep within the cleft to 
separate the adjacent cells to allow continuous 
FN assembly [64] and cleft progression.

To identify additional genes that may be 
required for cleft formation, we performed in silico 
data mining of the publically available SGMAP 
temporal and spatial data. Temporal and spatial 
mRNA expression profiles derived from laser cap-
ture microdissected regions of embryonic subman-
dibular salivary glands were used to screen for 
cleft-enriched genes at developmental stages E12.5 
and E13.5 [59] (Fig. 2.6a). Differentially expressed 
mRNAs were identified in E12.5 cleft regions 
compared to the main bud (528 mRNAs) or E13.5 
clefts compared to the central bud/basement mem-
brane bud (1576 genes). Of these cleft-enriched 
mRNAs, 317 were common to both E12.5 and 
E13.5 clefts (Fig. 2.6b). Among the putative 

 cleft-enriched genes, genes were partitioned into 
epithelium and mesenchyme by the comparison of 
E13 epithelium and E13 mesenchyme gene expres-
sion profiles available in the SGMAP database. 
Surprisingly, over half of the cleft-enriched mRNAs 
(specifically, 71.3 % of the conserved cleft-enriched 
genes) showed mesenchymal origins, supporting a 
hypothesis that mesenchymal genes dynamically 
contribute to epithelial patterning through regula-
tion of cleft formation (Fig. 2.6c). Additional func-
tional prediction of the cleft-enriched genes was 
performed with an available integrated analysis 
tool, the Database for Annotation, Visualization 
and Integrated Discovery (DAVID) system (ver. 
6.7) (https://david.ncifcrf.gov). Results of gene 
ontology (GO) term and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis by 
DAVID [26] confirmed the involvement of many 
mRNAs known to contribute to clefts and identi-
fied some potential new cellular mechanisms to 
consider in cleft formation. This analysis first con-
firmed the enrichment of genes involved in focal 
adhesions, ECM-receptor interactions, and the 
actin cytoskeleton (Fig. 2.7 and Table 2.1), consis-
tent with previous observations by our lab and oth-
ers [28, 59, 64, 75, 79].

Interestingly, GO biological process analysis 
highlighted the cleft-enriched localization of spe-
cialized mesenchymal cell types, including endo-
thelial cells, nerves, and immune cells (Fig. 2.6, 
Tables 2.1, and 2.2, and 2.3). The cleft endothelial/
blood vessel signature predicts a possible contribu-
tion of endothelial cells to salivary gland cleft for-
mation (Table 2.2), which is supported by the 
known contribution of endothelial cells to the early 
development of other organs, including the liver, 
pancreas, and lung, prior to the establishment of 
perfusion [35, 39, 45, 53, 74]. Recent studies have 
demonstrated that parasympathetic ganglia inner-
vation regulates epithelial cytokeratin 5+ (K5+) pro-
genitor cell expansion via muscarinic and epidermal 
growth factor receptor signaling and controls gland 
tubulogenesis through vasoactive intestinal peptide 
(VIP) secretion [32, 62]. However, a specific con-
tribution for nerve-derived factors in cleft forma-
tion itself is still unclear but is implicated by this 
data (Table 2.3). Endothelial cells and/or nerves 
may be important in early patterning of the clefts 
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during branching morphogenesis, which merits 
future investigation.

Cleft-enriched mRNAs may provide insight 
into signaling that occurs in clefts. Mesenchymal 
soluble factors such as fibroblast growth factors 
and platelet-derived growth factors are known to 
provide critical contributions to salivary gland 
development [67, 94]. Recent work examined a 
role for mesenchymal gene products in cell-ECM 
interaction and ECM remodeling during epithe-
lial branching [28, 71], although the specific cell 

subpopulations required for mesenchymal-epi-
thelial signaling are poorly understood. Cleft 
enrichment of gene products that are known to 
stimulate cellular behaviors such as cell-cell 
adhesion and chemotaxis is consistent with active 
communication between epithelial and mesen-
chymal cells and/or mesenchymal cell subtypes in 
developing clefts (Table 2.1). Other cleft-enriched 
cytokines and chemokines may regulate unde-
fined aspects of mesenchymal function in pro-
gressing clefts, such as directed cell migration 
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(Perl code & Excel)
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Mesenchymal
Cleft-enriched genes

Filtering by 
2) E13GE profiles 

(Fig. 5B)

(Fig. 5C)
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2) E13 epithelium and E13 mesenchyme
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Fig. 2.6 Overview of in silico data mining of SGMAP to 
identify cleft-enriched genes in developing salivary 
glands. (a) Overview of data collection and analysis of 
SGMAP.nidcr.nih.gov mRNA expression profiles. (b) 
Cleft-enriched genes were screened from temporal and 
spatial mRNA expression profiles from regions of devel-
oping salivary gland that were manually collected using 
laser capture microdissection. E12.5 cleft-enriched genes 
(528 genes) were identified from the comparison between 
E12.5 cleft and E12.5 main bud (≥ twofold change (FC)). 
E13.5 cleft-enriched genes (1576 genes) were conserved 
genes in the two sets of comparisons between E13.5 cleft 

and E13.5 central bud and between E13.5 cleft and E13.5 
basement membrane bud (≥2 FC). (c) The origin of cleft- 
enriched genes was predicted by the comparison of E13 
mesenchyme and E13 epithelium mRNA expression pro-
files that were manually collected from SGMAP. The 
genes were classified into four origin groups including 
epithelium derived (× ≤ −2 FC), mesenchyme derived (≥ 
2 FC), expressed in both (− 2< × <2 FC), and no data. 
Over half of cleft-enriched genes were predicted to be 
mesenchymal genes, suggesting a potential role of mesen-
chymal signaling in salivary gland early cleft formation 
and epithelial patterning
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and  condensation via growth factor-mediated 
mechanical compaction [48, 49, 78, 90]. Taken 
together, our analysis reveals promising novel 
molecular candidates for regulators of cleft for-
mation and salivary gland development that can 
be pursued in future studies to characterize their 
potential roles in salivary gland branching mor-
phogenesis and tissue  maintenance/regeneration.

2.3.4  Systems-Level Analysis 
of Salivary Gland 
Differentiation Networks

The initiation of differentiation occurs in develop-
ing salivary glands trailing only slightly behind the 
initiation of morphogenesis, but the process of dif-

ferentiation continues late into development and is 
not complete until after sexual maturity. The signal-
ing pathways required to induce differentiation of 
salivary acinar cells are poorly understood but are 
critical to understand for application in future regen-
erative medicine approaches. Although information 
on gene expression is available on SGMAP for late 
developmental stages, how these genes are coordi-
nated to induce differentiation is not understood. 
Network-based modeling approaches are one way 
to gain insights into organization of signaling net-
works. Building on previous network- based model-
ing approaches performed by Jaskoll and Melnick 
[55, 88] to investigate signaling networks in late 
stage submandibular glands, a recent study used a 
combinatorial analysis of mRNA and miRNA 
expression profiles to suggest that the regulatory 
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Fig. 2.7 Gene ontology of biological processes for mesen-
chymal cleft-enriched genes. Gene ontology (GO) of bio-
logical processes for mesenchymal cleft-enriched genes 

(conserved genes in both E12.5 and E13.5; p-value <0.01) 
was analyzed by Database for Annotation, Visualization 
and Integrated Discovery (DAVID) system (ver. 6.7)
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KEGG pathway

Common Both

mmu04510:Focal adhesion

mmu04512:ECM-receptor interaction

mmu04670:Leukocyte transendothelial migration

mmu04062:Chemokine signaling pathway

mmu04810:Regulation of actin cytoskeleton

mmu04060:Cytokine-cytokine receptor interaction

Stage-
specific

E12.5
mmu04010:MAPK signaling pathway

mmu04610:Complement and coagulation cascades

E13.5

mmu04360:Axon guidance

mmu04610:Complement and coagulation cascades

mmu04310:Wnt signaling pathway

mmu04020:Calcium signaling pathway

mmu04142:Lysosome

mmu04650:Natural killer cell mediated cytotoxicity

mmu04080:Neuroactive ligand-receptor interaction

Table 2.1 Most highly expressed mesenchymal cleft-enriched genes grouped by KEGG pathway

Cleft (CL)-enriched genes in this table were more highly expressed in mesenchyme than epithelium (≥ twofold change). 
Signaling pathways were predicted by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of 
Database for Annotation, Visualization and Integrated Discovery (DAVID). The common category contained KEGG 
pathways that were conserved in both E12.5 and E13.5 (purple). There were also KEGG categories of genes that were 
highly expressed only in E12.5 (blue) or E13.5 clefts (red)

Table 2.2 Putative endothelial-expressed cleft-enriched genes

E12.5 E13.5 Both

Blood vessel development 
(GO:0001568)

FGF18, FLT1, 
PRRX1, KDR, 
CITED2, ZFP697

NRP1, CSPG4, ENPEP, 
PRRX2, TNFSF12, GJA4, 
WNT2, EDNRA, HAND2, 
HMOX1, SOX18, LOX, 
NR2F2, FGF2, NKX2–5, 
BMP4, EFNB2, TBX1, THY1, 
ANXA2, GTR1A, ID1, ITGA7

RECK, ALDH1A2, 
MYO18B, EMCN, 
NTRK2, COL3A1, 
ROBO4, FGF10, 
COL1A1, ARHGAP24, 
CXCL12, CDH5

Gas transport 
(GO:0015669)

F830116E18RIK HBA-A1, HBA-A2, 
HBB-BH1, HBB-B1, 
HBA-X, HBB-Y, CAR2

Endothelial genes shown here were predicted by gene ontology (GO) biological process analysis with DAVID (See Fig. 2.7)

Table 2.3 Putative neuronal-expressed cleft-enriched genes

E12.5 E13.5 Both

GO Regulation of 
neurotransmitter secretion 
(GO:0046928)

PARK2 ADORA2A, NTRK2, 
SNCA, CAMK2A

KEGG mmu04360: axon guidance SEMA5B, PLXNC1, NRP1, RAC2, 
EFNB3, EFNB2, PPP3CC, NFATC4, 
ROBO2, LRRC4C, SEMA3A, CXCL12, 
EPHB1, EPHA3, SLIT3, NFATC1

mmu04080: neuroactive 
ligand-receptor interaction

CALCR, GABRA2, PTGER3, 
GABRA1, GRIK1, ADORA2A, 
GABRB2, GRIA3, NTSR1, EDNRA, 
EDNRB, P2RY6, AGTR2, CHRM3, 
AGTR1A, GRM7, ADRA2A

Neuronal genes shown here were predicted by gene ontology (GO) biological process and KEGG pathway analysis with 
DAVID (See Fig. 2.7 and Table 2.1)
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networks driving acinar cell terminal differentiation 
in rat parotid salivary glands are not continuous but 
involve temporally distinct developmental transi-
tions [56]. In this study, mRNA profiling of acinar 
cell RNA was performed using tissue collected by 
laser capture microdissection (LCM) at nine differ-
ent stages from E18 to P25. The data grouped into 
four distinct clusters showing similarity of differen-
tially expressed genes within close developmental 
time points and revealing that differentiation 
occurred in four temporally distinct phases. 
Clustering analysis extended these observations to 
suggest distinct functional modes of the temporally 
distinct differentiation phases, and integrated 
mRNA-miRNA expression analysis was used to 
decipher regulatory networks controlled by mRNAs 
and regulatory miRNAs. Interestingly, repression of 
a stemness-promoting pathway and stimulation of 
an Xbp1-stimulated pathway are required for 
parotid acinar differentiation. Significantly, the data 
implicate miRNA control of multiple mRNAs as a 
major driver of parotid cell differentiation. Future 
analyses that incorporate similar co-regulatory pre-
dictions as well as predictions of likely signaling 
pathways will be important to identify important 
pathways for experimental validation and to iden-
tify putative therapeutic targets.

2.4  Systems Approaches 
to the Study of Salivary 
Gland Disease

2.4.1  Systems-Based Analysis 
of Saliva

Saliva has been investigated as a surrogate for 
blood as a means to identify differences in normal 
and diseased patients. As saliva is a readily acces-
sible bodily fluid that can be collected in a nonin-
trusive manner, many “-omics” studies have 
focused on differences in the levels of various bio-
molecules in saliva. Proteomic approaches have 
been applied extensively to saliva, resulting in a 
comprehensive catalog of the contents of human 
saliva – the salivary proteome – prepared by a team 
of researchers from five US universities [14]. This 
study identified 917 submandibular/sublingual 

proteins and 914 parotid proteins, of which 252 are 
submandibular/sublingual specific and 249 are 
parotid specific and are primarily extracellular or 
secretory in nature. The salivary proteome is avail-
able as a tool for identification and diagnosis of 
both systemic and salivary gland diseases. Since 
proteomic profiling has demonstrated its utility, it 
is likely that future disease studies will employ 
these methods as protein detection methods 
become increasingly sensitive. However, the pro-
cessing of samples for proteomic analysis, the spe-
cifics of the instrumentation, and analysis of the 
data can significantly impact the results of the 
experiment [8]. Analysis of saliva has recently 
extended beyond the proteome, and has been dem-
onstrated to provide many insights into normal and 
diseased functions. With the emerging field of 
epigenomics, evaluation of saliva promises to be an 
important player, which is an exciting development 
that has been reviewed elsewhere [91]. Saliva has 
also been demonstrated to contain exosomes [57], 
small (30–100 nm diameter) cell-secreted vesicles 
that carry both proteins and miRNAs, short RNAs 
that work on groups of expressed mRNAs to down-
regulate gene expression of mRNAs by interfering 
with their translation and targeting them for degra-
dation [91]. Since saliva can be obtained noninva-
sively and only small amounts are needed for most 
analyses, saliva has significant potential as a diag-
nostic fluid for detection and diagnosis of many 
diseases, perhaps most obviously for oral cancers 
[18, 82, 92]. Evaluation of the saliva transcriptome 
is also currently under investigation for assessment 
of health and disease states in infants [50]. The 
future application of saliva-based diagnostics com-
ing out of systems- level analysis of saliva has sig-
nificant promise for many diseases and many types 
of patients [8].

2.4.2  Systems-Based Methods 
to Diagnose Salivary Gland 
Diseases: Sjögren’s Syndrome

Diagnosis of SS is difficult due to a lack of spe-
cific molecular markers for the disease. Many 
studies have used “-omics” methods in an attempt 
to discover reliable diagnostic markers for SS 
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from saliva samples. In a study comparing whole 
saliva from normal and Sjögren’s syndrome 
patients, proteins, peptides, and mRNAs that are 
differentially expressed in these populations were 
identified [24]. Another study compared proteins 
taken from parotid salivary glands between SS 
patients and healthy patients through a technique 
known as multidimensional protein identification 
technology, or MudPIT [1], which is an unbiased 
method for rapid and large-scale proteome analy-
sis by multidimensional liquid chromatography, 
followed by tandem mass spectrometry, and data-
base searching [89]. Out of the 1246 proteins 
identified by MudPIT, 529 were only detected in 
either SS or healthy patients, 206 were signifi-
cantly upregulated by more than twofold, and 34 
were downregulated by more than twofold [54]. 
Mass spectrometry assays conducted with the 
same samples identified 71 proteins, 58 of which 
were proteins that had also been detected by 
MudPIT [1]. Further analysis of proteins with 
differential expression between SS patients and 
healthy controls identified 100 pathways of sig-
nificance that were differentially regulated in SS 
vs normal patients [1]. A recent study by Deutsche 
et al. identified 79 peptides that were expressed in 
SS patients at more than a threefold rate relative 
to those in healthy patients. The samples, 
obtained from the saliva of 18 female SS patients 
and 18 age-matched and gender-matched con-
trols, were subjected to protein depletion to 
remove high-abundance proteins that make iden-
tification of low-abundance proteins difficult, 
prior to semiquantitative two-dimensional gel 
electrophoresis and quantitative demethylation 
liquid chromatography tandem mass spectrome-
try (LC-MS/MS), resulting in a threefold increase 
in the ability to identify low-abundance proteins 
[15]. Bioinformatics analysis of the data identi-
fied proteins with a >threefold increase in SS 
patients, including calcium-binding proteins, 
defense-response proteins, proteins involved in 
apoptotic regulation, stress-response proteins, 
and cell motion-related proteins. The results 
borne of these proteomic studies offer the poten-
tial to create better tools to diagnose SS as well as 
allowing for a better understanding of the pathol-
ogy of SS at the molecular level.

Similar to proteomics, metabolomics is now 
possible as a result of recent improvements to 
mass spectrometry technology. Metabolomics is 
an emerging field that seeks to identify the full 
spectrum of chemical metabolites produced dur-
ing cellular metabolism since many differences 
in metabolism occur between normal and abnor-
mal cells [69]. In a recent study, Kageyama et al. 
focused on the different levels of metabolites in 
saliva from primary Sjögren’s syndrome (pSS) 
patients vs normal patients [29]. With this 
approach, 88 metabolites were discovered by 
comparing saliva taken from 12 SS patients with 
that obtained from 21 healthy patients of similar 
ages. Out of these, 41 metabolites were expressed 
at lower levels in pSS patients relative to healthy 
patients [29]. Further comparative analysis 
revealed a loss of metabolite diversity in SS 
patients, primarily resulting from decreased lev-
els of the amino acids glycine and tyrosine, uric 
acid, and fucose. The discovery of these differing 
metabolomic profiles between healthy patients 
and pSS patients could prove useful in establish-
ing more reliable diagnostic criteria for SS.

2.4.3  Sjogren’s Syndrome Disease 
Progression

Systems biology-based approaches are beginning 
to be utilized as a tool to better understand 
 complex salivary gland diseases. Hu et al. used a 
systems approach to identify new disease-hub 
genes, which they define as promising targets for 
therapeutic intervention and diagnosis of SS [25]. 
This study compared parotid tissue from three 
classes of patients: patients with primary SS, 
patients with primary SS associated with mucosa- 
associated lymphoid tissue (MALT) lymphoma, 
and patients without primary SS (non-primary SS 
controls). Microarray profiling to examine gene 
expression and proteomic analysis to examine 
protein expression were performed on all sam-
ples, and weighted gene co-expression network 
analysis was performed on these data to identify 
disease-hub genes. Computational analysis has 
also been employed in the study of animal mod-
els of SS. In one study, the widely used non-obese 
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diabetic (NOD) mouse model of SS [47] was 
compared with the parent line, Balb/C, in terms 
of biomarker expression, autoantibody produc-
tion, glandular inflammation, and saliva produc-
tion [12]. Principal component analysis was used 
to identify significant positive and negative cor-
relations within the data. Interestingly, in this 
study each biomarker typically associated exclu-
sively with only one of the other parameters. 
These data indicate that SS disease progression 
may not follow a linear trajectory, even within 
this animal model. In humans, the disease etiol-
ogy is likely to be significantly more complex 
and variable.

2.4.4  Systems Approaches 
to Understand Radiation 
Sensitivity of Salivary Glands 
Following Radiation 
Treatment for Head and Neck 
Cancers

A wide variety of tumors are classified as head 
and neck cancers; affected tissues include, but are 
not limited to, the mouth, nose, tongue, pharynx, 
larynx, lymph nodes, salivary glands, and sinuses. 
The typical treatment for head and neck cancer is 
dependent on the patient’s medical history and 
the stage of the cancer. However, owing to the 
close proximity of these tumors to the salivary 
glands, treatments often adversely affect a 
patient’s ability to produce saliva, which hinders 
the patient’s capacity to eat, swallow, and/or 
speak. Understanding why the salivary glands are 
sensitive to radiation and what happens to the 
glands during radiation could lead to improved 
methods to prevent salivary gland damage. 
Systems approaches have been used to better 
understand the response of salivary glands to 
radiation treatment. A 2012 study by Stiubea- 
Cohen et al. to characterize the effects of irradia-
tion on salivary glands, a common treatment for 
cancers of the head and neck, focused on the tran-
scriptome and saliva proteome of submandibular 
salivary glands of rats [97]. In the rat irradiation 
model used in this study, saliva output fell to 
roughly 50 % of its output prior to IR treatment 

within 8–12 weeks after IR treatment. Using 
microarrays, which can quickly compare RNA 
levels in multiple subjects simultaneously, and 
real-time polymerase chain reaction (real-time 
PCR) to confirm the microarray data, 95 target 
genes were identified that exhibited significant 
differences in expression as a result of IR treat-
ment. Out of these genes, 81 exhibited a decrease 
in activity following treatment and a gradual 
recovery to levels near to those prior to treatment. 
The other 14 genes, most of which are cell cycle 
control genes, exhibited an increase in expression 
and activity throughout the 12-week period. A 
proteomic assay performed on saliva samples 
taken both before and after IR treatment showed 
that most of the proteins encoded by the 81 genes 
with reduced activity after IR treatment are 
involved in protein secretion and saliva produc-
tion. That the other 14 genes with increased 
activity following IR treatment are mostly associ-
ated with the cell cycle suggested that IR treat-
ment led to DNA damage and impairment of the 
surviving salivary gland cells to regenerate. 
Taken together transcriptomic and proteomic 
data were used in this study to show that the loss 
of saliva production following IR treatment is a 
result of the salivary glands’ loss of capacity to 
both produce and secrete proteins and to regener-
ate following cell damage.

2.4.5  Systems Approaches 
to Characterize Salivary Gland 
Tumors

Proteomics can also be used to characterize dif-
ferences in protein expression in glandular tissue 
and has been used recently to categorize salivary 
tumors. Tumors of the salivary glands themselves 
make up roughly 8 % of head and neck cancers. 
Like most tumors, diagnosis of these tumors 
involves fine-needle aspiration biopsy and scoring 
of the tumor type by a pathologist on the basis of 
the appearance of the tumor from a thin section of 
the biopsy tissue that was stained with hematoxy-
lin and eosin (H&E) to highlight tumor structure. 
False negatives (i.e., incorrectly identifying a 
malignant tumor as benign) lead to premature 
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deaths, and false positives (i.e., incorrectly identi-
fying a benign tumor as malignant) lead to unnec-
essarily stringent therapeutic regimes. As a result, 
biomedical scientists are turning to proteomics in 
their search for a more reliable diagnostic tool. In 
a 2013 paper, Donadio et al. sought to compare 
the proteome of one of the most frequent benign 
salivary gland tumors: Warthin’s tumor (WT), a 
cystadenolymphoma, with that of another typi-
cally benign but more complex mixed tumor, 
pleomorphic adenomas (PAs) [17]. PAs are diffi-
cult to diagnose as these complex tumors involve 
the glandular epithelium, the myoepithelium, and 
the stromal compartment, and they have the 
potential to transition to a metastatic state. With 
35 patients that had undergone parotidectomy 
(removal of the parotid salivary glands) as their 
subjects, the group ran mass spectrometry assays 
and gel electrophoresis on gland samples. 
Through a computational comparison of the data, 
a total of 34 proteins with different expression 
patterns between WT and PA were identified, 
which was narrowed down to 26 different pro-
teins, of which nine were selected for Western 
blot analysis. Between healthy tissue and PA/WT 
samples, noticeably, visible increases in protein 
expression in all nine proteins for either PA or WT 
were observed. Many of the proteins whose 
expression is altered in WT are implicated in 
autoimmune disorders (e.g., rheumatoid arthritis), 
while those proteins with altered expression in PA 
are implicated in tumorigenesis events (e.g., pro-
liferation, invasion) [17]. These results demon-
strate the utility of using a proteomic approach to 
study characteristics of salivary gland tumors, as 
the differing protein expression patterns between 
the two types of tumors could provide the basis 
for a more reliable tool for differential diagnosis 
and subclassification. Improvement of diagnosis 
accuracy directly affects patient quality of life, as 
it can help physicians choose the best treatment 
regime for the patient.

Other -omics methods have been used to gain 
additional insights into salivary gland cancer cell 
function and to identify potential new biomarkers 
and therapeutic strategies. Salivary adenoid cys-
tic carcinomas (SACCs) are salivary ductal- 
derived tumors, which account for 24 % of 

malignant salivary gland tumors. miRNA profil-
ing of metastatic SACC vs less metastatic SACC 
identified miR-320a as a metastatic repressor that 
targets the integrin beta 3 mRNA (itgb3), sug-
gesting a potential for miR-320a-based therapeu-
tics. In addition, miR-320a levels positively 
correlated with prognosis for SACC patients, 
suggesting an additional application in disease 
diagnosis [86]. miRNA profiling of salivary 
gland adenoid cystic carcinoma (ACC) cell lines, 
a relatively rare malignant tumor with a poor 
long-term survival rate, identified reduced levels 
of miR-101-3p [41]. While miR-101-3p has 
potential utility as a biomarker, its mechanism 
was investigated in cell lines where it was found 
to inhibit cell growth and invasion by inhibiting 
expression of the Pim-1 serine/threonine kinase, 
which can function as an oncogene. Interestingly, 
ACC cell lines stably expressing miR-101-3p 
were found to have enhanced sensitivity to cispl-
atin, the most common treatment for ACC [41], 
demonstrating the possible therapeutic potential 
of miR-101-3p-based therapeutics for ACC.

2.5  Systems Analysis 
and Regenerative Therapies

2.5.1  Systems Analysis 
in Characterizing Cell 
Populations

Interest in using salivary gland stem/progenitor 
cell populations for cell therapy has resulted in 
several reports of salivary gland progenitor cell 
culture expansion and preclinical cell therapies 
[42, 46, 60, 93]. While these studies have very 
promising translational medicine potential, the 
small number of markers used to characterize cell 
phenotypes combined with different markers 
used in each study provides an incomplete under-
standing of the cell populations in question, and 
no definitive stem/progenitor cell markers have 
yielded long-term functional restoration of 
hyposalivation in an animal model as yet. This is 
an area that could greatly benefit from a systems 
analysis of functional, therapeutic progenitor cell 
preparations. A recent deep sequencing study of 
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the transcriptome of SGC was corroborated and 
complemented with quantitative real-time PCR, 
immunocytochemistry, and flow cytometry anal-
ysis [72]. Postnatal hepatic stem cell markers, 
EpCAM, NCAM, c-kit, CD44, and CD133, and 
other cell markers, CD29, CD49f, K7, K19, Sca- 
1, and c-Met, were found to be considerably well 
conserved in both SGC and LPC under the isola-
tion and culture methods performed in this study. 
Most of the markers above were similarly 
expressed in both LPCs and SGCs or more highly 
expressed in LPC than in SGC, while the expres-
sion levels of EpCAM, CD49f, K14, and K7 
were significantly higher in SGC than heteroge-
neous LPC [72]. Clinical translation would ben-
efit from further system analyses of functionally 
defined salivary gland stem/progenitor cell popu-
lations and benefit from similar comparisons to 
known stem/progenitor cell populations used for 
functional restoration in other organs.

2.6  Conclusions and Outlook

There is much to be gained from the application of 
systems biology-based approaches to understand 
salivary gland developmental processes, to diag-
nose disease, and to develop better therapeutic 
options for patients. The development of effective 
therapeutic options is typically more successful 
the more that is understood regarding the mecha-
nisms through which disease develops, which 
requires an understanding of the normal develop-
ment and homeostasis mechanisms at play in nor-
mal glands. Due to the complexity of the salivary 
gland and the complexity of salivary gland dis-
eases, systems-based approaches are integral to 
making progress on all of these avenues.

Systems-based profiling approaches, including 
profiling the transcriptome, the miRNAome, the 
genome, the epigenome, the proteome, the metab-
olome, and the oral microbiome, are now in com-
mon use in the study of both salivary gland 
development and disease. To make progress 
toward a comprehensive understanding of the nor-
mal development and homeostasis of the gland 
and mechanisms through which homeostasis is 
disrupted will require moving beyond simple 

 profiling studies. Since the enormity of systems-
level datasets pose a challenge for researchers, 
continued development of computational tools to 
make the data accessible and integration possible 
for both researchers and clinicians is critical to 
facilitate the current trend toward systems thinking 
and incorporation of systems approaches into 
research. The use of pathway analysis methods 
and mathematical modeling, which is already at 
use in many diverse salivary and saliva-based 
research projects [4, 43, 44, 56, 65, 68, 76, 83], 
will become increasingly necessary to “make 
sense” of the enormity of data and to integrate 
multiple types of “-omics” data to answer specific 
research questions. Application of systems 
approaches in the future promises to deepen our 
understanding of the relationships between the 
genome and the epigenome, the transcriptome and 
proteome, environmental factors and disease, 
and the relationship between physiological states 
and  disease. Integration of systems-level “-omics” 
data with the physics of tissue biology is a holy 
grail that promises to provide crucial insights to 
normal biology and to disease development [16]. 
Nevertheless, reductionist approaches will still be 
required for testing hypotheses generated from 
systems biology approaches to validate predic-
tions. In the future, systems-based analysis and 
computational approaches will be useful in under-
standing disease etiology and inspiring new thera-
peutics. As we move into the age of personalized 
medicine, systems-based approaches will eventu-
ally play an integral role in assessing the patient’s 
disease state and in defining patient- specific thera-
peutic regimes.
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Abstract

Mucins are large glycoproteins that can be grouped as membrane-bound or 
secreted. Membrane-bound mucins are essential contributors of the glyco-
calyx of mucosal surfaces where they play important biological roles in cell 
interactions and signaling. Secreted mucins are the main structural compo-
nents of the mucus gel that covers the epithelium and contribute to the 
protection of the mucosa surface against allergens, debris, pathogens, dry-
ing, injury, and abrasive stress. MUC1 and MUC4 are plasma membrane- 
anchored mucins expressed in oral epithelium and salivary glands and are 
ubiquitously located in normal epithelia. MUC5B is the major secreted 
polymeric mucin present in human saliva and contains negatively charged 
glycans allowing the formation of a hydrophilic gel that hydrates and pro-
tects the oral epithelium. MUC7 is a secreted mucin present in saliva and 
has low viscoelasticity and high bacteria- agglutinating properties allowing 
clearance of microorganisms from the mouth by swallowing.

The roles of mucins during development of salivary glands remain 
unknown. Few studies on mucin expression in human salivary glands' 
development and in murine models have been described to date. In sali-
vary gland regeneration, mucins have been evaluated only as markers of 
functionality of the glandular acini after damage and/or regeneration ther-
apy. Interestingly, changes in quality and quantity of salivary mucins have 
been observed in pathological conditions. Over-expression of specific 
mucins induced by pro-inflammatory cytokines and ectopic secretion of 

I. Castro, PhD • M.-J. Barrera, PhD • U. Urzúa, PhD 
J. Cortés, PhD • M.-J. González, MSc (*)
Institute of Biomedical Sciences, Faculty of 
Medicine, University of Chile, Santiago, Chile
e-mail: jgonzale@med.uchile.cl

S. González, MSc
Mayor University, Santiago, Chile

S. Aguilera, MD
INDISA Clinic, Santiago, Chile

3

mailto:jgonzale@med.uchile.cl


46

mucins to extracellular matrix (ECM) support evidence on a self- 
perpetuating mucin-cytokine signaling loop that may facilitate the 
 maintenance of an inflammatory environment in chronic inflammatory 
diseases, such as Sjögren’s syndrome (SS). However, the loss of a mucin 
member could predispose to infections and inflammatory diseases in a 
mucosa. A reduced sulfation of MUC5B has been observed in salivary 
glands of SS patients, aggravating their oral dryness. Tumoral cells of sali-
vary glands express aberrant forms or high amounts of mucins, being pro-
posed as markers of malignant transformation. In this chapter, we 
summarize the main structural and functional characteristics of salivary 
mucins, their expression during salivary gland development, and regenera-
tion and alterations in mucin quantity and quality in pathological processes 
affecting the salivary gland.

3.1  Structure, Biosynthesis 
and Functions of Salivary 
Mucins

Mucins are O-glycoproteins composing the mucus 
layer that protects mucosal surfaces from external 
insult and desiccation. Human salivary mucins are 
synthesized by the submandibular, sublingual and 
minor salivary glands. Although their contribution 
to the total volume of saliva is low, the minor sali-
vary glands contribute up to 70 % of total mucin 
found in saliva [1]. Mucins are high-molecular-
weight O-glycoproteins containing at least one 
region of repeated sequences that in some cases 
include variable numbers of tandem repeats 
(VNTR) polymorphisms [2, 3] (Fig. 3.1). These 
regions are rich in serine and threonine, residues 
that covalently bond with a variety of O-glycans. 
Importantly, oligosaccharides contribute up to 80 
% of the mucin mass [9], and many of these gly-
cans are sialylated and/or sulfated, conferring 
hydrophilic and polyanionic properties to mucins 
[10–12]. The N- and C-terminal regions of mucins 
are rich in cysteine and are non-glycosylated or 
sparsely N- and O-glycosylated [13] (Fig. 3.1).

A total of 20 mucins in humans, numbered in 
the order of their discovery, have been described 
to date [14]; they can be structurally categorized 
in two major classes. High-molecular-mass 
secreted mucins that form polymeric structures 
and include MUC2, MUC5AC, MUC5B, MUC6, 
and MUC19. MUC7 and MUC8 are also secreted 
but consist of low-molecular-mass non- polymeric 

mucins. The second class consists of membrane- 
tethered mucins and includes MUC1, MUC3A, 
MUC3B, MUC4, MUC12, MUC13, MUC15, 
MUC16, MUC17, MUC20, MUC21 and MUC22 
[14–17]. Table 3.1 summarizes the tissue distri-
bution of human mucins.

The biosynthesis of polymeric mucins starts at 
the endoplasmic reticulum (ER), where the apo-
mucin or polypeptide backbone is translated. The 
N-glycosylation and the formation of intramo-
lecular disulfide bonds within the cysteine-rich 
N- and C-termini and the internal cys domains 
occur co-translationally. Dimerization takes place 
at the ER by intermolecular disulfide linkage 
between C-terminal domains of mucin monomers 
[18, 19]. The O-glycosylation is carried out in the 
Golgi apparatus, where UDP- GalNAc:polypeptide 
N-acetylgalactosaminyl transferases transfer 
N-acetylgalactosamine to a serine or threonine 
residue of the mucin protein backbone [20]. The 
O-glycosylated products are further elongated by 
sequential action of glycosyltransferases to pro-
duce a wide array of oligosaccharides [21]. 
Intermolecular disulfide linkage between 
N-terminal domains mediates polymerization of 
mucin dimers in the trans-Golgi network or in 
secretory granules. High concentrations of Ca+2 
and H+ inside the secretory granules contribute to 
mucin aggregation, reducing repulsive forces 
among oligosaccharide negative charges [22]. 
Polymers are packaged and stored in dehydrated 
form within secretory granules until regulated 
exocytosis [23].
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The major polymeric mucin found in human 
saliva is MUC5B (>1 MDa), formerly named 
MG1 [24, 25]. MUC5B comprises 15 % protein, 
78 % carbohydrate, and 7 % sulfate by weight 
[26]. MUC5B-linked carbohydrates constitute a 
highly heterogeneous set of neutral, sulfated, and 
sialylated oligosaccharides [27, 28]. Anion 
exchange chromatography and electrophoretic 

mobility analysis of MUC5B revealed two prod-
ucts of high- and low-charge glycoforms [29, 
30]. Studies of salivary mucin preparations have 
shown that the highly charged MUC5B glyco-
form reacts with the F2 monoclonal antibody, 
which specifically recognizes the sulfated 
 carbohydrate epitope SO3Galβ1-3GlcNAc- of 
sulfo- Lewisa [31]. Negatively charged glycans of 

a

c

b

Fig. 3.1 Scheme of the structure of membrane-tethered 
mucins (a) and polymeric secreted mucins (b). (c) The 
epitope mapping of several MUC1 antibodies: CT1 [4], 

CT33 [5], Ma695 [6], VU4H5 [7], MUC1/DF [8], MUC1/
SEC [7] and BOS6E6 [7]
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MUC5B confer hygroscopic properties, allowing 
formation of a hydrophilic gel that hydrates and 
protects the oral epithelium [10, 12]. The visco-
elastic properties of salivary mucins provide local 
protection against mechanical forces during eat-
ing and speaking [32]. Lubricant properties, 
adhesiveness and elasticity of salivary MUC5B 
reduce the friction of tooth surfaces during chew-
ing and contribute to the formation and swallow-
ing of a food bolus [33]. Adsorption of MUC5B 
to tooth surfaces, given its high affinity for 
hydroxyapatite, contributes to the formation of 
the acquired enamel pellicle that protects hard 

tissues against the demineralization caused by 
acids produced by microorganisms [34, 35]. 
MUC5B glycans serve as adhesion receptors 
allowing binding of microorganisms including 
Haemophilus parainfluenzae [36] and 
Helicobacter pylori [37].

Another mucin found in saliva is MUC7, for-
merly named MG2 [38–40]. MUC7 has a molec-
ular weight of ~200 kDa and contains about 30 % 
protein, 68 % carbohydrate, and 1.6 % sulfate 
[40–42]. The oligosaccharides linked to the 
MUC7 peptide backbone are mainly fucosylated 
and sialylated trisaccharides [43]. MUC7 has low 

Table 3.1 Classification and tissue expression of mucins

Mucin Class Chromosome
Tandem repeat 
length Tissue distribution

MUC1 Membrane anchored 
with secreted variants

1q21 20 Most epithelia

MUC2 Large polymeric 
mucin

11p15.5 23 Endometrium, jejunum, ileon, colon

MUC3A Membrane anchored 7q22 17 Small intestine, colon, gallbladder

MUC3B Membrane anchored 7q22 17 Small intestine, colon, gallbladder

MUC4 Membrane anchored 3q29 16 Most epithelia

MUC5AC Large polymeric 
mucin

11p15.5 8 Conjunctiva, respiratory tract, stomach, 
endocervix, endometrium

MUC5B Large polymeric 
mucin

11p15.5 29 Submandibular, sublingual and minor 
salivary glands, respiratory tract, 
endocervix

MUC6 Large polymeric 
mucin

11p15.5 169 Stomach, ileum, gallbladder, 
endocervix, endometrium

MUC7 Non-polymeric 
secreted mucin

4q13-q21 23 Submandibular, sublingual and minor 
salivary glands

MUC8 Non-polymeric 
secreted mucin

12q24.3 13/41 Respiratory tract, uterus, endocervix, 
endometrium

MUC9 Non-polymeric 
secreted mucin

1p13 15 Fallopian tubes

MUC12 Membrane anchored 7q22 28 Colon, pancreas, prostate, uterus

MUC13 Membrane anchored 3q21.2 27 Colon, trachea, kidney, small intestine

MUC15 Membrane anchored 11p14.3 None Colon, respiratory tract, small intestine, 
prostate

MUC16 Membrane anchored 19p13.2 156 Ovary, cornea, conjunctiva, respiratory 
tract, endometrium

MUC17 Membrane anchored 7q22 59 Stomach, duodenum, colon

MUC19 Large polymeric 
mucin

12q12 19 Submandibular, sublingual and minor 
salivary glands

MUC20 Membrane anchored 3q29 18 Placenta, colon, respiratory tract, 
prostate, liver

MUC21 Membrane anchored 6p21 15 Respiratory tract, thymus, colon

MUC22 Membrane anchored 6p21.33 10 Respiratory tract

I. Castro et al.



49

viscoelastic and high bacteria-agglutinating 
properties [44]. MUC7 binds to microorganisms 
such as Pseudomona aeruginosa [45], 
Agregatibacter actinomycetemcomitans [46], 
Escherichia coli [47], and Streptococcus mutans 
[48], among others. As a result, bacterial aggre-
gates are formed and are easily cleared out of the 
mouth by swallowing. In addition to MUC7 gly-
cans, for example, sialic acid [45, 46], peptide 
domains in MUC7 are involved in the interaction 
with bacteria, and some regions show broad- 
spectrum antimicrobial activity[49–51]. The 
non-glycosylated regions of mucins have many 
structural motifs and domains that allow interac-
tion with various salivary mucin-interacting pro-
teins (e.g., histatin, statherin, acidic proline-rich 
proteins, α-amylase and lactoferrin, among oth-
ers) [52]. Such interactions might help to enhance 
protein stability and function in the maintenance 
of oral physiology [52, 53].

Membrane-anchored mucins are initially 
translated as a single polypeptide chain that is 
cleaved to generate two sub-units, one containing 
the extracellular domain and the other containing 
the transmembrane (TM) and C-terminal cyto-
plasmic domains of the molecule [54, 55]. These 
fragments produced in the ER are non-covalently 
associated and remain linked until insertion into 
the plasma membrane [54, 55] (Fig. 3.1).

Cell-tethered mucins expressed by the oral 
epithelium and salivary glands include MUC1 
and MUC4, which are almost ubiquitously found 
in normal epithelia [13]. These plasma 
 membrane–anchored mucins have a rigid confor-
mation, which extends up to 1.5 μm from the cell 
surface providing a protective barrier against 
microorganisms and other cytotoxic agents [56]. 
It has been proposed that MUC1 and MUC4 
serve as a scaffold that contributes to retention of 
secretory mucins and other salivary proteins in 
the oral cavity [13]. Many alternative splice vari-
ants encode several MUC1 isoforms [55]. Some 
MUC1 isoforms have TM and C-terminal cyto-
solic domains, while others lack the TM domain 
and are soluble, e.g., MUC1/SEC [57] (Fig. 3.1). 
The extracellular domain of human MUC1 com-
prises the N-terminal signal sequence and the 
VNTR domain of 20–100 repeats of the 

GSTAPPAHGVTSAPDTRPAP sequence [54] 
(Fig. 3.1). This domain can be released from the 
cell surface by proteolytic shedding [58]. The 
C-terminal cytoplasmic domain of cell-anchored 
mucins has been implicated in cell signaling in 
physiological and pathological conditions [59].

3.2  Expression of Mucins 
During Salivary Gland 
Development

The specific roles played by mucins in human 
salivary gland development have not been fully 
studied, mostly due to ethical and technical restric-
tions. The submandibular gland starts to develop 
around the 6th week of human gestation, followed 
by the parotid gland around the 7th week, and the 
sublingual gland around the 8th [60].

A single study on mucins expression in 
human salivary gland development was carried 
out by Lourenço et al. (2011). It consisted of an 
immunohistochemical analysis of minor salivary 
glands collected from 20 post mortem human 
fetuses ranging from 4 to 24 weeks of gestation 
after natural miscarriage. Using the monoclonal 
Ma695 antibody directed against a glycosylated 
epitope of the human MUC1 VNTR region (Fig. 
3.1), these authors observed MUC1 in clusters 
of epithelial cells at the bud stage, showing that 
MUC1 expression begins early in salivary gland 
development. At the pseudoglandular stage, 
MUC1 was observed in the rudimentary luminal 
space and appeared in the luminal space of all 
glandular ductal systems in the canalicular stage. 
During the terminal bud stage, MUC1 retained 
high expression along the luminal pole of epi-
thelial cells throughout the entire ductal system. 
In certain areas, MUC1 was also observed in the 
basal pole of larger excretory ductal cells. In fully 
developed salivary glands, MUC1 was observed 
in the cytoplasm of acinar cells and in the luminal 
space border of the ducts [6]. Using the same anti-
body, MUC1 was detected in striated ducts and in 
basal cells of excretory ducts in parotid and sub-
mandibular glands of adult individuals. In acinar 
cells, MUC1 was observed in the apical plasma 
membrane of serous cells, while mucous cells 
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were negative [61]. A similar MUC1 expression 
pattern was recently observed in human labial 
salivary glands from adult subjects [7]. Using the 
VU4H5 antibody directed against the VNTR 
region of MUC1 (Fig. 3.1), a staining in the apical 
pole of serous acini and duct cells was observed. 
Using the BOS6E6 antibody that recognizes the 
MUC1/Y isoform, staining was observed mainly 
in the apical region of serous acinar cells and 
throughout the cytoplasm of ductal cells. Using an 
antibody directed against the C-terminal region of 
the MUC1/SEC isoform, a staining localized 
mainly at the apical region of serous acinar cells 
was observed. Mucous cells were negative for 
MUC1 with several antibodies used [7].

Analysis of mucin transcripts in homogenates 
of adult human salivary glands have shown 
expression of MUC1 (MUC1A, MUC1B, 
MUC1/Y, MUC1/SEC), MUC2, MUC3, MUC4, 
MUC5B, MUC5AC, MUC6, MUC7 and MUC19 
[7, 13, 29, 62, 63]. In human salivary gland devel-

opment, MUC3, MUC4, MUC5B, and MUC16 
were observed, while MUC2, MUC5AC and 
MUC6 were not detected [6]. At the initial bud 
stage, MUC5B and MUC16 were expressed 
weakly in some cells. At the pseudoglandular 
stage, MUC3 was observed in small cytoplasmic 
deposits in epithelial cells and MUC4 was 
strongly detected in the luminal region of devel-
oping ductal structures. MUC4 was also detected 
in the canalicular stage, in the luminal space of 
well-developed ducts and in the wall of blood 
vessels. At the terminal bud stage, MUC5B and 
MUC16 were detected in mucous cells [6]. In 
adult human salivary glands, MUC5B and 
MUC16 were detected in the luminal border of 
excretory ducts, and MUC16 was also observed 
in acinar cells [6]. However, several studies using 
antibodies directed against different epitopes of 
MUC5B showed expression in mucous acinar 
cells of fully developed submandibular, sublin-
gual, and labial salivary glands [28, 64–66] 

a c

b d

e

f

Fig. 3.2  Sections of labial salivary glands from control 
individuals (a, c, e) and SS patients (b, d, f). (a, b) 
Immunohistochemistry of MUC5B. Gland section show-
ing MUC5B in the basal region of mucous acinar cells (a). 
In SS patients, MUC5B was observed both in basal and 
apical cytoplasms of mucous acinar cells (b). (c, d) Sulfo- 
Lewisa antigen immuno-detection. Mucous acini showed 
sulfo-Lewisa immunoreactivity in the whole cytoplasm 
(c). Low abundance of mucous acini showing immunore-

action for sulfo-Lewisa in SS patients was observed (d). 
(e, f) Double staining with Alcian blue (a, b) and immuno-
histochemistry for laminin. Positive (a, b) staining was 
stronger in control individuals (e) than in SS patients (f). 
Decreased (a, b) staining correlated with decreased lam-
inin immunoreactivity in SS patients (f). Bars 50 μm, m 
mucous acini, s serousacini; f: inflammatory focus. 
Images reproduced with permission of Castro et al. 137].
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(Fig. 3.2 a, c and e). Mucous acini expressing 
MUC5B showed a mosaic pattern of sulfo-Lewisa 
stain, indicating that one and the same salivary 
gland synthesizes different MUC5B glycoforms 
[28, 65]. When and how these phenotypes origi-
nate during gland differentiation is yet unknown. 
Are the mucous acini formed by different types of 
acinar cells? Or is there asynchrony in the secre-
tory response, among others? The simultaneous 
detection of MUC5B and MUC7 demonstrated 
that the staining patterns were non-overlapping 
[64]. While MUC5B is observed in mucous cells, 
MUC7 is expressed in serous acinar cells of fully 
developed human submandibular, sublingual, and 
labial salivary glands [28, 64, 66, 67].

Most of the studies on mucin expression dur-
ing development have been performed on murine 
models, with the submandibular gland the most 
studied. In mouse submandibular gland develop-
ment, the initial bud (E12.5) starts out as a solid 
chord that then develops into a network of solid 
stalks and end buds. Branching morphogenesis 
occurs in the pseudoglandular stage (E13.5). 
During the canalicular (E15.5) and terminal bud 
(E18.5) stages, branches and buds hollow out in 
their center by apoptosis of cells that do not make 
contact with the basal lamina [68]. Mucin is the 
initial marker of epithelial differentiation in 
mouse submandibular gland. Jaskoll et al. (1998) 
demonstrated differences between mRNA and 
protein expression of mucin in the embryonic, 
neonatal, and adult mouse submandibular gland. 
By northern blot assays, E17 and 1-day-old neo-
nates exhibited two mucin transcripts (1.2 and 
0.85 kb) which are different in size than the sin-
gle (1.01 kb) adult transcript. Two embryonic 
mucin isoforms of ~110 and 152 kDa were 
detected in comparison to ~136 kDa adult mucin. 
The ~152 kDa embryonic isoform persisted in 
neonatal glands. In situ hybridization showed 
mucin transcripts localized in the branching epi-
thelia by E14. The hybridization signal increased 
with age in terminal bud and proacinar cells. 
Immunofluorescence assays showed mucin pro-
tein from E17 in plasma membranes of terminal 
bud and proacinar cells [69]. Mucin expression in 
submandibular development is modulated by dif-
ferent factors. Melnick and Jaskoll demonstrated 

that glucocorticoids are required for mucin 
expression, and treatment in utero with exoge-
nous glucocorticoids induces a significant 
increase of embryonic mucin mRNA and protein 
[70]. In addition, they also find that IL-6, but not 
TNF-α signaling, modulates embryonic mucin 
expression in vitro [71].

Denny et al. (1982) prepared a rabbit anti- 
mucin serum using purified mouse- submandibular 
sialomucin from 80 to 90-day–old female 
mice[72]. In newborn animals, the sialomucin 
was detected in secretory terminal-tubule cells 
and in proacinar cells, neither of which is morpho-
logically identical to the mature acinar cell [73]. 
The sialomucin was also detected in acinar cells 
and in granular intercalating-duct cells of the sub-
mandibular gland of adult mice [73]. Moreover, a 
strong Alcian blue (AB) staining was observed in 
proacinar cell granules. Radioimmunoassays 
were carried out for mucin quantitation in the 
homogenates of submandibular glands. Mucin 
concentration was lowest in the newborn group 
and highest in 20-day-old mice. This increase in 
mucin concentration was associated with changes 
in acinar cell size and may reflect their maturation 
stage. The mucin detected in all age groups was 
apparently antigenically identical to the mucin 
purified from adult mice. Together these results 
showed that mucin expression begins prior to the 
final acinar cell differentiation and that sialomu-
cin is present in the submandibular gland from 
birth to adulthood [72, 74, 75].

The expression of Muc1 was analyzed during 
mouse post-implantation development. Muc1 
protein localization was determined by immuno-
histochemistry using CT1, a polyclonal antise-
rum directed against the 17 C-terminal amino 
acids of the cytoplasmic tail of human trans-
membrane Muc1 isoforms (Fig. 3.1). This epit-
ope is highly conserved in a variety of tissues 
and species [4]. In salivary glands, Muc1 immu-
nodetection with CT1 showed signal in ducts of 
15-day-old embryos and, subsequently, Muc1 
was detected in terminal tubules. Muc1 protein 
expression increased with time during epithelial 
branching and highest levels were observed in 
lumen, days 15–18 [76]. From these data, a role 
for MUC1 in glandular morphogenesis was 
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 suggested due to the coincident onset of glandu-
lar differentiation with changes of MUC1 
expression pattern during embryonic develop-
ment [76]. Hudson et al. [77]evaluated the poten-
tial role of MUC1 on morphogenesis using cell 
lines cultured on type I collagen gels. MUC1 
altered the three-dimensional growth pattern of 
cells and induced tubular and branching mor-
phogenesis. MUC1-expressing cells showed 
altered morphogenesis characterized by reduced 
cellular adhesion and enhanced migration [77]. 
These results suggest that MUC1 may induce 
changes in tissue architecture in development 
and also in cancer, where it is frequently over-
expressed, misglycosylated and redistributed 
[78–80].

3.3  Mucin and the Regeneration 
of Salivary Glands

Antecedents on mucin in salivary gland regenera-
tion processes are extremely scarce. Mucins have 
been only evaluated as markers to address the 
functionality of the glandular acini after damage 
and/or regeneration therapy. In these studies, 
mucins have been indirectly detected using stain-
ing with AB (unspecified pH) or Periodic Acid 
Schiffs (PAS). Table 3.2 summarizes the main 
changes observed in murine salivary glands after 
damage induced by ligation and radiation.

3.3.1  Regeneration of Salivary 
Glands Damaged by Radiation

Radiation therapy for head and neck cancer 
results in significant side effects in normal sali-
vary glands, provoking a decreased quality of life 
for these patients. The salivary gland is extremely 
sensitive to radiation, mainly acinar cells [101] 
and manifests acute and chronic responses to 
radiotherapy. During the first week of treatment, 
patients may lose up to 50–60 % of salivary flow 
[81–83] due to high levels of apoptosis and glan-
dular shrinkage [85, 104, 105], which affects 
saliva flow and composition [81, 83]. Chronic 
responses persist months or years after radiother-
apy, where a great number of patients continue to 
show a significant decrease in both stimulated 
and non-stimulated salivary flow [82, 83, 106].

Saliva of the submandibular gland from irradi-
ated patients was evaluated in order to determine 
a relationship between oral dryness and MUC5B 
concentration [91]. Patients with severe xerosto-
mia 12 months after radiation therapy showed a 
tendency to decreased levels of MUC5B in saliva, 
compared to patients with mild xerostomia. 
Interestingly, half of the patients (8 individuals) 
with severe xerostomia did not have detectable 
MUC5B levels by 12 months post-radiotherapy; 
however, the significance of these data should be 
confirmed with a greater number of cases [91]. 
Both groups of patients, with severe and mild 

Table 3.2  Summary of the effects of radiotherapy and duct ligation on the salivary gland

Radiotherapy References Ligation References

Glandular 
function

Decrease salivary flow [81–83] Decrease salivary flow,
Secretory dysfunction

[84]

Glandular shrinkage [85] Inflammatory cell 
infiltration

[84, 86–90]

Tendency to decreased levels of 
MUC5B in submandibular gland saliva

[91] Loss of glandular weight [88, 92]

Ductal cells Proliferation of ductal 
cells

[90, 93, 94]

Acinar cells Apoptosis and replacement by fibrotic 
tissue

[95] Apoptosis [93, 94, 96]

Decreased glycoproteins in acinar cells [97–100] Decreased glycoproteins 
in acinar cells

[88, 90, 92]

Dilated lumens, loss of cell polarity and 
discharge of mucins into the stroma

[101] Loss of secretory 
granules

[102, 103]
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xerostomia, showed comparable volumes of 
saliva, but they differed in the severity of their 
symptoms. These differences may be due to fea-
tures directly related to the mucins, such as the 
amount of MUC5B bound to the oral mucosa, 
which is a better predictor of dry mouth com-
pared to levels of free or soluble MUC5B in 
saliva [91]. Apparently, mucin quality is a rele-
vant point, as it has been reported that non- 
irradiated patients with dry mouth and low 
salivary flow still display MUC5B on their muco-
sal surfaces [107]. This finding suggests that 
mucins retained in the oral mucosa of patients 
with dry mouth may be less hydrated than normal 
subjects [91]. Alliende et al. described how 
changes of MUC5B post-translational process-
ing in labial salivary glands of SS patients, had 
specifically reduced levels of sulfation and were 
able to decrease water uptake of mucins, thereby 
explaining the dry mouth sensation [65]. It is 
noteworthy that saliva contains heterogeneous 
MUC5B glycoforms; therefore, it would be nec-
essary to perform studies to determine the great-
est number of MUC5B glycoforms. Thus, 
changes in the quantity and quality of MUC5B 
will provide insight on why patients who recover 
submandibular gland salivary flow after radio-
therapy still have oral dryness.

Glandular hypofunction after radiotherapy has 
been attributed to a loss of acinar cells followed 
by replacement of fibrotic tissue [95]. Based on 
this evidence, studies on mice and rats revealed 
that post-irradiation transplant with salivary stem 
cells can restore normal salivary function evalu-
ated by an improvement in glandular morphol-
ogy, increased number of acinar cells, salivary 
flow, and glycoproteins [97, 98]. Moreover, 
intraglandular transplantation with bone marrow- 
derived clonal mesenchymal stem cells 
(BM-cMSCs) also preserved acinar cells and 
salivary gland morphology in murine models 
with radiation damage [99]. In these studies, the 
presence of mucin was used as a functional 
marker of salivary gland acini, observing an 
increase of positive acini (AB+) number in 
BM-cMSC-treated salivary glands compared to 
controls [99]. This result suggests that 
BM-cMSCs can counteract salivary gland dam-

age post irradiation and can be used as a source of 
cell-based therapy for the restoration of induced 
salivary hypofunction [99]. Similar results have 
been observed with transplants using adipose 
tissue-derived human mesenchymal stem cells 
(hAdMSC) for regenerating salivary glands dam-
aged by radiation in mice. Systemic administra-
tion of hAdMSCs improves salivary flow rate at 
12 weeks post-radiation, and salivary glands 
show less damage and higher levels of mucin 
production than untreated irradiated salivary 
glands [100]. However, these studies require 
molecular analysis on the quality of secretory 
products, especially of mucins.

Interestingly, salivary gland acini of irradi-
ated rats showed dilated lumens, loss of cell 
polarity, and discharge of mucins into the stroma 
and not to the acinar lumen [101]. Comparable 
changes have been reported in salivary glands 
from SS patients. In this case, loss of cell polar-
ity is triggered by the alteration of tight junc-
tions [108] inducing apico-basal relocation of 
protein secretion machinery (e.g., SNARE pro-
teins [95] and Rab3D [67]), accounting for ecto-
pic mucin exocytosis into the extracellular 
matrix (ECM) [109]. Recently it was revealed 
that such anomalously located mucins in the 
ECM can induce a pro- inflammatory response, 
which may participate in the pathogenesis of this 
disease [110].

3.3.2  Bioengineered Germ 
Transplants for Salivary Gland 
Regeneration

The organs are generated from reciprocal inter-
actions between the epithelium and mesenchyme 
of germ layers. Ogawa and Tsuji developed a 
bioengineering method termed “organ germ” 
that can reproduce salivary gland organogenesis 
through the epithelial-mesenchymal interactions 
[111]. The structure of the bioengineered sali-
vary glands, including the location of myoepi-
thelial cells, aquaporin 5 water channel, and 
neuronal connections was analogous to control 
mouse submandibular glands [111]. At 30 days 
after transplantation, the bioengineered subman-
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dibular gland showed a mucous gland phenotype 
with strong PAS-positive staining, suggesting 
the presence of sialomucins [111]. In the future, 
it is expected that studies of these regeneration 
models could provide information about the 
quality and functionality of the secretory prod-
ucts that are synthesized rather than their mere 
detection.

3.3.3  Regeneration of Salivary 
Glands Atrophied by Ligation

The obstruction of major excretory ducts (rat, 
mouse, rabbit, and cat) generates salivary gland 
atrophy and inflammation and severely affects 
the secretory function of remnant parenchyma 
[86, 87, 112–115]. The development of animal 
models involving the ligation of the major excre-
tory ducts of salivary glands has contributed to 
the understanding of inflammation and atrophy 
[102, 115, 116]. There are two models of excre-
tory duct ligation: extra-oral duct ligation (includ-
ing lingual nerve cord) and intra-oral duct 
ligation, the latter being the most appropriate 
model to study obstructive diseases of the sali-
vary gland since it does not damage the nerve 
involved in the normal secretion of saliva [88, 
117]. The atrophy followed by extra-oral duct 
ligation is characterized by inflammation, loss of 
acini, proliferation of ductal cells, and secretory 
dysfunction [89, 93, 112, 115].

Some studies showed that the secretory func-
tion of acinar cells decreases significantly within 
24 h of intra-oral duct ligation [84], and that all 
secretory granules disappear after 2–3 days [87], 
the time coinciding with the apoptosis peak of 
acinar cells [94]. In rat submandibular glands, 
loss of acini and inflammation was observed 
from 7–14 days of ligation [87, 88, 90]. By the 
fourth week of ligation, the atrophy of the glands 
was evident with a loss of over half of their nor-
mal weight, while AB/PAS staining showed a 
large decrease in glycoprotein levels in acinar 
cells [87, 90, 92]. Unlike acini, ductal cells begin 
to proliferate 2–3 days after ligation [94], form-
ing long undifferentiated ductal structures not 
discernible as striated, granular, or intercalated. 

Cotroneo et al. reported that both ligated and 
deligated glands showed an increase in the pro-
portion of ducts and presence of abnormal 
branched entities characterized by short, tubular- 
shaped structures terminating with small acini 
[90]. These structures were more common in the 
deligated glands and resembled those structures 
that arise during branching morphogenesis in 
embryonic development (day 18) of the subman-
dibular gland. In deligated glands, some of the 
acini at the ends of branched structures showed 
positive AB/PAS staining, which suggest an 
increase of glycoproteins [90].

Morphological studies have established that 
after intra- and extra-oral duct ligation, the deli-
gation allows regenerating new salivary gland tis-
sue. After 3 days of deligation in rats, an increase 
in submandibular gland weight, acini size, AQP5 
expression, and glycoprotein content (staining 
with AB/PAS) were observed in comparison to 
ligated submandibular gland [90]. Following 8 
weeks of deligation, the submandibular glands 
recovered half of their weight, normal morphol-
ogy, differentiated ductal and acinar structures, 
and the presence of glycoproteins (AB/PAS stain) 
in their acini [92]. The parasympathetic nerves 
were able to re-associate with new target cells to 
form functional neuro-effector junctions [92]. 
Moreover, after a long period of deligation 
(24 weeks), the rat submandibular gland is able to 
recover 92 % of its normal size, salivary flow, 
secretion of total protein, normal acinar morphol-
ogy, and content of granules suggestive of mucin 
(AB/PAS positive) [88].

The atrophy of the salivary gland is observed 
in different circumstances, such as SS, irradiation 
therapy and obstructive sialadenitis, among oth-
ers. In severe atrophy of the rat submandibular 
gland induced by ligation of the excretory duct, 
most acinar cells disappeared − mainly through 
apoptosis − while the ductal cells proliferated 
and dedifferentiated early [96]. Moreover, the 
gland can survive in the atrophic state almost 
indefinitely, with the capability of full recovery if 
deligated. Silver et al. reported that approxi-
mately 10 % of the acinar cells survive in atrophy 
induced by ligation, where activation of mTOR 
and autophagosomal pathways can help preserve 
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acinar cells during salivary gland atrophy after 
injury [96]. This study also showed an apparent 
contradiction, because gene expression analyses 
by quantitative real-time PCR and microarray of 
ligated glands revealed sustained transcription of 
genes specific to acinar cells, while genes spe-
cific to ductal cells decreased to baseline levels 
[96]. Taking into account the large loss of acinar 
cells, this would suggest that the remaining aci-
nar cells still have a robust transcription of secre-
tory proteins. However, evidence of mucins 
expression has not been generated from this type 
of analysis.

3.4  Mucins and Sjögren’s 
Syndrome

Overview of SS Primary SS is an autoimmune 
exocrinopathy characterized by chronic mono-
nuclear cell infiltration into salivary and lach-
rymal glands [118, 119]. Ro/SS-A and La/
SS-B autoantibodies are frequently found in 
sera of primary SS patients. Their presence is 
associated with prolonged disease duration, 
increased frequency of non-exocrine manifes-
tations, and a higher intensity of lymphocytic 
infiltrates invading minor salivary glands 
[118, 119].

3.4.1  Factors Related 
to the Secretory Activity 
of Salivary Glands of SS 
Patients

The secretory activity of salivary glands of SS 
patients is compromised by diverse factors lead-
ing to severe dryness of the mouth (xerostomia) 
and eyes (keratoconjunctivitis sicca) [120]. 
Autoantibodies against muscarinic M3 receptors 
[121], imbalances of cytokine levels [122], glan-
dular denervation [123], acinar atrophy and 
decrease of glandular parenchyma [124], redistri-
bution of aquaporin-5 in the acinar cells [125], 
and increased levels of cholinesterase [126] are 
the most frequent changes associated with dry-
ness symptoms. However, SS patients present 

only some, if any, of these signs, and so this topic 
is still a controversial issue in the field [126, 127]. 
Additionally, disorganization of the basal lamina 
(BL) of acini and ducts, which correlates with an 
altered secretory pole of acinar cells and morpho-
logical changes in the secretory granules, has 
been consistently found in all patients evaluated 
[128, 129]. The BL establishes molecular inter-
actions with plasma membrane receptors and, 
through them, activates signaling pathways 
involved in proliferation, differentiation, and 
 survival [130, 131]. Moreover, the disruption of 
tight junctions (TJ) induces relocalization of 
secretory machinery proteins. Altered localiza-
tion of TJ proteins in the salivary glands of SS 
patients promotes the redistribution of both 
apico-basal Rab3D and SNARE proteins [67, 
108, 109]. The presence of these proteins in the 
basolateral plasma membrane may explain the 
ectopic presence of mucins in the ECM [109]. As 
these mucins are normally exocyted by the apical 
pole of acinar cells, its altered localization may 
be an inflammatory trigger [110]. A relevant 
function derived from these interactions is the 
maintenance of the differentiated state of the sali-
vary gland [132]. In other words, cell polarity is 
important for the organization and function of all 
epithelia, including secretory epithelium. 
Interestingly, an animal model of SS − the NOD- 
strain of mice − shows some alterations resem-
bling SS patients in salivary glands prior to 
lymphocytic infiltration [133].

3.4.2  Mucins in SS Patients

As mentioned above, acinar cells synthesize, 
modify and secrete proteins [134], glycopro-
teins [53] and are also implicated in the transport 
and release of electrolytes and water [135]. The 
mechanisms involved in acinar cell differentia-
tion are fundamental to the turnover and activa-
tion of the molecular machinery that participates 
in the synthesis, post-translational processing of 
proteins, formation of the secretory granules and 
exocytosis events [134]. The acini of human 
labial salivary glands, which are used as a rele-
vant marker of SS diagnostic criteria, are of the 
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seromucous type, with both mucous and serous 
acinar cells able to synthesize mucins (MG1 and 
MG2) [28]. Previous studies showed that a high 
MG1 concentration in the resting saliva of SS 
patients could be due to a low water content or to 
a low water-retaining capacity. It was then sug-
gested that this might explain xerostomia [136]. 
More recently, it has been shown that post- 
translational modifications of mucins, rather than 
their net amount, can strongly affect their func-
tion, thus providing an alternative explanation for 
xerostomia [11, 137].

Indeed, MUC5B mRNA and protein levels 
were similar between controls and SS patients, 
while sulfo-Lewisa antigen levels were lower in 
glandular extracts from SS patients (Fig. 3.2) 
[65]. This finding correlated with a dramatically 
lower number of sulfo-Lewisa antigen-positive 
mucous acini (Fig. 3.2) [65]. In SS patients, the 
MUC5B electrophoretic pattern was heteroge-
neous, with at least two protein variants present 
in all analyzed samples. Both MUC5B and sul-
fated MUC5B showed similar electrophoretic 
patterns with two broad bands larger than 200 kd 
and migrating within the stacking gel [65]. These 
findings are consistent with an earlier description 
of MUC5B in whole saliva and salivary glands 
where different glycoforms of MUC5B were 
shown [28]. Interestingly, no correlation between 
whole unstimulated salivary flow (USF) and the 
percentage of mucous acini with sulfo-Lewisa 
antigen was found [65]. As mentioned above, 
mucins, in particular MUC5B, play an important 
role in lubrication, since they preserve mucosa 
hydration by the interaction of water molecules 
with mucin hydrophilic moieties, including sul-
fate, sialyl acid, and hydroxyl groups. Thus, inde-
pendent of normal or decreased USF found in SS 
patients, the dry mouth sensation observed in all 
cases could be explained by a low sulfation 
degree of MUC5B and other mucins present in 
these glands, as determined by the monoclonal 
antibody F2 and by microdensitometric analysis 
of AB staining in mucous acini, respectively 
(Fig. 3.2) [65]. A microdensitometric analysis 
confirmed a decrease in the total sulfated oligo-
saccharides in mucous acini of SS patients, which 
correlated with a strong BL disorganization 

(Fig. 3.2) [65]. Altogether, these results suggest 
that a loss of function of mucous acinar cells 
occurs in SS patients. Given the high water-
retaining capacity of sulfated mucins, these 
severe and generalized changes in the quantity of 
sulfated oligosaccharides of MUC5B could 
account for the xerostomia found in SS patients. 
Moreover, Saari et al. have shown a high MG1 
concentration in the resting whole saliva of SS 
patients, and our results rather support their 
hypothesis that low water retaining capacity 
might explain xerostomia [136].

In mucins, sulfated and sialic acid residues 
interact with Ca2+ and H+, leading to inter-strand 
cross-links displacing water molecules and com-
pacting the mucin granule. These events take 
place during the biogenesis of such granules and 
thus the low sulfation of mucins will affect the 
organization of secretory granules [22, 23]. Later, 
during exocytosis, these ions are replaced again 
by water; however, in the presence of low- sulfated 
mucins, such an exchange will not occur [22, 23]. 
It is noteworthy that the presence of big, pleomor-
phic and low electron density secretory granules 
in acini of labial salivary glands from SS patients 
has been previously reported [128]. Initially, these 
changes were interpreted as the result of the 
fusion of granules. However, considering that sul-
fation also plays an important role in the biogen-
esis of mucin granules, the enlarged structures 
observed could also be a result of the low mucin 
sulfation detected [65]. In brief, the mucous acini 
of labial salivary glands of SS patients experience 
mucin desulfation, in particular of MUC5B.

This change is not related to the volumes of 
saliva produced by SS patients, but are actually 
linked to the dry mouth sensation that could be 
due to the decreased water binding ability of 
under-sulfated mucins. Thus, post-translational 
modifications of MUC5B play a role in the 
salivary hypofunction observed in SS patients 
and might contribute significantly to xerosto-
mia. An important corollary of these studies is 
that future treatments for SS patients should 
target not only enhanced water production but 
rather an improved capacity of water retention 
by modulating the synthesis of mucins with ade-
quate post- translational processing. The major 
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therapeutic approach to reducing mouth dry-
ness in SS patients is using secretagogues, 
such as cholinergic agonists, which bind to 
muscarinic receptors increasing the salivary 
flow, mainly by increasing water transport 
[138]. However, these treatments neither con-
sider the quantity nor quality of the secretory 
products present in saliva, including mucins, 
which are essential for lubrication of the 
oral epithelium.

3.4.3  Evaluation of the Sulfo-Lewisa 
Biosynthesis Pathway

If a low degree of MUC5B sulfate content were 
not related to decreased levels of MUC5B poly-
peptides, the question would emerge as to 
whether the metabolic pathway of sulfo-Lewisa 

synthesis is altered. To address this, mRNA and 
protein levels were determined, as was the activ-
ity of enzymes involved [139]. Synthesis and 
elongation of mucin oligosaccharides initiates 
with the transfer of N-acetylgalactosamine to ser-
ine or threonine residues of the peptidic mucin 
core [20]. The oligosaccharide may be extended 
with galactose (Gal), N-acetylglucosamine 
(GlcNAc), fucose, or sialic acid [21, 140]. Each 
sequential step is catalyzed by a distinct glycos-
yltransferase [21] (Fig. 3.3). Modifications of 
mucin oligosaccharides include sulfation of Gal 
and GlcNAc, reactions catalyzed by Gal3-O- 
sulfotransferases (Gal3ST), and GlcNAc-6- 
sulfotransferases (GlcNAc6ST), respectively 
[140]. In the labial salivary glands of SS patients, 
levels of Gal3ST activity were significantly 
decreased, without changes of mRNA and protein 
levels [139]. Importantly, glycosyltransferases  

Fig. 3.3 O-glycosylation of mucins in salivary acinar 
cells. In the Golgi complex, ppGalNAcT initiates 
O-glycosylation by adding GalNAc to the hydroxyl group 
of either serine (S) or threonine (T) residues of the mucin 
protein backbone. C1GalT adds a Gal residue to synthe-
size the Core 1 structure that can be branched by C2GnT, 
forming Core 2. The Core 3 structure is synthesized by 
C3GnT that adds GlcNAc to GalNAc. Core 3 can be 
branched by C2GnT2 to form Core 4. All core structures 

can be further extended, branched, and modified to form 
complex O-glycans. Terminal GlcNAc residues can be 
used as the basis for the attachment of Lewis determi-
nants. The Sulfo-Lewisa antigen is shown. Sulfated 
mucins retain large amounts of water on the epithelial sur-
face. In SS patients, the hyposulfated mucins lose hygro-
scopic properties contributing to mouth dryness sensation 
(images Reproduced with permission of Castro et al. 
[137])
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enzymatic activities involved in the glycosylation 
pathway of mucins were similar in controls and 
SS patients [139]. An inverse correlation was 
observed between Gal3ST activity and glandular 
function measured by scintigraphy, but not with 
USF. An inverse correlation between Gal3ST 
activity and focus score, as well as with the auto-
antibodies Ro/SS-A and La/SS-B were also 
detected. The decrease in sulfotransferase activ-
ity may explain the observed mucin hyposulfa-
tion in labial salivary glands from SS patients. 
Since no difference was found either in Gal3STs 
mRNA or protein levels, decreased activity was 
not a consequence of gene down- regulation. 
Interestingly, the sulfotransferase activity corre-
lated with secretory function, inflammation, and 
autoimmunity [139].

These results suggest that pro-inflammatory 
cytokines may modulate Gal3ST activity, thereby 
altering mucin quality and leading to mouth dry-
ness. Data on this topic in other cellular types, 
like bovine synoviocites exposed to TNF-α, 
showed a decrease of sulfotransferase activity 
[141], demonstrating that elevated levels of pro- 
inflammatory cytokines, as occurring in rheuma-
toid arthritis and SS, could modulate the activity 
and expression of glycosyltransferases [139, 
141]. Reduced sulfation of mucins has been also 
described in inflammatory and neoplastic intesti-
nal diseases [142]. Mucins in ulcerative colitis 
have shorter oligosaccharide chains and lower 
sulfate content than normal colon mucosa [142]. 
Sulfomucins in colon adenocarcinoma are nota-
bly lower than those of the adjacent normal 
mucosa [142–144]. The synthesis of these sulfo-
mucins involves β3Galactosyltransferase-5 
(β3GalT-5) and Gal3ST-2 [145, 146]. Lower 
activity and reduced expression of these enzymes 
in non-mucinous adenocarcinoma compared to 
adjacent normal mucosa, is thought to contribute 
to mucin hyposulfation in this pathology [147].

3.4.4  MUC5B as an Inducer 
of Inflammation

Although the underlying cause of SS-pathogenesis 
is not fully understood, among several character-

istics described, the loss of apico-basal polarity 
of salivary acinar cells is relevant [67, 108, 109, 
148, 149]. Based on this observation, a working 
hypothesis attributes a significant role of the sali-
vary gland epithelium itself to the initiation and 
perpetuation of local autoimmune responses. 
According to this idea, molecular changes in the 
epithelial cells result in recruitment, homing, 
activation, proliferation, and differentiation of 
inflammatory cells [148, 150]. As mentioned, the 
loss of apico-basal polarity in salivary acinar 
cells of SS patients is associated with the redistri-
bution of the molecular machinery involved in 
the exocytosis of secretory granules [67, 108, 
109, 128, 149]. Proteins involved in membrane 
fusion (SNARE proteins) relocate from the apical 
to the baso-lateral region of acinar cells [109], 
and redistribution of mature secretory granules in 
the cytoplasm is observed [67, 109]. In addition, 
exocytic fusion complexes formed by SNAREs, 
usually present in the apical plasma membrane, 
and secretory granules, are found in the basolat-
eral plasma membrane of salivary acinar cells 
from SS patients. Concomitant with these 
changes, mucins MUC5B and MUC7 are aber-
rantly secreted to the ECM [109].

It seems reasonable to hypothesize that mucins 
present in the ECM may trigger an inflammatory 
response by acting as ligands that activate poten-
tial receptors of epithelial or immune cells. A key 
question arising in this scenario concerns the 
type of receptors that could mediate such a 
response. Toll-like receptors (TLRs) are a class 
of pattern recognition receptors (PRRs) that play 
a key role in innate immunity and trigger a spe-
cific immune response [151]. TLRs are stimu-
lated by a variety of structural signatures found in 
pathogens, referred to as pathogen-associated 
molecular patterns, and TLR activation induces 
the production of pro-inflammatory cytokines 
[151]. TLRs expressed on the cell surface, such 
as TLR1,2,4,5,6 and 10, recognize outer cell wall 
components of bacteria and fungi, whereas TLRs 
expressed in the intracellular compartments 
(TLR3,7,8 and 9) are involved in recognition of 
nucleic acid components [152]. In addition, 
TLRs may also be activated by damage- 
associated molecular patterns (DAMPs) produced  
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by the cell or the ECM, endogenous molecules 
released, activated, or secreted by host cells and 
tissues undergoing stress, damage, and non-phys-
iological cell death [152]. Interestingly, TLR4 
recognizes DAMPs that contain oligossacharides 
and are present in the ECM, such as fibronectin, 
hyaluronic acid (HA), and heparan sulfate [152–
154]. Termeer et al. (2002) demonstrated that 
hyaluronan oligosaccharides activate dendritic 
cells via TLR4 [155]. Furthermore, the polysac-
charide portion has been shown to play a role in 
salmonella lipopolysaccharide-induced activa-
tion through human TLR4 [156]. After ligand 
binding, the cytoplasmic Toll/IL-1 receptor (TIR) 
domain of the TLRs associates with the TIR 
domain of adaptor proteins MyD88, TIRAP, 
TRIF and TRAM [157, 158]. Moreover, and 
depending on the ligand, TLR4 activation may 
occur in a manner either dependent or indepen-
dent of MyD88. In the first case, MyD88 and 
TIRAP protein adapters are recruited to the TIR 
domain and induce a signaling pathway leading 
to the expression of pro-inflammatory cytokines 
and chemokines. Alternatively, the MyD88- 
independent pathway engages TRAM and TRIF 
as protein adapters to induce type-I interferon 
[157].

Normal salivary acinar cells express TLR4, 
which is significantly increased in SS patients 
[159, 160]. Moreover, chronic inflammation is 
evident in the salivary glands of SS patients, 
although the mechanisms that trigger these pro-
cesses are not known. In this context, the hypoth-
esis that was tested was whether or not the 
salivary mucins are involved in the expression of 
pro-inflammatory cytokines, exploring the 
molecular sensor involved in this response. 
Furthermore, it was investigated whether mucin 
oligosaccharides might act as DAMPs that are 
recognized by TLR4, and activate the innate 
immune response. Human salivary epithelial 
cells (HSG) were stimulated with purified 
MUC5B or Sulfo-Lewisa, both inducing a signifi-
cant increase of CXCL8, TNF-α, IFN-α, IFN-β, 
IL-6, IL-1β, but not BAFF [110]. Cytokine 
induction was mediated by TLR4 as shown by 
using the TBX2-peptide, an inhibitor of TIRAP, 
which is a signaling molecule downstream of 

TLR4 and TLR2 [161], or, alternatively, using a 
specific blocking antibody raised against TLR4 
[110]. In summary, alterations of acinar cell 
polarity led to the loss of innate epithelial barrier 
function, triggering a series of changes that result 
in the anomalous release of mucins to the 
ECM. Human salivary MUC5B and Sulfo-Lewisa 
are recognized by epithelial cell TLR4 and initi-
ate a pro- inflammatory response. These signals 
originally produced by epithelial cells could 
attract inflammatory cells, thus perpetuating 
inflammation and the development of chronic 
disease. The findings highlight the importance of 
salivary gland  epithelial cell organization in con-
trolling innate immunity, and the etiopathogene-
sis of SS [110].

3.4.5  MUC1/SEC AND MUC1/Y 
Over-Expression Is Associated 
with Inflammation in SS

The secreted MUC1 isoform (MUC1/SEC), 
which lacks the cytoplasmic and transmembrane 
domains, contains a unique 11 amino-acid pep-
tide at the COOH terminus that is not found in 
other isoforms (Fig. 3.1) [57, 162]. This sequence 
is referred to as the immuno-enhancing peptide 
(IEP) due to its ability to stimulate the immune 
response [163] probably by STAT-1 up- regulation 
[164]. IEP has been proposed to modulate both 
the innate and adaptive immune responses [163, 
165]. MUC1/SEC may induce over-expression of 
cytokines through its IEP and/or via formation of 
a MUC1/SEC-MUC1/Y complex [163]. 
MUC1/Y is a MUC1 transmembrane protein 
without VNTR (Fig. 3.1) [166–168]. The interac-
tion between MUC1/Y and MUC1/SEC can be 
compared to a receptor-ligand interaction that 
might trigger cytokine production and thereby 
modulate the immune response [166]. In addi-
tion, the formation of a receptor-ligand complex 
between MUC1/SEC and MUC1/Y in mammary 
tumors initiates a cell-signaling response that 
alters cell morphology [163, 164]. On the other 
hand, MUC1/Y has been associated with tran-
scriptional induction of pro- inflammatory cyto-
kine genes via NF-κB [169]. Considering these 
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previous findings and the relevance of MUC1 in 
several pathologies, it was interesting to deter-
mine whether MUC1/SEC and MUC1/Y are 
expressed in the salivary glands of SS patients 
and which cytokines are able to induce their 
expression [7].

Significantly higher mRNA and protein levels 
of both these variants were found in SS patients 
[7]. The MUC1 gene is subject to several control 
mechanisms by cytokines (IFN-γ, TNF-α, IL-7) 
and epigenetic factors (methylation of promoter’s 
CpG islands, histone modifications, miRNA 
effects) [170]. However, regulatory mechanisms 
involved in differential expression of MUC1 
splice variants, specifically MUC1/SEC and 
MUC1/Y, have not yet been reported. MUC1/
SEC has been associated with progressive 
tumoral development inhibition and anti-tumoral 
immune responses supported by increased 
STAT-1 expression [164]. Although this mecha-
nism has not been fully elucidated, a plausible 
explanation is that such effects might be medi-
ated by STAT-1 activation with: (1) over- 
expression of IFN-γ responsive signal transducer 
and/or (2) activation of pro-apoptotic and pro- 
inflammatory genes [164, 171]. Thus, higher lev-
els of MUC1/SEC and MUC1/Y mRNA and 
protein observed in the salivary glands of SS 
patients may induce the synthesis of cytokines. 
Interestingly, we have recently demonstrated that 
MUC1/SEC and MUC1/Y mRNA levels are 
induced by TNF-α and IFN-γ in HSG cells [7], 
supporting previous evidence of a self- 
perpetuating mucin-cytokine signaling loop in 
inflammatory conditions [110]. Studies evaluat-
ing MUC1 function in salivary glands are not 
available; however, in other tissues, such as lung, 
bowel, and brain, studies using MUC1 knockout 
mice suggest an anti-inflammatory role [172–
174]. In some tissues, a complete loss of all 
MUC1 isoforms was reported, and in the bowel, 
the anti-inflammatory function of MUC1 was 
linked to the mucosa protection provided by 
MUC1 anchored to the membrane [173]. These 
results have been reproduced by MUC1 knock-
down with a siRNA targeted to a sequence shared 
by all known MUC1 variants[173]. However, it is 
important to emphasize that these studies do not 

provide light on the specific function of particular 
MUC1 isoforms, such as MUC1/SEC and 
MUC1/Y.

The immunohistochemical analysis of sali-
vary glands revealed a significantly higher pro-
portion of acini with MUC1/SEC in the 
cytoplasm of SS patients, while for controls, a 
significantly higher percentage of acini with 
MUC1/SEC in the apical region and low pres-
ence in the cytoplasm was observed [7]. This 
cytoplasmic distribution of MUC1/SEC observed 
in the acini of SS patients was associated with 
the loss of cell polarity, where the increased 
intensity of cytoplasmic MUC1/SEC staining 
coincided with increased acinar alterations[7]. 
These results confirmed observations showing 
altered distribution and accumulation of MUC1/
VNTR in the cytoplasm of acinar and ductal 
cells from labial salivary glands of SS patients 
[7]. MUC1/Y is redistributed from the apical 
region of acini in labial salivary glands of con-
trols to the cytoplasm and nuclei in labial sali-
vary glands from SS patients [7]. Nuclear 
localization of some MUC1 isoforms has been 
previously described, but the mechanism 
involved is still unknown. Such nuclear function 
has been related with increased transcription of 
pro-inflammatory cytokines [169]. In summary, 
the over-expression and aberrant localization of 
MUC1/SEC and MUC1/Y observed in the labial 
salivary glands of SS patients and their over-
expression induced in vitro in HSG cells by pro-
inflammatory cytokines support previous 
evidence of a self-perpetuating mucin-cytokine 
signaling loop that may facilitate the mainte-
nance of an inflammatory environment leading 
to the disruption of salivary glandular homeosta-
sis in SS patients [110].

3.4.6  MUC7 in SS Patients

MUC7 studies in normal human labial salivary 
glands were previously reported by Veerman 
et al., showing cytoplasmic localization in acinar 
cells of serous acini [28]. Preliminary studies 
showed that MUC7mRNA levels are similar in 
the salivary glands of SS patients and in controls; 
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however, protein levels detected by western blot 
and immunohistochemistry showed a significant 
increase in SS patients [67]. MUC7 cytoplasmic 
localization in serous acini supported previous 
findings [28]. More studies are needed to collect 
further information on MUC7 changes in SS 
patients and to evaluate whether this mucin con-
tributes to the xerostomia that afflicts these 
patients.

3.5  Mucins in Salivary Gland 
Tumors

Cancer cells express aberrant forms or high 
amounts of mucins, which have been suggested 
as molecular markers of malignant transforma-
tion in several organs and tissues [175]. Altered 
MUC1 expression in malignancies occurs in vari-
ous modes, including up-regulation, mis- 
localization, and aberrant glycosylation. MUC1 
expression is related to aggressive tumor behav-
ior and a poor prognosis for patients with human 
neoplasms [176]. Secreted mucin expression pro-
files of adenocarcinomas have been associated 
with etiology [177], tumor progression [8], prog-
nosis [178] and histologic characteristics [61].

Salivary gland neoplasms are characterized by 
morphological variability. These tumors imitate 
the histology, and may arise from epithelial, mes-
enchymal, and/or lymphoid components. Several 
benign and malignant salivary gland tumors 
showed abundant extracellular or intracellular 
mucins [179].

3.5.1  Mucins in Benign Salivary 
Gland Neoplasms

Overall, MUC1 is the mucin most related to can-
cer and it is transcribed as multiple [80] alterna-
tively spliced variants; some of these have been 
detected in salivary gland tumors. As mentioned, 
MUC1 can be found as plasma membrane or 
secreted isoforms, and its over-expression has 
been associated with biochemical events that 
occur in carcinogenesis and/or tumor invasion [8, 
61, 178, 180].

Most salivary gland tumors − both benign and 
malignant − express MUC1, where positive cells 
range from 67 to 100 %. However, it has been 
difficult to establish whether MUC1 over- 
expression is higher in malignant than in benign 
salivary tumors, probably due to the use of differ-
ent MUC1 mAb (Fig. 3.1). Sensitivity of anti-
bodies depends on differential glycosylation 
degrees between MUC1 isoforms, thus affecting 
epitope recognition in immunohistochemical 
assays. Additionally, factors such as small  sample 
sizes and varied scoring systems in various stud-
ies make it difficult to analyze the data in order to 
estimate MUC1 over-expression.

Pleomorphic adenoma (PA), or benign mixed 
tumors of salivary glands, are the most common 
benign neoplasms, representing 40–70 % of 
cases [181]. Etiology and mechanisms involved 
in PA growth are not fully understood [180]. PA 
might display a wide range of recurrence rates 
(2.5–32.5 %).

Immunohistochemical markers have been 
used to explain this behavior and predict recur-
rence. Primary PA shows scarce MUC1 expres-
sion, while recurrent PAs exhibit higher MUC1 
levels, suggesting the association of this mucin 
with recurrence [181] (Table 3.3). Using a 
MUC1/DF Ab (Fig. 3.1), Hamada et al. found 
high MUC1 expression in patients with PA recur-
rence (RPA) and proposed that MUC1 would be 
an independent risk factor of recurrence [8]. RPA 
also showed malignant transformation in areas 
where MUC1 expression was higher. However, 
Brieger et al. found that MUC1 did not correlate 
with PA recurrence in parotid glands, suggesting 
that MUC1 might actually play a role in cellular 
dysfunction [180]. It is accepted that the biologi-
cal behavior of tumors during their progression is 
influenced by changes in structure and the distri-
bution of cell-surface glycoproteins. Soares et al. 
showed differential MUC1 expression during 
malignant transformation of PAs toward widely 
invasive carcinomas [178]. Therefore, low MUC1 
expression in primary PA may indicate a reduced 
invasive potential and aggressiveness, while a 
higher expression may be indicative of an aggres-
sive biological behavior, such as can be observed 
in recurrent PAs and carcinoma ex-pleomorphic 
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adenoma [8, 61, 178]. Moreover, Soares et al. 
showed an augmented MUC1 expression in RPA 
relative to primary PA. Altogether, these findings 
suggest that MUC1 may be a useful indicator of 
a potential malignancy [178].

MUC2 has also been studied in benign sali-
vary gland tumors and its expression associated 
with indolent behavior in both human and animal 
neoplasms [182]. PAs showed a weak cytoplas-
mic MUC2 signal in single cells; these findings 
had no relation to the clinical behavior [61]. 
Furthermore, MUC1 and MUC2 have been 
detected in Warthin’s tumors (WT), a benign, 
well-encapsulated neoplasm usually originating 
in the caudal pole of parotid glands. Mannweiler 
et al. found that WTs were characterized by 
strong MUC1 and MUC2 expression with 90 % 
of tumor cells showing a diffuse cytoplasmic 
staining. In addition, membranes of luminal cells 
exhibited higher MUC1 expression compared to 
MUC2 [61]. Conversely, Yamada et al. found that 
MUC1 was restricted to basal tumor cells [183].

3.5.2  Mucins in Malignant Salivary 
Gland Neoplasms

Mucoepidermoid carcinoma (MEC) is the most 
common malignant neoplasm of the salivary 
glands, accounting for about 30–40 % of all sali-
vary carcinomas. MEC may produce high levels 
of extracellular mucin and possess morphologic 

diversity with primary MEC displaying a variety 
of biologic behaviors. While the low- and 
intermediate- grade MECs are of a benign-like 
nature with high survival rates, the high-grade 
MEC usually has a poor prognosis [184]. Other 
less common mucin-producing tumors are col-
loid (mucinous) carcinoma (CC), mucinous cyst-
adenocarcinoma (MCA), salivary duct carcinoma 
(SDC), signet ring cell carcinoma, adenocarci-
noma (NOS), and, occasionally, a metastatic 
tumor [8]. Among membrane-bound mucins, 
MUC1 is frequently overexpressed in carcino-
mas, particularly adenocarcinomas, which in 
most tumor types are correlated to an adverse 
effect on prognosis [175], increased metastatic 
potential, and poor survival rates [175]. MUC1 
expression is elevated in MECs, and is positively 
correlated with lymph node metastasis in the clin-
ical stage; it is also a strong independent prognos-
tic factor [184]. Besides localizing in the apical 
membranes of luminal tumoral cells, MUC1 was 
also detected in the cytoplasm and sub-cellular 
membranes of the epidermoid, intermediate, 
mucous, and clear MEC tumor cells. Studies on 
salivary MECs have shown a relationship between 
MUC1 expression in tumor cells and outcome 
[66, 185]. MUC1 expression in 5–10 % of MEC 
tumor cells is enough to indicate an adverse prog-
nosis, such as recurrence, metastasis, and/or can-
cer-related death. Alos et al. [66] and Handra- Luca 
et al. [185] detected MUC1 expression in MEC 
using Ma695 monoclonal Ab (Fig. 3.1), but it 

Table 3.3 Immunoreactivity of MUC1, MUC2, MUC4, MUC5AC, MUC5B and MUC6 in salivary gland tumors

MUC1 MUC2 MUC4 MUC5AC MUC5B MUC6

ACA 19/21(90) 12/13(92) 0/8 0/11 NT 0/11

ACC 60/60(100) 2/26(8) 1/2(50) 0/20 NT 0/20

CA 1/1(100) 0/1 1/1(100) 0/1 0/1 1/1(100)

Ca-ex-PA 11/11(100) NT NT NT NT NT

MEC 91/114(84) 24/112(21) 109/131(83) 33/40(83) 33/40(83) 15/60(25)

PLGA NT NT 1/1(100) NT NT NT

SDC 2/2(100) 6/6(100) 1/1(100) 4/5(80) 4/5(80) 6/6(100)

PA 106/158(67) 27/70(31) 7/51(14) NT NT 19/49(39)

WT 28/29(97) 22/22(100) 3/3(100) NT NT NT

In parentheses are the percentages of positive tumors
ACA Acinic cell adenocarcinoma, ACC Adenoid cystic carcinoma, CA Cystadenoma, Ca-ex-PA Carcinoma ex- 
pleomorphic adenoma, MEC Mucoepidermoid carcinoma, PLGA Plymorphous low-grade adenocarcinoma, SDC 
Salivary duct carcinoma, PA Pleomorphic adenoma, WT Warthin’s tumor, NT Not tested
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remains to be determined whether other MUC1 
glycoforms behave similarly and what their prog-
nostic potential in this type of tumor is.

MUC2 is highly expressed in mucinous carci-
nomas, such as colon, breast, pancreas, ovary, 
and stomach [186]. However, its expression is 
low in malignant salivary gland neoplasms. Alos 
et al. detected low MUC2 expression in MEC (5 
% of tumors analyzed with 5–10 % having posi-
tive cells). Furthermore, MUC2 content was not 
related to MEC histologic grade and prognosis 
for the patients [66]. In other research, 
Mannweiler et al. observed MUC2 positivity in 
all cases, but only 5–25 % of the tumor cells were 
stained [61]. In both studies, the same Ab (NCL- 
clone Ccp58) was used, and the differences 
observed may be due to sample processing, e.g., 
antigen retrieval. Muc2 knockout mice frequently 
developed adenomas in the small intestine that 
progressed to invasive adenocarcinomas[187]. 
Also, MUC2 was highly expressed in non- 
invasive tumors of the pancreas and intrahepatic 
bile duct, which show more favorable outcome 
than invasive carcinomas of the pancreas and 
intrahepatic bile duct [176].

MUC4, MUC5AC, MUC5B, and MUC6 are 
also expressed in MEC [66, 185]. Handra-Luca 
et al. found that MUC4 is redistributed from an 
apical surface to a basolateral surface in duct 
cells in intermediate and epidermoid tumor cells. 
However, MUC4 was not related to prognosis 
and seems to be associated with MEC grades 
[185]. MUC5AC was expressed in intermediate 
cells of the tumor, considered undifferentiated 
tumor cells, and high grade MEC showed reac-
tive cells [185]. MUC5B was similarly distrib-
uted to MUC5AC, mainly in low-grade tumors, 
but not related with tumoral progression and 
patient outcome. MUC6 was detected in MEC 
predominantly in the cytoplasm of mucous cells 
and was not related to the histological grade of 
the tumor, the tumor progression, or the patient’s 
outcome [66] (Table 3.3). In adenoid cystic carci-
noma (ACC), Mannweiler et al. observed MUC1 
staining in all tumors, although immunoreactivity 
was heterogeneous with tumor areas strongly 
positive and others negative [61]. MUC1 local-
ization was preferentially in glandular structures 

with apical predominance. Regarding MUC2, 
only 2 of 9 ACC cases were positive [61]. Another 
malignant, mucin-producing neoplasm is the 
acinic cell adenocarcinoma (ACA) that showed 
cytoplasmic MUC1 positivity in all studied 
tumors. Conversely, ACC immunoreactivity was 
rarely observed in glandular structures [61]. This 
difference could be explained by alterations in 
processing and targeting pathways, allowing the 
intracellular accumulation of MUC1 in ACA 
[61]. On the other hand, the difference observed 
in MUC2 immunoreactivity between ACA and 
ACC, could be partially explained by different 
cell populations found in these tumors. 
Particularly in ACA, tumor cells laden with 
secretory granules are frequent, while ACC 
showed a large number of basaloid cells and few 
cells with secretory characteristics [61].

Conclusions

The specific roles played by mucins in human 
salivary gland development have not been 
fully studied, mostly due to ethical and techni-
cal restrictions. Most of the studies on mucin 
expression during development have been per-
formed on murine models, showing that mucin 
is the initial marker of epithelial differentiation 
in the mouse submandibular gland. A role for 
MUC1 in glandular morphogenesis was sug-
gested due to the coincident onset of glandular 
differentiation with changes of MUC1 expres-
sion pattern during embryonic development. It 
has been suggested that MUC1 may induce 
changes in tissue architecture in development 
and also in cancer, where it is frequently over- 
expressed, misglycosylated, and redistributed. 
Mucin expression and glycosylation have been 
associated with etiology, tumor progression, 
prognosis, and histologic characteristics. The 
altered glycosylation of mucins confers a wide 
range of potential ligands on tumor cells for 
interaction with other receptors at the cell sur-
face, contributing to the survival of these 
tumor cells during invasion and metastasis. 
Mucins are used as diagnostic markers in can-
cer, and are being researched as therapeutic 
targets for this  disease. In addition, mucins 
have been evaluated as markers to address the 
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functionality of the glandular acini after dam-
age and/or regeneration therapy. In the future, 
it is expected that studies using regeneration 
models as bioengineered submandibular 
glands could provide information about the 
quality and functionality of the mucins that are 
rather than their mere detection.

A decreased quality of salivary mucins and 
reduced salivary flow lead to xerostomia. 
These changes produce a variety of oral and 
dental disorders that affect the quality of life of 
SS patients. The main therapeutic approach to 
reduce mouth dryness in SS patients involves 
the use of secretagogues. These cholinergic 
agonists bind to muscarinic receptors and 
increase salivary flow, mainly by enhancing 
water release; the treatments neither consider 
the quantity nor quality of the secretory prod-
ucts present in saliva, such as mucins, which 
are complex O-linked glycoproteins with 
sialylated and/or sulfated oligosaccharides 
attached to their protein backbone. This char-
acteristic allows mucins to bind large amounts 
of water and lubricate the oral epithelium. In 
salivary glands of SS patients, altered traffick-
ing and maturation of salivary mucins were 
observed. These alterations are likely to con-
tribute to the dryness sensation in SS patients. 
A better characterization of the molecular 
mechanisms that cause these alterations will 
favor the development of more effective thera-
pies to treat xerostomia in SS patients [137].

In SS patients, the alterations in cell polar-
ity lead to the loss of the innate epithelial bar-
rier function, triggering a series of changes 
that result in the release of mucins to the 
ECM. Human salivary MUC5B and Sulfo-
Lewisa (just to be consistent with Sulfo-Lewis 
in other sections of the book chapter). are rec-
ognized by epithelial cell TLR4 and initiate a 
pro- inflammatory response. These signals, 
initially produced by epithelial cells, could 
attract inflammatory cells, which perpetuate 
inflammation and the development of chronic 
disease. These findings highlight the impor-
tance of salivary gland epithelial cell organi-
zation in controlling innate immunity, and in 
the etiopathogenesis of SS [110, 150].

The over-expression and aberrant localiza-
tion of MUC1/SEC and MUC1/Y observed in 
the LSG of SS patients and their over-expres-
sion induced in vitro in HSG cells by pro- 
inflammatory cytokines are consistent with 
previous evidence that points toward the exis-
tence of a self- perpetuating mucin-cytokine 
signaling loop that may facilitate the mainte-
nance of an inflammatory environment lead-
ing to disruption of salivary glandular 
homeostasis in SS patients [7].

In short, although mucins have been studied 
for many years, their exact roles and mecha-
nisms in salivary gland development and dis-
eases are still in the process of being discovered. 
As mentioned, the reasons are various and 
diverse, such as structural complexity, glyco-
sylation processing and the intricate and com-
plex processes in which they participate, among 
others. Fortunately, today there are more meth-
odological tools to study them, which augur a 
more promising future in this field.
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Histologic Changes in the Salivary 
Glands Following Radiation 
Therapy

Robert S. Redman

Abstract

Therapeutic radiation for cancer of the head and neck damages salivary 
glands that are situated between the radiation source and the target tumor 
and its metastases. With moderate to high radiation exposure, salivary 
glands are devastated and regeneration is limited. The resulting severe 
reduction in saliva has detrimental effects on the teeth and oral mucosa. 
The purpose of this review is to describe some of the salient histologic 
features of salivary gland structures and cells, how these are functionally 
related to salivary production, and thus how radiation-induced loss and 
functional impairment of each type of structure may contribute to reduced 
quantity and quality of saliva.

4.1  Introduction

Ionizing radiation, often augmented with 
administration of chemotherapeutic agents, is 
a staple of management of cancers of the head 
and neck region that are not amenable to suc-
cessful treatment by surgery alone. The jaw-
bones and salivary glands often suffer moderate 
to severe damage, the latter resulting in dra-
matically decreased salivary function [23, 73, 

83, 100, 101]. Without  diligent  professional 
and home care, rapidly progressive dental car-
ies can ensue, leading to a cascade of infec-
tion and extractions with significant risk of 
osteoradionecrosis. In this chapter, I describe 
the histology of radiation- induced damage to 
the salivary glands in the context of how this 
affects salivary function. I begin with a review 
of the functional morphology of normal, 
mature salivary glands, i.e., their anatomical, 
light microscopic, and ultrastructural features, 
as these relate to the principal functions of the 
several parenchymal (epithelial) cell types. 
This is intended to facilitate understanding 
how radiation-induced physical loss or func-
tional impairment of each cell type affects the 
quantity and quality of saliva the gland can 
produce. The review utilizes human and rodent 
glands as models.
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4.2  Salivary Gland 
Nomenclature

Salivary glands are classified by size (major and 
minor) and secretory product (serous, watery and 
slightly slippery; mucous, thick, viscous, and 
very slippery; and mixed, having both serous and 
mucous secretory units). They are named by 
location. The major glands are the parotid (in 
front of the ear), sublingual (under the tongue), 
and submandibular (under the mandible). In 
humans, the sublingual and submandibular 
glands are separate; in rodents, they are enclosed 
in the same capsule. Human minor salivary 
glands are located in groups in the buccal and 
labial mucosae, the soft and posterior hard palate 
including the tonsillar pillars, the posterior dorsal 
and anterior ventral surfaces of the tongue, and 
the anterior floor of the mouth (minor sublingual 
glands). A few also are located subjacent to the 
incisive papilla. All are either mucous or mixed, 
mostly mucous glands except for the serous lin-
gual glands of von Ebner, which secrete into the 
foliate furrows and the troughs around the vallate 
papillae. The distribution of minor salivary 
glands in rats and mice is similar to that of 
humans except that there is none in the labial 
mucosa, hard palate, or anterior ventral surface of 
the tongue. Drawings showing the location and 
shapes of human major glands can be found in 
standard textbooks of human anatomy, e.g., 
Gray’s Anatomy [103]. I have published artists’ 
drawings showing the distribution of human pal-
atal glands [70] and all of the minor salivary 
glands of the rat [69, 74].

4.3  Histology and Ultrastructure

The terminology used here is guided by that of 
Young and van Lennep [106]. The three- 
dimensional structure of salivary glands is like 
that of a bunch of grapes [47], with the grapes 
being the secretory endpieces (acini) and the 
“stems” (the pedicels, rachis, branches, and 
peduncle) being the ducts in order of increasing 
size (which roughly correlates with distance from 
the acini), terminating in the main duct.

4.3.1  Illustrations of Normal 
and Irradiated Glands

Light microscopic descriptions and illustrations 
are of formaldehyde-fixed, paraffin-embedded, 
mature rat (Figs. 4.1 and 4.5) and human (Figs. 
4.2, 4.6 and 4.7) salivary glands. For transmis-
sion electron microscopy (TEM, Figs. 4.3 and 
4.4), rat salivary glands were fixed in glutaralde-
hyde, post-fixed in 0S04, embedded in epoxy 
resin, sectioned at ca. 70 nm, and stained with 
uranyl acetate and lead citrate. Figure 4.1e is a 
photomicrograph of a tissue fixed and embed-
ded for TEM but sectioned at 1 μm, mounted on 
a glass slide, and stained with methylene blue 
and azure II. All illustrations are of material from 
previous studies that had been reviewed by the 
appropriate institutional review bodies. 

4.3.2  Acini

The acini provide most of the proteins and fluid 
of saliva which moisten and initiate digestion 
(enzymes), lubricate the oral mucosa, teeth, and 
food (mucins), maintain the minerals of the teeth 
(statherin), and modulate the oral flora (peroxi-
dase, histatins) [reviewed by Izutsu [33], Tabak 
[86], and Redman [73]]. Secretory proteins are 
glycosylated, and the amount and type of sugars 
attached to the core protein determine the nature 
of the secretory product. In serous acini, the gly-
coproteins are lightly glycosylated, carry a pre-
dominantly neutral charge, and have a molecular 
weight of less than 100,000 KD. Mucous acini 
produce mucins, high molecular weight (1–10 
million KD) glycoproteins that are heavily glyco-
sylated with both neutral and acidic sugars. The 
seromucous acini of rat submandibular glands 
produce a mucin of 100,000 KD. The greater 
amount and negative charge of the sugars of 
mucins attract more water, which is a major rea-
son why mucous secretions are much more vis-
cous and slippery than serous secretions.

By light microscopy of sections stained with 
hematoxylin and eosin (H&E), serous acini take 
both dyes moderately, resulting in violet to 
 blue- violet staining (Fig. 4.2a, b). Mucous acini 
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stain very lightly, giving a pale, cloudy appearance 
(Fig. 4.1a). Stains that are commonly employed to 
distinguish between the glycoproteins of serous 
and mucous acini include alcian blue (AB, Figs. 

4.1b and 4.2d) [57] and mucicarmine [43] (Fig. 
4.6), for acidic glycoproteins, and periodic acid-
Schiff (PAS) for mainly neutral  glycoproteins 
(Figs. 4.1c, d and 4.2d). Serous acini stain a light 

a b

c d

e f

Fig. 4.1 Photomicrographs of mature rat salivary glands. 
(a) SL, H&E. The mucous acini are capped with small 
serous demilunes (arrow). The pink (mainly eosin) tall 
columnar cells of the striated ducts have prominent radial 
striations and a single row of centrally placed nuclei. In 
the first order excretory duct, the cytoplasm of the short 
columnar cells also is pink, and there are occasional basal 
cells. (b) SL, AB-H. The mucous acini are heavily stained, 
and the striated ducts and serous demilunes are unstained 
by AB. (c) P, PAS-H. The secretory granules of the serous 
acini and first-order intercalated ducts (arrow) are PAS + 
(light and moderate magenta, respectively). (d) SM, PAS-
H. The secretory granules of the seromucous acini (a) and 
serous granular convoluted tubules (arrow) are moderate 
and light magenta, respectively. (e) SM, semi-thin (1 μm) 

epoxy resin section, methylene blue- azure II stain. The 
contents of the secretory granules of the seromucous acini 
are empty looking, similar to mucous acini. Those of the 
granular convoluted tubules (arrow) stain blue with vary-
ing density, typical of serous granules. (f) SL and SM, 
immunohistochemical localization of Muc 19, hematoxy-
lin counterstain. Only the mucous secretory granules of 
the sublingual gland reacted with the antibody (brown 
precipitate). Magnification bars: a, b, d = 50 μm; c, 
200 μm; e, 30 μm; f, 100 μm. Abbreviations for all 
Figures. P, SL, SM, parotid, sublingual, and submandibu-
lar glands; a acini; id, sd, ed, intercalated, striated, and 
excretory ducts; m, mitochondria; n, nerve; v, blood ves-
sel. Stains: AB, alcian blue; E, eosin; H, hematoxylin; 
PAS, periodic acid-Schiff.
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magenta hue with PAS and not at all with AB and 
mucicarmine. Mucous acini stain an intense 
magenta with PAS, blue with AB, and pink with 
mucicarmine. Secretory enzymes, e.g., α-amylase 
[104] (Fig. 4.6), carbonic anhydrase [39], and sali-
vary peroxidase [77], histatins [3], and specific 
mucins, e.g. [15] (Fig. 4.1f), are a few of the many 
secretory products of acini that can be identified 
by immunohistochemistry (IHC).

Acini have a number of enzymes and struc-
tures that work together to move fluid from 
the interstitial tissue into the lumen. These 
include Na+/K+−adenosine triphosphatase, 
Na+/H+ exchangers 1, 2, and 3, and anion 
exchanger 2, and Na+/K+/2Cl- cotransporter 
[31], aquaporins [38], and numerous mito-
chondria (Fig. 4.3b) commensurate with the 
energy required.

a b

c d

e f

Fig. 4.2 Photomicrographs of human salivary glands. (a) 
SM, (b) P, both H&E. Serous acini and demilunes are vio-
let, and mucous acini (arrow) are very lightly stained. 
Empty-looking spaces in (b) are adipose cells. (c) SM, 
AB–E. Mucous acini stain strongly with AB; serous acini, 
and demilunes not at all with AB. (d) Palatal (minor) 
gland, PAS-H. The mucous acini and secretory product in 
the lumen of an excretory duct stained a rich magenta color 
with PAS. (e) P, immunohistochemical localization of 

smooth muscle actin (SMA). Myofibrils of myoepithelial 
cells (brown precipitate, arrow) invest the acini but not the 
striated ducts. Small circles center right and bottom mark 
myofibrils of smooth muscle cells around the small arter-
ies, a built-in positive control. (f) Buccal (minor) gland, 
H&E. This shows the transition from pseudostratified 
columnar to stratified squamous epithelium as the main 
duct approaches the orifice (arrow) to the oral mucosa. 
Magnification bars: a, f, 150 μm; b, 100 μm; c–e, 50 μm.
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By transmission electron microscopy (TEM), 
acinar cells are factories for the production, 
 storage, and secretion of secretory proteins. To this 
end, they have long segments of rough endoplas-
mic reticulum for protein synthesis, a prominent 
Golgi apparatus for glycosylation of the nascent 
proteins, and secretory granules (membrane- 
bounded sacs) for storage of the secretory glyco-
proteins between meals (Fig. 4.3). Serous granules 
may be uniformly electron dense or have patterns 
of varying density. Mucous  granules are electron-
lucent with a flocculent substructure of specks or 
filaments that may be uniformly spaced (mono-
phasic, Fig. 4.3c) or have discrete areas of more or 
less closely packed substructure (biphasic), e.g. 
[74]. A feature of acini that is not seen in ducts is 

intercellular extensions of the lumen called secre-
tory canaliculi [106] (Fig. 4.3a). Acini generally 
have a dual sympathetic innervation, with cholin-
ergic nerves stimulating mostly water secretion 
and adrenergic nerves stimulating mostly pro-
teins [24, 29, 107].

4.3.3  Intercalated Ducts

Intercalated ducts (Fig. 4.3d) connect acini with 
larger ducts in rat and human parotid and sub-
mandibular glands.

By light microscopy, they are composed of 
cuboidal cells with fusiform (cigar-shaped) 
nuclei and, in cross sections, have a smaller 

a b
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Fig. 4.3 Transmission electron micrographs (TEM) of 
rat salivary glands. (a, b) P acini. In (a), electron-dense 
secretory granules occupy the apical three fourths and 
extensive rough endoplasmic reticulum the basal fourth 
of the acinar cells. Arrow marks an intercellular exten-
sion of the lumen, or secretory canaliculus. In (b), rough 
endoplasmic reticulum (r) is rimmed with ribosomes 
(dots on membrane walls), and the lumina are engorged 
with nascent secretory proteins. (c) SL (Reproduced 
from Redman and Ball [75]). The electron-lucent secre-
tory granules of the mucous acini have a finely particu-

late substructure. Myoepithelial cells with processes 
(double arrow) filled with bands of myofilaments 
bunched in dense bodies (dark spots) are attached to the 
acini. One has a typically fusiform (cigar-shaped) 
nucleus. (d) First- order (juxta-acinar) intercalated duct 
(id). The secretory granules are also electron dense but 
smaller and more homogeneous than those of the acini 
(a). A myoepithelial cell (arrow) lies parallel to the long 
axis of the duct. The lumen of a small blood vessel (v) 
harbors an erythrocyte. Reference scale bar: a, 
d = 4.0 μm, b = 0.7 μm, c = 1.2 μm
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diameter than acini and other ducts. The primary 
(juxta-acinar) segment has small serous secretory 
granules that stain moderately to strongly with 
PAS (Fig. 4.1c) but not with any stain for mucins 
in the major human and rat salivary glands. By 
TEM, the granules are uniformly electron dense 
in rat parotid glands (Fig. 4.3d). Alpha- amylase, 
deoxyribonuclease I, and salivary  peroxidase 
have been immunohistochemically localized to 
the acinar, but not intercalated duct, secretory 
granules of rat parotid glands [76, 104]. In the rat 
submandibular gland, by IHC and several histo-
logic stains, the granules are identical to the 
Types I and III granules in the transitional acini 
of the neonatal rat [55]. The secondary segment 
has no secretory granules and a paucity of organ-
elles, thus appearing to be relatively undifferenti-
ated. For this and other reasons, the intercalated 
duct (and the basal cells of the main excretory 
duct) long have been regarded as sources of pro-
genitor cells in mature salivary glands [18]. There 
is favorable evidence for this in mouse [41] and 
rat [48] submandibular glands, but not in rat 
parotid gland [72]. 

Intercalated ducts also may contribute fluid to 
saliva, though micropuncture studies did not sep-
arate the acinar and intercalated duct sources 
[51]. Some support for a fluid transport role lies 
in the histochemical localization of aquaporin 
5 in both acini and intercalated ducts in mouse 
submandibular gland [4, 38].

4.3.4  Striated Ducts

By light microscopy of H&E-stained sections, the 
smaller striated ducts are composed of a single layer of 
tall columnar cells with centrally located, round nuclei 
and pink cytoplasm (Fig. 4.1c). By TEM, there are cells 
with less and more  electron-dense  cytoplasm called 
light and dark cells. The cells have deeply infolded 
and interdigitated basolateral cell membranes accom-
panied by numerous large, long mitochondria [89, 
92] (Fig. 4.4a, b). By light microscopy these appear 
as radial lines or striations, for which these ducts are 
named. A principal function of the striated ducts is ion 
exchange with the luminal fluid, Na+ and Cl- being 
resorbed and  HCO3- being luminally transported 

[33]. These functions are facilitated by the large 
cell surface areas provided by the basolateral infold-
ings (Fig. 4.4a, b) and, during active secretion, apical 
blebbing [54] (Fig. 4.4c) and activity of pinocytotic 
vesicles. Most of the arteries in salivary glands run 
parallel with the ducts countercurrent to  salivary flow 
(distally) to the acini, and the veins retrace this route 
[106]. The presence of a rich vasculature in the sur-
rounding stroma facilitates the clearance of resorbed 
ions from interstitial tissue along the base of the stri-
ated ducts (Fig. 4.4a, b).

Striated duct cells have small, apically located 
secretory vesicles in rat parotid [30] and human 
[92] submandibular salivary glands. In rodents 
such as hamster, mouse, and rat, a secretory duct 
is interposed between the intercalated and stri-
ated ducts (Fig. 4.1e). The secretory granules of 
these granular convoluted tubules store and 
secrete proteases and bioactive peptides such as 
epidermal, fibroblast, insulin-like, and nerve 
growth factors (EGF, FGF, I-LGF, NGF) [26, 62]. 
These tubules show a sexual  dimorphism, being 
androgen-dependent and thus proportionately 
much more extensive in males.

In human parotid and submandibular glands, 
the secretory granules of acini and vesicles in 
striated ducts also are immunoreactive to EGF 
[14, 37]. The vesicles are located in both the api-
cal and basal cytoplasm of the striated ducts, sug-
gesting that they secrete not only into the lumen 
but also into the circulation. Most human salivary 
EGF is of parotid gland origin and does not differ 
by gender [12, 97].

In both humans and rodents, EGF has been 
shown to be secreted in response to oral, esopha-
geal, and gastroduodenal ulceration or injury and 
to aid in healing by stimulating cellular prolifera-
tion [35, 36, 44, 49, 62, 63, 65, 95].

4.3.5  Excretory Ducts

Excretory ducts follow striated ducts and connect 
the glandular lobules and lobes to the oral cavity 
via the main excretory duct.

By light microscopy, excretory ducts have 
pink cytoplasm in H&E-stained sections (Fig. 
4.1a), and the main excretory duct transitions 
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from pseudostratified columnar to stratified squa-
mous epithelium as it merges with the oral epi-
thelium (Fig. 4.2f). Some of the excretory ducts 
have short columnar cells and occasional basal 
cells (Fig. 4.1a). Tandler [92] regards these as 
part of the striated duct population, as some of 
the columnar cells have infolded basal cell mem-
branes and large mitochondria.

By TEM, the main and other large excretory 
ducts of rodents and human major salivary glands 
are composed of light, dark, and tuft columnar cells, 
basal cells (Fig. 4.4d), and scattered mucous (“gob-
let”) and ciliated cells [82, 92, 93, 96, 106]. The tuft 
cells (not illustrated) have groups of long microvilli 
projecting into the lumen and secretory granules 
and vesicles, suggesting reception and secretory 
functions [79]. Though the columnar cells have 
many mitochondria, basal membrane infoldings are 
not prominent. Micropuncture studies have shown 
that the main excretory duct of rat submandibular, 

but not parotid, gland resorbs Na+ and K+ from the 
luminal fluid [51, 105]. The basal cells are dark 
(relatively electron dense) because of many cyto-
keratin filaments attached to multiple hemidesmo-
somes in the basal plasmalemma [79, 93].

The concentrations of the ions in saliva are 
dependent on the flow rate [81]. In resting 
(unstimulated) saliva, the concentrations of 
Na+, Cl-, and HCO3- are low and increase with 
increasing flow rate, as the resorption of Na+ 
and Cl- by striated and excretory ducts is unable 
to keep pace with the increased volume, and 
HCO3- is increasingly transported into the 
lumen in exchange for the other ions. On the 
other hand, the concentration of salivary Ca++ 
drops with increasing flow rate. A mechanism 
for perception and resorption of Ca++ to main-
tain Ca++ within physiological limits in the 
lumina of the larger ducts of salivary glands has 
recently been described [6].

a b
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Fig. 4.4 TEM of large ducts in rat parotid glands. (a) 
Striated ducts (sd). Large, oblong mitochondria run parallel 
to the deeply infolded and interdigitated basal cell mem-
branes (arrows). Together these make up the radial striations 
seen by light microscopy. Large, thin-walled veins (v) are 

seen in the supporting stroma. (c) This striated duct exhibits 
apical blebbing (b), or transient, focal expansions of the 
cytoplasm into the lumen, and pinocytotic vesicles (arrow). 
(d) Large excretory duct (ed). Light, dark, and basal cells are 
illustrated. Reference scale bar: a, d = 5.9 μm; b, c = 1.6 μm
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4.3.6  Myoepithelium

In human and rat major salivary glands, there are 
cells shaped like starfish which are situated 
between the basal lamina and the acini and inter-
calated but not striated or excretory ducts [59, 71, 
88, 91]. In mouse and rat parotid glands, these 
cells invest only the intercalated ducts. Their pro-
cesses form a basket-like net around the acini 
(Fig. 4.2e) and are arranged spirally along the 
long axis of the intercalated ducts (Fig. 4.3d). 
The nuclei of myoepithelial cells investing acini 
are disk shaped [59] but often are sectioned such 
that they appear as fusiform, or cigar-shaped 
(Fig. 4.3c), and in myoepithelial cells investing 
ducts, all are fusiform (Fig. 4.3d). Myoepithelial 
cells are attached to acini and ducts by desmo-
somes. The cell processes have bundles of fila-
ments resembling the myofibrils of smooth 
muscle, as they are interspersed with dense bod-
ies and anchored to the basement membrane with 
attachment plaques [75]. Though these myofi-
brils can be labeled via IHC for smooth muscle 
actin (Fig. 4.2e), the intermediate filaments are 
made of cytokeratins [56]. Thus, they have fea-
tures of both epithelial and smooth muscle cells, 
which is why they are named myoepithelial cells. 
When the gland is stimulated to secrete, the myo-
epithelial cell processes contract rhythmically in 
tandem with the terminal web to help expel the 
secreted fluid out of the acini and through the 
ducts [71, 90].

4.3.7  Examples of Other Salivary 
Gland Functional Proteins

There are many other structural and secretory 
proteins in salivary glands that can be identified 
by IHC. Though a thorough list is beyond the 
scope of this review, a few examples follow. 
Acini, myoepithelium, ducts, and cell types 
within ducts have characteristic cytoskeletal and 
membrane proteins by which they can be distin-
guished via IHC. For example, only myoepithe-
lium (and smooth muscle in blood vessels) 
labels with antibodies to smooth muscle actin 

(SMA, [27], Fig. 4.2e); only the basal cells of 
large ducts, with CK-13 and CK-16 [16]; and 
both  myoepithelium and duct basal cells, with 
CK-14 [16]. All duct cells, but not acini or myo-
epithelium, label with CK-5 [9] and CK-19 [25] 
in human salivary glands and CK-5 in rat sali-
vary glands [41]. Antiepithelial membrane anti-
gen (EMA) labels the luminal membranes of 
acini and intercalated and striated ducts [94].

4.4  Salivary Gland Damage 
from Ionizing Radiation

4.4.1  Principles

Ionizing radiation (IR) gives up energy when it 
is slowed, redirected, or stopped by molecules 
in tissues. The released energy gives rise to 
free radicals and, if the initial energy is high 
enough, secondary radiation. The energy of the 
radiation determines the depth in tissues where 
most of it interacts. Therapeutic radiation for 
cancers of the head and neck is mainly elec-
tromagnetic beams such as X-ray and gamma 
ray. To achieve interaction with the target tis-
sues and to minimize damage to normal tissues, 
the external radiation is directed through por-
tals from several different directions. However, 
the distribution of useful portals is limited by 
the density of minerals such as calcium in the 
jawbones, which impede delivery to the target 
tissues and induce secondary radiation in the 
process. The result is that the major salivary 
glands often receive moderate to heavy radia-
tion. Computerized radiation dose programs 
guided by computed tomography can more pre-
cisely fit the radiation doses to the site(s) of the 
cancer and its metastases while minimizing the 
IR affecting the salivary glands, oral mucosa, 
and other structures not likely to harbor tumor 
cells [32, 46, 58]. Another approach is the use of 
pharmaceuticals such as amifostine (WR2721, 
Ethyol®, [102]) which spares normal but not 
malignant tissues from IR damage.

In general, beta particles such as β- (electrons) 
or β+ (positrons) penetrate much shorter 
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 distances into tissues than electromagnetic radia-
tion of equal energy because they have both mass 
and charge. To achieve therapeutic radiation, beta 
particle-emitting radionuclides may be delivered 
via the circulation to tissues where they are pref-
erentially absorbed and concentrated. The radio-
nuclide used most in the head and neck is 131I, 
which is concentrated more than 1000-fold in the 
thyroid gland and therefore is used to destroy 
papillary and follicular thyroid cancers. 
Unfortunately the salivary glands, especially the 
striated ducts, also concentrate 131I much more 
than do other tissues [50]. The radiation is 
 continuous until the radioactive iodine has been 
removed from the gland by secretion and circula-
tion. An inflammatory response quickly ensues, 
and the swelling around the ducts and formation 
of a ductal plug result in salivary retention, pro-
longing the radiation exposure for several days. 
In many patients, the full extent of damage is not 
reached until a year or more later. Substantial 
long-term damage to both acini and ducts occurs, 
as evidenced by reduced salivary secretion and 
elevated salivary Na+ and Cl− [45].

In this review, all radiation doses are in gray 
(Gy), which is the international standard unit. It 
is equivalent to 100 rads, i.e., if the dose in a ref-
erenced publication was 4000 rads, it will be 
listed as 40 Gy here.

4.4.2  Radiation Damage Is Uneven 
Among and Within Salivary 
Glands

In both human and rodent salivary glands, serous 
acini are the structures that are the most vulnerable 
to ionizing radiation, many undergoing cell death 
and functional impairment after even moderate 
exposure [2, 10, 19, 60, 68, 84]. Regeneration of 
acini is proportional to the dose, being good after 
the minor damage caused by mild (6–20 Gy) doses, 
but after more than 50 Gy, the serous acini of the 
parotid and submandibular glands almost disap-
pear, and little or no regeneration takes place. Less 
extensive acinar loss and atrophy occur among the 
mucous acini of the sublingual and submandibular 
glands, and some regeneration may occur.

The histological effects of mild to moderate 
(10 Gy) IR on a rat submandibular gland are 
shown in Fig. 4.5. The stromal area is proportion-
ately increased and the acinar and granular con-
voluted tubules decreased compared with 
sham-irradiated glands.

The effects of heavy (70.63 Gy) IR on a human 
submandibular gland are illustrated in Figs. 4.6 and 
4.7. Compared with a normal gland, the stromal 
area is greatly increased at the expense of the serous 
acini and demilunes, which have all but disappeared, 
and the mucous acini are reduced in size. Much of 

a b

Fig. 4.5 Photomicrographs of submandibular glands of 
male rats at age 10 months. (a) Sham-irradiated gland. 
Acini (blue secretory granules) are tightly spaced in 
large bunches, granular convoluted tubules (g) are 
numerous and large, and the stroma is scanty except in 
septa around the larger ducts. (b) Gland 8 months after 

10 Gy irradiation. Proportionately more stroma and 
fewer acini and granular convoluted tubules are present, 
and the granular convoluted tubules are smaller, than in 
(a). Alcian blue and hematoxylin (AB-H). Scale bar = 
60 μm (Reproduced from photomicrographs [73] of 
slides used in a previous study [64])
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Fig. 4.6 (a–d) Normal gland from a 52-year-old male. 
(e–h) Gland removed from a 62-year-old male 4 weeks 
after being subjected to 70.34 Gy radiation in divided 
doses concurrent with 8 weeks of chemotherapy as part 
of a treatment regimen for cancer of the oropharynx. In 
the normal gland, serous acini contain ample secretory 
granules that stain darkly with hematoxylin, gray with 
mucicarmine, blank with anti-smooth muscle actin 
(SMA), and richly (brown) with anti-amylase. Secretion 
product in mucous acini stains pink with mucicarmine, 
and myoepithelial cells (arrows) and smooth muscle in 
blood vessels stain brown with anti-SMA. In the irradi-
ated gland, myoepithelial cells are plentiful, but serous 

acini are not identifiable as such, mucous acini are 
diminished in number, size, and staining intensity with 
mucicarmine, the columnar cells of many of the striated 
and excretory ducts are reduced almost to cuboidal 
dimensions, and the adipose cells (large, empty-looking 
cells) and stroma occupy proportionately more space. 
Large nerves appear to be intact (e). Labels: a serous 
acini, ed excretory ducts, m mucous acini, n large nerves, 
sd striated ducts, v blood vessels. H&E (a, e), mucicar-
mine (b, f), and immunohistochemical localization of 
α-amylase (c, g) and SMA (d, h) counterstained with 
hematoxylin. Scale bar for a, e = 100 μm; for b–d and 
f–h = 60 μm (Reproduced from Redman [73])
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the stroma is occupied by fibrosis (Fig. 4.7b) and 
adipose cells (Fig. 4.6f). In contrast to the acini, 
many of the myoepithelial cells have survived and 
invest small duct-like structures (Fig. 4.6h), an 
arrangement very similar to that observed in duct-
ligated rabbit ([52] and rat [87] salivary glands. IHC 
for c-Kit, a marker for stem cells [41], labeled scat-

tered cells in the stroma, larger ducts, and a few 
acini in the normal gland (Fig. 4.7c, e). No labeled 
parenchymal cells were seen in the irradiated gland 
(Fig. 4.7d), but labeled cells were common in the 
stroma (Fig. 4.7f). All of the tumor cells in the posi-
tive control (an adenocarcinoma of the colon) were 
strongly labeled (not illustrated).

a b
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Fig. 4.7 Same glands as in Fig. 4.6. Masson’s trichrome 
stain. (a) Normal gland. Mature collagen fibers (dark 
blue) are thin and delicate in the stroma around the acini 
and thick and dense in the interlobular septa of (a). (b) 
Irradiated gland. The collagen fibers are thick and dense 
in the stroma not only in the septa but also among the 
septa and in the lobules once occupied by acini, indicating 
extensive fibrosis has occurred. (c–f) Immunohistochemical 

localization of c-Kit, a marker for stem cells. (c, e) Normal 
gland. Labeled cells (brown cytoplasm) are scattered in 
the excretory ducts (ed), acini (a), and intercalated ducts 
and widely scattered in the stroma. Lymphocytes around 
the blood vessel (v) are unreactive. (d, f) Irradiated gland. 
Positive cells are not found in the large ducts (ed) and 
duct-like structures (remnants of acini and intercalated 
ducts, arrow) but are common in the stroma
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The mechanism of IR damage to salivary 
glands has been thoughtfully considered by 
Nagler [61], Vissink et al. [101], and Dirix et al. 
[17]. The greater damage to serous acini from IR 
has been theoretically attributed to generation of 
free radicals via copper, iron, manganese, and 
zinc contained in their secretory proteins. 
However, when the secretory granules of serous 
acini and granular convoluted tubules were dis-
charged by administration of secretagogues to 
rats prior to irradiation with 15 Gy, the damage to 
and loss of acinar cells were not noticeably dif-
ferent from the glands of rats that were not pre-
treated [13, 67]. Better regeneration of acini and 
recovery of salivary flow occurred in the pre-
treated rats, but this was attributed to the stimula-
tion of proliferation by the sialogogues. Moderate 
to strong secretory stimulation has been shown to 
induce a significant but transient increase in aci-
nar cell mitosis [80]. Note that in these rat experi-
ments, the mitoses would have been initiated 
several hours after the administration of a single 
dose of IR.

The dramatic drop in salivary output that 
occurs during the first few days after a seemingly 
mild single dose or the first few fractionated 
doses of IR apparently is not due to immediate 
death but to widespread dysfunction of the acinar 
cells. Plausible explanations for this phenomenon 
include transient damage to the plasmalemma 
and receptor-signaling apparatuses [13, 17]. The 
transient increase of salivary amylase in the blood 
following an initial dose of radiation [8] may be 
related to leakage from the damaged cells. In any 
event, if DNA and other cellular damages are not 
severe enough to cause immediate death of the 
cell, inaccurately repaired DNA damage may be 
sufficient to interfere with future proliferative 
activity or cause delayed death. Thus, as the sur-
viving acinar cells and their precursors in the 
intercalated and other ducts die during the ensu-
ing weeks, the extent to which the acini can 
regenerate may be severely compromised.

There may be additional reasons for radiation- 
induced loss of salivary gland function, such as 
damage to innervation, blood vessels, and stroma. 
Chomette et al. [11], using enzyme histochemistry 
and transmission electron microscopy, reported 

persistent damage including edema and loss of 
vesicles in secretory nerve endings of rat subman-
dibular gland through 70 days after administration 
of single doses of 20, 25, or 30 Gy. This damage 
was interpreted as sufficient to cause loss of stimu-
lation, thus contributing to the cycle of regenera-
tion, engorgement with secretory granules, and 
death of acinar cells observed during the 70 days 
after IR. On the other hand, much of the secretory 
innervation reportedly survives radiation [1, 13, 
22, 34], and surviving acinar cells from rat salivary 
glands subjected to mild (10 Gy) radiation still 
respond normally to secretagogues [64]. 
Furthermore, although neuropeptides such as sub-
stance P and bombesin were increased transiently 
in rat submandibular gland ganglia at 10 days 
post-radiation of 30–40 Gy IR (given in daily frac-
tionated doses), values had returned to normal by 
180 days. Changes in taste after IR also offer a 
clue to the importance of IR effects on nerves in 
salivary glands. After IR for cancer of the head and 
neck, the taste threshold increased dramatically at 
1 month but had recovered to normal baseline val-
ues by 6 months [78]. These results indicate that 
the neuroepithelial (taste) cells, nerve endings, or 
both were destroyed or functionally disabled by 
the IR. Results with experimental animals have 
documented damage and destruction of lingual 
taste buds by IR [20]. Regeneration of taste cells 
via differentiation from surface epithelial cells has 
been shown to be dependent on appropriate inner-
vation [20]. From the foregoing, it seems likely 
that any nerve damage caused by IR for head and 
neck cancer would have been limited to the proxi-
mal portions of the nerve processes, allowing new 
nerve endings to migrate from the surviving por-
tions of the nerves. Interestingly, taste recovered 
even when there was marked xerostomia, suggest-
ing that saliva may be less important to taste per-
ception than supposed on theoretical grounds [53]. 
There was no functional assessment of damage to 
the  lingual glands of von Ebner, however, which 
serve the majority of taste buds in the troughs of 
the vallate papillae and foliate folds [28]. In a case 
pertinent to this point, Fajardo [19] illustrated “a 
heavily irradiated tongue” in which “all that 
remained of a lingual salivary gland was a dilated 
and ulcerated duct forming a mucocele.”

R.S. Redman



87

Following moderate- to high-dose IR, the 
stroma of human parotid and submandibular 
glands has been described as undergoing adiposis 
and fibrosis, respectively [23] (Fig. 4.7). Some 
stromal fibrosis also has been observed in rat sali-
vary glands but only after high-dose IR [10, 68, 
84]. The endothelium of blood vessels is suscepti-
ble to radiation damage, and compromised blood 
supply has been observed after 131I treatment for 
thyroid cancer [50]. Thickening of extracellular 
matrix components in response to high doses of IR 
also has been reported [7]. These stromal changes 
may restrict diffusion of nutrients, essential miner-
als, and oxygen to parenchymal cells and thus may 
adversely affect late attempts at regeneration and 
function by surviving acinar cells.

Because of the importance of acini as the origin 
of the water and most of the organic secretory 
products in saliva, the more dramatic effects of IR 
on acinar cells overshadow the considerable 
effects that moderate to high doses of IR have on 
excretory and striated ducts [2, 50] (Fig. 3). The 
diminished function of striated and other large 
ducts is evident in higher salivary sodium and 
chloride and lower bicarbonate concentrations and 
consequently lower pH, in stimulated saliva [100]. 
In this regard, stimulated saliva from irradiated 
glands is more like unstimulated saliva from nor-
mal glands. The reduced flow and buffering capac-
ity and lower pH of saliva from irradiated glands 
are major factors in the rapid development of den-
tal caries in the absence of rigorous control mea-
sures. In addition to their importance in ion 
exchange with the luminal fluid as noted above, 
they have been shown to have stem cells with the 
capacity to regenerate acinar cells [41].

A plausible explanation for the poor recovery 
of acinar cells after moderate to high doses of IR 
is that the lifetime proliferative capacity of the 
acinar cells and their progenitors is partially 
depleted by repeated mitoses in attempts to 
replace cells lost to radiation and is diminished 
further by DNA/chromosomal damage in still 
viable cells [13, 61].

Studies in rats have shown that IR induces an 
increase in cellular proliferation among the paren-
chymal cells in proportion to their loss. After a 
single dose of 15 Gy to the parotid and 

 submandibular glands of mature rats, proliferative 
activity as determined by uptake of bromodeoxy-
uridine (BrdU) slowed for 24 h and then resumed 
in the intercalated ducts after 3 days and in the 
acini, striated ducts, and granular convoluted 
tubules after 6–10 days [66]. By IHC localization 
of proliferating cell nuclear antigen (PCNA), pro-
liferative activity increased by factors of 12.6, 3.4, 
and 2.2 in the acinar, intercalated duct, and striated 
duct cells, respectively, in rat submandibular 
glands 7 days after exposure to a single dose of 
30 Gy [5]. These observations suggest that the 
divided doses used in therapeutic IR for cancer of 
the head and neck in humans compound the dam-
age to salivary glands. Each successive spike in 
proliferating cells, which are more vulnerable to 
radiation damage compared to nondividing cells, 
takes place during the next dose of radiation. 
C-Kit, a marker of stem cells, has been localized to 
scattered cells in the excretory and intercalated 
ducts of mature human salivary glands [21, 42]. 
Both cell cycle and c-Kit proteins reportedly were 
reduced in rats 12 weeks post-irradiation [85].

The scattered c-Kit-labeled parenchymal cells 
in the normal gland and lack of these in the IR 
gland in Fig. 4.7 are consistent with the finding of 
Stiubea-Cohen et al. [85], indicating that the 
stem cell population of salivary glands is seri-
ously depleted by IR. It is noteworthy, however, 
that in the normal gland, not only relatively 
undifferentiated basal cells in large ducts but also 
well-differentiated columnar cells in large ducts 
and acinar cells were labeled by c-Kit (Fig. 4.7c, 
e). This suggests that well-differentiated salivary 
gland cells also may be stem cells. In addition, 
the enrichment of labeled cells in the stroma is 
reminiscent of experiments in which mobilized 
hematopoietic stem cells entered the stroma but 
not the parenchyma of irradiated mouse subman-
dibular glands [40].

4.5  Perspective

Partial restoration of IR-damaged mouse sub-
mandibular glands has been accomplished by 
injecting a mixture of donor cells enriched in pro-
genitor or stem cells via a needle inserted through 
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the capsule [41]. However, these glands were 
subjected to only 15 Gy of radiation, much less 
than the 50–70 Gy that causes serious damage to 
human salivary glands. Hematopoietic stem cells 
are attracted to and become part of the normal 
minor salivary gland and oral epithelia [98, 99], 
perhaps because labial and buccal mucosae are 
frequently traumatized. Why, then, do they not 
home to salivary gland epithelia badly damaged 
by IR? As noted above, fair to good preservation 
of salivary glands is being affected by innova-
tions such as computerized IR delivery programs 
and sparing agents such as amifostine. Perhaps 
even partial preservation of salivary gland struc-
ture, especially the vulnerable serous acini, from 
therapeutic IR damage may allow techniques 
such as intraglandular injection of salivary or 
other stem cells to restore salivary function to 
nearly normal.
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Adult Stem Cell Therapy 
for Salivary Glands, with a Special 
Emphasis on Mesenchymal Stem 
Cells

Simon D Tran, Yoshinori Sumita, Dongdong Fang, 
and Shen Hu

Abstract

Mesenchymal stromal/stem cell (MSC) therapy with the goal of restoring sali-
vary function following irradiation injury or in Sjögren’s syndrome (SS) has 
made significant advances within the past 5 years. The majority of studies used 
MSCs obtained from the bone marrow or adipose tissue, but MSCs isolated 
from the salivary gland, dental pulp, and umbilical cord also demonstrated a 
therapeutic efficacy in reestablishing salivary function. Based on the amount of 
stimulated saliva secretion as a functional quantitative measure, irradiated 
mice/rats that received MSC therapy restored their salivary flow rate (SFR) to 
60–90 % of normal age-matched animals, while SFR of irradiated animals 
without treatment remained at 35–50 % of secretory function. Thus, there was 
25–40 % therapeutic improvement in animals receiving MSC therapy versus 
those that did not. This would be clinically significant because patients with 
severe salivary hypofunction (dry mouth) due to head and neck irradiation have 
no improvement in SFR, if left untreated. In the SS-like disease mouse model, 
MSC therapy restored SFR 80–100 % when treatment was given at an initial 
phase of SS-like disease, while its effectiveness decreased to 50–60 % when 
given at an advanced stage of disease. In SS patients, MSC therapy improved 
SFR by 40–50 %. When tested in the rodent model, MSC therapy was success-
ful in restoring/maintaining the gland normal weights and histology (acinar 
cells, blood vessels) and upregulated the expression of genes favorable for sali-
vary gland development and regeneration while downregulating inflammation 
and cell apoptosis, promising positive effects of MSC therapy.
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5.1  Experimental Approaches 
for the Functional 
Restoration of Salivary 
Glands

Clinically, there are two severe conditions that 
greatly reduce the secretion/output of saliva. 
First, 40,000 new cases of head and neck cancer 
are diagnosed each year in the United States. 
Worldwide, this amounts to 640,000 new cases 
yearly [12]. Irradiation (IR, radiation therapy, 
radiotherapy) is a key component of therapy for 
these cancer patients. Salivary glands (SGs), par-
ticularly the acinar cells, in the ionizing radiation 
field suffer severe damage [49, 50]. These cells 
are the principal site of fluid secretion in SGs, 
and such patients cannot produce adequate levels 
of saliva, leading to considerable morbidity and 
extreme discomfort [31]. Second, patients with 
Sjögren’s syndrome (SS), an autoimmune disor-
der, suffer similar irreversible damage to their 
salivary glands. In the United States, there are an 
estimated 4 million SS patients, mostly peri-
menopausal women.

Both IR and SS lead to the destruction of the 
salivary glandular parenchyma, and saliva pro-
duction is drastically reduced as a result. Both 
groups of patients experience severe SG hypo-
function causing symptoms such as xerostomia 
(dry mouth), dysphagia (impaired chewing and 
swallowing), dental caries, altered taste, oro-
pharyngeal infections (candidiasis), mucositis, 
pain, and discomfort [5, 10]. These patients suf-
fer considerable morbidity as xerostomia leads 
to reduced nutritional intake and weight loss, 
significantly affects general health, and severely 
reduces their quality of life [5]. For many SS 
and IR patients, in particular those whose sali-
vary epithelial cells have been replaced by 
fibrotic tissue, there is no available adequate 
treatment. Current pharmacological approaches 
(such as saliva-stimulating drugs) require the 
presence of some surviving epithelial tissue [3]. 
Experimental approaches tested to date for func-
tional restoration of SGs are the use of electro-
stimulation, acupuncture, gene therapy, tissue 
engineering, and cell therapy [2, 3, 15, 36, 39, 
48]. Electrostimulation and acupuncture require 

the presence of some surviving acinar cells. Gene 
therapy can target remaining ductal cells. Tissue 
engineering and cell therapy-based methods can 
theoretically be utilized in the absence of surviv-
ing acinar cells and can be viewed as regenerative 
methods.

The first regenerative approach is building an 
artificial SG using tissue engineering [1, 4]. We 
and others have reported feasibility in culturing 
SG epithelial cells for a proposed artificial SG 
prototype [4, 47]. This strategy generates mainly 
one portion of the SG parenchymal tissue (ductal 
cells), and it is still challenging to regenerate a 
fully fluid secretory tissue (both ductal and acinar 
cells) [28, 30]. Thus, the second regenerative 
approach, using (stem) cell-based therapy, has 
been enthusiastically pursued by several research 
groups, including ours [13]. Currently, there are 
two types of stem/progenitor cells that have 
shown promises as experimental treatments for 
SG hypofunction: a) salivary epithelial stem cells 
and b) multipotent mesenchymal stromal cells 
(MSCs) from either the bone marrow (BM) or 
from the adipose tissue. Within the past 5 years, 
there have been an increasing number of studies 
reporting the successful use of adult stem/pro-
genitor cell-based therapies in treating SG hypo-
function for both IR- and SS-injured SGs. The 
main emphasis of this chapter will be on MSC 
cell-based therapies. The topic of salivary epithe-
lial stem cell therapies against IR-induced SG 
damage will only be mentioned briefly below, as 
there is already an excellent review covering this 
topic [41].

5.2  Salivary Epithelial Stem Cell 
Therapy for Irradiation- 
Injured Salivary Glands

For the past several years, Robert Coppes’ group 
has steadily made significant advances in the 
study and use of salivary epithelial stem cells in 
the treatment of IR-injured SGs. This group of 
researchers initially developed a culture system to 
enrich and characterize salivary stem cells (termed 
as “salispheres”) [26]. The salispheres rescued 
SG functions after transplantation into IR mice. 
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The same group isolated salispheres (c-Kit+ cells) 
from the human SG excretory ducts, which when 
placed in 3D culture developed into acinar-like 
cells. Subsequent studies identified the salispheres 
with additional stem cell markers such as 
CD24(high), CD29(high), and/or CD49f [7, 9, 33, 
34]. Recently, the same researchers reported suc-
cessful isolation of adult human SG stem/progen-
itor cells at the single-cell level with evidence of 
in vitro self-renewal and differentiation into mul-
tilineage organoids. These human SG stem/pro-
genitor cells repaired IR-injured SG in mice [40]. 
This novel and promising approach is currently 
being tested in a clinical study of patients under-
going IR for their head and neck cancers (personal 
communication from RP Coppes). This strategy 
was initially thought to be limited for clinical use 
due to an insufficient number of salispheres 
obtained from patients’ SG biopsies. However, 
Coppes’ group recently demonstrated that FACS-
sorted CD24high and CD29high SG and salisphere-
derived cells from young and old mice exhibited 
similar in vitro expansion and in vivo regenera-
tion potential. Although older mice (22–26 months 
old) had a reduced number of SG stem cells, they 
were indistinguishable in vitro from SG stem cells 
from younger mice (8–12 weeks old) [27]. Quynh 
Thu Le’s group also investigated salispheres by 
isolating murine Lin− CD24+ c-Kit+ Sca1+ sali-
vary stem cells [51].

Gene expression analysis revealed that “glial 
cell line-derived neurotrophic factor” (GDNF has 
a role in neuron survival, growth, differentiation, 
and migration) was highly expressed in Lin− 
CD24+ c-Kit+ Sca1+ salivary stem cells. 
Administration of GDNF improved saliva pro-
duction and increased the number of acinar cells 
in submandibular glands of IR mice and enhanced 
salisphere formation in vitro. These promising 
data indicated that the GDNF pathway may have 
potential therapeutic benefits for IR-induced 
xerostomia. Another group of researchers led by 
Aaron Palmon and Doron Aframian have also 
isolated salivary epithelial progenitor cells using 
the integrin alpha6 beta1 cell marker [37]. They 
demonstrated that SG integrin alpha6 beta1- 
expressing cells contained a subpopulation of 
SG-specific progenitor cells [35]. This group is 

clinically oriented and has succeeded in incorpo-
rating a cell-separation method based on 
magnetic- affinity cell sorting microbeads, as well 
as demonstrating that cultured single alpha6 
beta1 cell-originated clones could be cryopre-
served for 3 years without exhibiting genetic or 
functional instability when compared to non- 
cryopreserved salivary cells.

5.3  Multipotent Mesenchymal 
Stromal Cell (MSCs) Therapy 
for Salivary Glands

A second source of adult stem cells that has 
shown promises in reestablishing salivary func-
tion is the bone marrow (BM) mesenchymal stro-
mal/stem cells (MSCs). More recently, stromal 
cells from the adipose tissue have demonstrated a 
comparable success for repairing SGs. 
Transplantation methods for bone marrow- and 
adipose tissue-derived stromal cells are success-
fully being used in the clinic because these cells 
can now be harvested easily and safely from 
patients. Considering that methods for harvesting 
MSCs from the adipose tissue are less invasive 
than those used for the BM, the adipose-derived 
stromal cells may gain more popularity among 
clinicians.

In this chapter, the following definitions, taken 
from two positional papers of the International 
Society for Cellular Therapy (ISCT), will be used 
[6, 11]. A “stromal cell” is a connective tissue 
cell of any organ. A “stem cell” has the ability to 
self-renew and is multipotent. The “multipotent 
mesenchymal stromal cells” (MSCs) are 
fibroblast- like plastic-adherent cells, regardless 
of the tissue from which they are isolated. The 
term “mesenchymal stem cells” (also MSCs) is 
used only for cells that meet specified stem cell 
criteria. The widely recognized acronym, MSC, 
may be used for both cell populations, but inves-
tigators must clearly define the scientifically cor-
rect designation in their publications [11]. 
Adipose tissue, either resected as an intact tissue 
or aspirated using tumescent liposuction, is 
minced and digested by enzymes. The released 
cells are defined as the adipose tissue-derived 
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“stromal vascular fraction” (SVF). The SVF con-
sists of a heterogeneous population of cells that 
includes adipose stromal, hematopoietic stem/
progenitor cells, endothelial cells, erythrocytes, 
fibroblasts, lymphocytes, monocyte/macro-
phages, and pericytes [6]. When SVF cells are 
cultured, a subset of fibroblast-like plastic- 
adherent cells appears (as observed with bone 
marrow MSCs). These cells are defined as “adi-
pose tissue-derived stromal cells” (ASCs). 
Preclinical and clinical studies on the use of these 
adult stromal cell populations (ASCs, SVF cells, 
bone marrow MSCs) in regenerative medicine 
have increased in recent years. This trend has 
been followed as well in SG research. Within the 
past 5 years (2011–2015), there were 14 studies 
using stromal cells as a therapy for SS-like dis-
eased (n = 5 studies) or IR-injured SGs (n = 9 
studies) [14, 16–18, 20, 22–25, 32, 43, 52–54]. 
The mesenchymal stromal cells were either 
unselected from whole bone marrow [16, 18, 25, 
32, 43], cultured from BM [17, 24, 53], cultured 
from adipose tissue [20, 22, 23, 52], cultured 
from the SG [14], cultured from the dental pulp 
[54], or isolated from the umbilical cord [53]. 
This book chapter will initially review recent 
advances in the treatment of SG hypofunction 
using ASCs, then BM MSCs, and finally the 
authors’ experience with the soluble contents/
factors from these cells. For the sake of brevity, 
this chapter will list studies published from year 
2010 and forward because our group has previ-
ously reviewed cell-based therapies in the treat-
ment of xerostomia with studies from 2000 to 
2010 [48].

5.4  Adipose Tissue-Derived 
Stromal Cell (ASC) Therapy 
for Irradiation-Injured 
Salivary Glands

Four studies presented transplanted adipose 
tissue- derived stromal cells (ASCs) for the 
regeneration of IR-damaged SG [20, 22, 23, 
52]. All four studies indicated that ASCs were 
effective in improving salivary function. ASC-
treated mice reestablished their salivary flow 

rate (SFR) to 70–75 % of non-IR controls with 
follow-up times between 5 and 24 weeks post-
transplantation. Irradiated but non-ASC-treated 
mice remained at 35–50 % when compared to 
non-IR mice (i.e., healthy mice). All studies 
also reported that ASC- treated mice increased 
SG weights and preserved their histological 
morphologies with more acini, a higher cell 
proliferation activity, reduced apoptosis, higher 
amylase/mucin levels, and higher microvessel 
densities than untreated irradiated SGs. The Lim 
and the Xiong studies were of particular interest 
because they used human ASCs [23, 52].

Other treatment variables/factors that could be 
observed from these four ASCs studies were that: 
(a) One-time injection of ASCs directly into the 
submandibular glands [20] [52] was as successful 
as with multiple i.v. injections (1x a week for 
3 weeks [23], 2x a week for 6 weeks [22]). (b) 
Injections of ASCs immediately following the IR 
injury restored SG function (18 Gy IR) in the 
studies of [22, 52] and 15 Gy in the Lim study 
[23], or as far as 10 weeks post-IR were as equally 
successful, but the IR dose of the latter study was 
much less (10 Gy) [20]. (c) It is important to note 
that both mouse and human ASCs could be 
injected into an immune-competent rodent 
(mouse and rat) model. For instance, the Lim 
study [23] and the Xiong study [52] demonstrated 
that human ASCs could repair and engraft into 
mouse and rat salivary glands, respectively. In 
addition, both of these studies were carried out 
until 12–24 weeks posttransplantation of human 
ASCs, which differ from other studies that typi-
cally followed up transplanted animals for 
6–8 weeks.

5.5  Multipotent Mesenchymal 
Stromal Cell (MSC) Therapy 
to Restore Irradiation- 
Induced Salivary 
Hypofunction

Within the past 5 years (2011–2015), there were 
five studies using mesenchymal stromal cells as a 
therapy for IR-injured SGs. The stromal cells 
were either unselected from whole bone marrow 
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[25, 43], cultured from BM [24], cultured from 
SG [14], or cultured from the dental pulp [54]. 
Both the Lin [25] and the Sumita studies [43] 
used bone marrow cells (which contained a small 
fraction of stromal cells) and reported successful 
functional restoration of SG function to 80–90 % 
of non-IR controls. Lim and colleagues built their 
study [24] upon the Lin and the Sumita studies by 
isolating a homogeneous group of MSCs from 
BM through clonal cell culture. These cells were 
named “bone marrow-derived clonal mesenchy-
mal stem cells,” BM-cMSCs, and were positive 
for CD44, Sca-1, while negative for CD34, 
CD45. Injected BM-cMSCs ameliorated 
IR-induced SG in mice. At 12 weeks posttrans-
plantation SFR was reestablished to ~80 % of 
nonirradiated controls (analogous to findings 
from the Sumita study). Thus, all three studies 
(the Lin, the Sumita, and then the Lim studies) 
reported that administration of BM cells (either 
whole BM, co-cultured with salivary epithelial 
cells, or clonally cultured as MSC) provided suc-
cessful restoration of SG function to 80–90 % of 
non-IR controls and improved histological fea-
tures such as preserved acinar cells, less apop-
totic cells, and increased microvessel density.

Two studies reported the use of MSCs as a cell 
therapy for IR-damaged SG, but these cells were 
not isolated from the BM or adipose tissue. Rather 
MSCs were isolated from human SGs [14] or from 
the mouse dental pulp [54]. Jeong and colleagues 
cultured cells digested from human parotid and 
submandibular glands [14]. These cultured 
adherent fibroblastic-like cells expressed CD44, 
CD49f, and CD90 but not CD105, CD34, and 
CD45. These human salivary MSCs underwent 
adipogenic, osteogenic, and chondrogenic differ-
entiation as well as differentiation, in vitro, into 
amylase-expressing cells. Intraglandular injec-
tions of human salivary MSCs into rat SGs 1 day 
following IR were found to reestablish their sali-
vary flow rate to ~ 65 % at the 8 weeks follow-up, 
while irradiated non-MSC-treated mice remained 
at ~40 % SFR. Yamamura and colleagues tested 
if cultured mouse dental pulp cells when differ-
entiated in vitro into dental pulp endothelial cells 
(DPECs) could be used as a cell source (for their 
capacity to participate in  neovascularization) in 

the treatment of SG hypofunction following head 
and neck IR [54]. DPECs were injected into the 
submandibular glands of 15 Gy irradiated mice 
at 4 and 14 days postirradiation. At 8 weeks 
post-IR, mice injected with DPECs reestablished 
their SFR to 60 % SFR when compared to con-
trol (non-IR) mice, while irradiated PBS-injected 
mice remained at ~40 % SFR. In summary, all 
the five abovementioned studies suggested that 
BM or its mesenchymal stromal cells could 
be used for restoration of IR-induced salivary 
hypofunction.

5.6  Multipotent Mesenchymal 
Stromal Cell (MSC) Therapy 
for Sjögren’s Syndrome (SS)

Within the past 5 years (2010–2015), there were 
four studies using either whole BM, spleen cells, 
MSCs from BM, or umbilical cord as a therapy to 
repair SG in SS [16–18, 53]. Our group has been 
testing the regenerative capacity of BM cells in 
SGs of NOD mice [16–18, 32, 44], the most fre-
quently used animal model to study SS-like 
 disease. NOD mice display infiltrates of lympho-
cytes and a gradual loss of salivary function, and 
the reduced saliva output mimics in part the con-
dition seen in patients with SS [48]. We initially 
tested if a therapy that reverses end-stage diabe-
tes in NOD mice would affect their SS-like dis-
ease [19, 44]. This therapy had two components. 
The first component was an injection of complete 
Freund’s adjuvant (CFA) to induce endogenous 
TNF-α to kill disease-causing activated T cells. 
The second component of the therapy was the 
transplantation (reintroduction) of major histo-
compatibility complex (MHC) class I-matched 
normal splenocytes. We initially chose spleno-
cytes as these were comparable to BM cells in 
mice. NOD mice that received CFA + spleno-
cytes therapy could reverse both diabetes and 
xerostomia in SS [44]. Untreated NOD mice 
showed a continuous decline in salivary flow, fol-
lowed by hyperglycemia and death. In a subse-
quent study [18], we tested the long-term 
52 weeks post-therapy effects of CFA and MHC 
class I-matched normal BM cells to 7-week-old 
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NOD mice (i.e., these mice had not yet developed 
SS-like disease). At week 52 posttreatment, 
CFA+BM cell-treated mice were normoglycemic 
compared to 10 % in the control group. BM cell- 
treated mice had their SG function (SFR) restored 
both quantitatively and qualitatively, compared to 
control NOD mice which continued to have their 
saliva secretion deteriorate over time.

In humans, SS is usually not diagnosed until 
an advanced stage when clinical symptoms (such 
as a decrease in saliva secretion) are manifested. 
It was unknown if cell-based therapies would be 
effective in restoring salivary function when 
given at an advanced stage of sialadenitis and 
loss of salivary secretory function [16]. Thus, we 
compared the efficacy of two cell-based therapies 
(BM versus spleen cells) in halting/reversing sal-
ivary hypofunction at two critical time points of 
SS-like, which were (a) at the “initial phase of 
SS-like” using 7–8-week-old NOD mice which 
had normal saliva output and (b) at the “advanced 
clinical disease phase” using 20-week-old NOD 
mice with minimal saliva output. Either BM or 
spleen cell therapies were effective during the 
initial phase of SS-like disease as SFRs were 
maintained between 80 and 100 % of presymp-
tomatic levels (baseline SFR). When cell thera-
pies were given at an advanced phase of SS-like 
disease (20 weeks and older), SFRs improved but 
were at best 50 % of presymptomatic levels.

The low immunogenicity and (high) immuno-
regulatory potential of MSCs offer new treat-
ment possibilities for autoimmune diseases. 
Songlin Wang’s group reported that the immu-
noregulatory activities of BM MSCs were 
impaired in SS-like disease in NOD mice and SS 
patients [53]. These authors elegantly demon-
strated that injections of mouse BM MSCs or of 
human umbilical MSCs suppressed the autoim-
munity and restored SG secretory function in 
both the NOD mouse model (SFR was main-
tained at pre-disease levels, 100 % in 6-week-old 
NOD and 50–65 % SFR improvement in 
16-week-old treated NOD mice) and in SS 
patients (~40–50 % improvement in unstimu-
lated and stimulated SFR during the 12 months 
follow-up time). MSC treatment alleviated dis-
ease symptoms and directed T cells toward Treg 

and Th2 while suppressing Th17 and Tfh 
responses. Intravenously infused MSCs migrated 
toward the inflammatory regions in a stromal 
cell-derived factor-1 (SDF-1)-dependent man-
ner, while neutralization of the SDF-1 ligand 
CXCR4 abolished the effectiveness of BM MSC 
treatment in NOD mice. Thus, Songlin Wang’s  
group discovered a critical role of the SDF-1/
CXCR4 axis (C-X-C chemokine receptor 4 is a 
receptor for SDF-1) in directing MSC trafficking 
toward inflammation sites, to exert suppressive 
activities and improve SG function.

5.7  Possible Mechanisms 
for the Observed 
Therapeutic Efficacy of MSC 
Therapy in Restoring 
Salivary Function

Four in vivo studies have shown that transplanted 
BM cells, MSCs, or ASCs differentiated into sali-
vary epithelial, acinar, ductal, or endothelial cells, 
and thus have proposed the differentiation of 
transplanted cells as a possible mechanism of 
action for the measured therapeutic effect in 
IR-injured SGs [24, 25, 43, 52]. However, few 
studies quantified this observed phenomenon, and 
thus the mechanism of action for the therapeutic 
efficacy of BM and MSC cell therapies remained 
to be investigated. Two human (observational) 
studies reported that the frequency of cell differ-
entiation/chimerism (without an IR injury) in SGs 
was much lower (~1 %) in patients who received 
a BM or hematopoietic stem cell transplant [42, 
46]. This cell transdifferentiation phenomenon 
was further characterized in vitro by using cell 
culture models of human MSCs co- cultured with 
human salivary cells [29], human ASCs co-cul-
tured with mouse salivary cells [23], mouse MSCs 
co-cultured with mouse salivary cells [38], and 
mouse ASCs co-cultured with mouse salivary 
cells [21]. These in vitro studies indicated that 
stromal cells adopted an epithelial phenotype 
when co-cultured with salivary epithelial cells or 
with the conditioned media of salivary cells [21].

There has been progress in the putative molec-
ular cues responsible for the  restoration of 
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salivary  function observed following salivary 
epithelial stem cells, MSCs, or ASCs transplanta-
tion. Seunghee Cha’s group investigated the reg-
ulatory factors by proteomics that differentiate 
MSCs into salivary cells in vitro [38]. These 
authors reported that, of the 58 proteins detected, 
three transcription factors involved in SG 
embryogenesis were selected as potential regula-
tory molecules in driving the transdifferentiation 
of multipotent MSCs into salivary epithelial 
cells: ankyrin repeat domain-containing protein 
56, high mobility group protein 20B, and tran-
scription factor E2a. In mouse IR-injured SGs, 
Quynh Thu Le’s group reported that glial cell 
line-derived neurotrophic factor (GDNF) was 
highly expressed in Lin− CD24+ c-Kit+ Sca1+ 
salispheres and the GDNF pathway may have 
potential therapeutic benefits for IR-induced 
xerostomia [51]. In the SS-like NOD model, 
Songlin Wang’s group discovered the SDF-1/
CXCR4 axis directed MSC trafficking toward 
inflammation sites to exert suppressive activities 
and to improve SG function [53].

Our group has pursued a relatively more gen-
eral approach in searching for these molecular 
cues. We tested if a paracrine mechanism (i.e., 
transplanted cells secrete cytokines and growth 
factors to repair salivary tissue) could be the main 
effect behind the reported improvement in sali-
vary function following cell transplantation [45]. 
Whole BM cells were lysed, and their soluble 
intracellular contents, which we coined the term 
as “bone marrow soup” (BM Soup), were injected 
into mice with IR-injured SGs. We use the term 
BM Soup to represent all the yet-to-be-identified 
soluble components of the cell lysate from whole 
bone marrow cells. Eight weeks post-IR, BM 
Soup restored salivary flow rates to normal lev-
els, protected salivary acinar, ductal, myoepithe-
lial, and progenitor cells, increased cell 
proliferation and blood vessels, and upregulated 
expression of several tissue remodeling/repair/
regenerative genes (MMP2, CyclinD1, BMP7, 
EGF, NGF). BM Soup was as an efficient thera-
peutic agent as injections of live whole BM cells 
(which so far were thought to be essential). 
Because the BM Soup is an extract from a cell 
lysate, it is theoretically less immunogenic and 

tumorigenic. However, the components which 
were responsible for these promising therapeutic 
actions remained unknown. In a recent study, to 
demonstrate that proteins were the active ingredi-
ents, we devised a method using proteinase K fol-
lowed by heating to deactivate proteins and for 
safe injections into mice. BM Soup and its “deac-
tivated BM Soup” form were injected into mice 
that had their SGs injured by IR [8]. Results at 
week 8 post-IR showed the “deactivated BM 
Soup” was no better than injections of saline, 
while injections of native BM Soup restored 
saliva flow and protected salivary cells and blood 
vessels from IR damage. We demonstrated that 
the protein components but not the nucleic acids, 
lipids, or carbohydrates in the BM Soup were the 
active/therapeutic ingredients for functional sali-
vary restoration following IR. Protein arrays 
were used to preliminarily identify important 
cytokines and growth factors in the BM Soup. 
The protein arrays detected several angiogenesis- 
related factors (CD26, FGF, HGF, MMP-8, 
MMP-9, OPN, PF4, SDF-1) and cytokines 
(IL-1ra, IL-16) in BM Soup.

Our group has also tested BM Soup in the 
SS-like disease NOD mouse model [32]. This 
study investigated if injections of BM Soup ver-
sus whole BM cells would provide comparable 
improvements to diseased SGs, and the molecu-
lar alterations associated with these treatments 
[32]. BM Soup was found to restore SFR to nor-
mal levels and significantly reduced the focus 
scores in SGs of NOD mice. More than 1800 pro-
teins in SG cells were quantified by a proteomic 
approach. Many salivary proteins involved in 
inflammation and apoptosis were found to be 
downregulated, whereas those involved in SG 
biology and development/regeneration were 
upregulated in the BM Soup-treated mice.

 Conclusions

In summary, MSC therapy with the goal of 
restoring SG function following IR injury or 
in SS is an efficient and promising approach. 
When tested in an animal model and using 
stimulated saliva secretion as a functional 
quantitative measure, mice/rats with 
IR-injured SGs which received the MSC 
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therapy restored their SFR to 60–90 % of that 
measured in normal age-matched animals, 
while the SFR of IR animals without treat-
ment remained at 35–50 %. Thus, there was a 
25–40 % therapeutic improvement between 
animals receiving the MSC therapy or not. 
This would be a clinically significant out-
come because patients with severe salivary 
hypofunction due to head and neck IR have 
0 % improvement in SFR, if left untreated. In 
the NOD mouse model, MSC therapy 
restored SFR 80–100 % if the treatment was 
given at an initial phase of SS-like disease, 
while its effectiveness decreased to 50–60 % 
when given at an advanced phase of SS-like 
disease. In SS patients, MSC therapy 
improved SFR by 40–50 %. When tested in 
the rodent model, MSC therapy was success-
ful in restoring/maintaining the gland normal 
weights and histology (acinar cells, blood 
vessels) and upregulated the expression of 
genes favorable to SG development and 
regeneration while downregulating inflam-
mation and cell apoptosis. The majority of 
studies used MSCs obtained from the bone 
marrow and adipose tissue, but MSCs iso-
lated from the SG and dental pulp also dem-
onstrated a therapeutic efficacy in 
reestablishing SG function. From that per-
spective, MSCs from tissues that can be 
obtained with a less invasive procedure (such 
as adipose tissue versus bone marrow) or 
from tissues already removed during the sur-
gical procedure (such as SG or teeth) would 
be more advantageous to both the patient and 
the clinician. We were excited that two stud-
ies reported the successful transplantation of 
human adipose tissue-derived MSCs in 
restoring salivary function in immune-com-
petent mice and rats and that one study (with 
a follow-up of 12 months) reported a thera-
peutic effect of umbilical cord MSCs infused 
to SS patients. We perceived that there were 
major advances within the past 5 years 
because all studies using MSC therapies 
were moderately to highly successful in rees-
tablishing function to IR- and SS-injured 
SGs. Despite these encouraging results, the 

cellular and molecular mechanisms that sup-
port the use of MSC in repairing injured SGs 
will need to be deciphered in greater detail.
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Abstract

Xerostomia (dry mouth) is a deleterious condition that patients with radia-
tion therapy for head and neck cancer or autoimmune Sjögren’s syndrome 
suffer from. Current remedies for this condition provide no substantial 
relief of xerostomia. As a result, new alternatives to these palliative reme-
dies, such as artificial salivary glands, gene therapy, or cell-based interven-
tions, are on the horizon. An urgent demand for acquisition of knowledge 
on stem cell regulation, which is critical for salivary gland regeneration, 
has allowed systematic and mechanistic research endeavor focusing on the 
identification of key regulators for cell lineage determination. This book 
chapter summarizes the key inductive signals, which include extrinsic fac-
tors secreted from the microenvironment and cell intrinsic factors that 
drive differentiation of the stem cells into the cells of the pancreas, liver, 
and salivary glands as they share the endodermal origin during develop-
ment. The plethora of information available in pancreas and liver regen-
eration studies provides insight into key signals that govern vital processes 
during orchestrated stem cell differentiation for salivary epithelial cells. 
Some examples of transdifferentiation between differentiated cells of dif-
ferent organs and in vivo applications of inductive factors offer perspec-
tives on future clinical applications with improved safety and efficacy.

6.1  Introduction

Saliva contains various components that play criti-
cal roles in oral health. The production of saliva 
from the salivary glands (SGs) can be significantly 
altered by pathological conditions, such as auto-
immune Sjögren’s syndrome (SjS) or radiation 
therapy for head and neck cancer [1]. SjS is char-
acterized by severe dry eyes (keratoconjunctivitis 
sicca) and dry mouth (xerostomia) with various 
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complications in multiple organs. Although SjS 
can develop at any age, it is more prevalent in 
elderly females than in males. Radiation therapy 
for patients with head and neck cancer results in 
acinar cell death in the SGs causing pathological 
xerostomia. Roughly 50,000 cases of head and 
neck cancer are reported in the United States every 
year ranking as the fifth most common malignancy 
worldwide [2]. Upon diagnosis, the standard of 
care is dictated by tumor stage, and, for locally 
advanced tumors, surgical resection followed by 
radiotherapy is recommended. Due to the posi-
tioning of many oral tumors, non-affected tissues, 
such as the SGs, are often exposed to therapeutic 
radiation. Radiation damage to the oral tissues 
results in significant morbidity and diminished 
quality of life [3–5].

Recently, studies have reported that SGs are 
amenable to a stem cell-based approach for regen-
eration following injury [6, 7]. The emerging con-
cepts from recent studies suggest that different 
types of stem cells, such as embryonic stem (ES) 
cells, adult stem cells from the bone marrow (BM) 
and adipocyte, and SG stem cells/progenitor cells 
(SSPCs), and induced pluripotent stem cells (iPS) 
cells, have great potential for SG regeneration [7, 
8]. Of those stem cells, SSPCs have provided 
insight into future therapeutics as they have dem-
onstrated a notable capacity to differentiate into 
salivary epithelial- like cells [9], and BM-derived 
mesenchymal stem cells (MSCs) have added their 
superb value to current research endeavor to restore 
glandular function [10–12].

In this book chapter, we describe molecules that 
are known to trigger or promote stem cell differen-
tiation into SG progenitors (SPCs) or SG epithelial 
cells (SECs) by specifically focusing on factors 
available in the SG microenvironment (extrinsic 
factors) and transcription factors (TFs) (intrinsic 
factors) expressed in SSPCs or BM-MSCs. In addi-
tion, we detail TFs that are known to determine cell 
fate in the field of pancreas and liver regeneration 
to exploit the knowledge available. The rationale 
for our focus on these molecules is straightforward. 
In real clinical cases, patients with irradiation or 
SjS rarely recover their secretory function. In other 
words, once harmful radiation is applied or autore-
active cells infiltrate the glands, the damage is most 
likely permanent. This yields two possible scenar-
ios. In the first, SSPCs are completely depleted. 

This will require supplement of in vitro grown 
SSPCs, which can be procured prior to irradiation 
or SPCC-derived and differentiated SECs into the 
glands. In the second, SSPCs are spared from dam-
age. However, there is a lack of critical inductive 
signals for differentiation from SSPCs to SECs in 
the injured SGs. Interventions for the second sce-
nario will require providing necessary inductive 
signals to the SSPCs, which include extrinsic fac-
tors, intrinsic factors, and molecules that relay the 
signals generated by extrinsic and/or intrinsic fac-
tors. In most advanced clinical cases, considering 
the extent of radiation/inflammatory damage and 
fibrotic/atropic changes that follow, we can indis-
putably assume that neither SSPCs nor inductive 
signals may exist in the severely damaged SGs.

Therefore, orchestration of these signals in a 
timely and a hierarchical manner in conjunction 
with replenishing SSPCs can be an attractive option 
for reprograming of stem cells to achieve functional 
SG regeneration. Currently, information on the 
inductive signals for stem cell differentiation in the 
field of SG research is extremely scarce, especially 
TFs in SG regeneration, in contrast to the plethora 
of information available in the pancreas or liver 
regeneration. In this book chapter, we will present 
extrinsic factors and TFs with an emphasis on pan-
creatic/liver TFs for their importance in lineage 
determination. The latter information provides 
insights into the overview of stem cell research in 
general and can be utilized to confidently guide 
future applications of SG stem cells. In addition, we 
add some of our recent findings on TFs identified in 
mouse BM-MSC-derived SPCs in vitro. Some 
examples of in vivo applications of inductive sig-
nals to mouse models were described as well. We 
conclude this chapter with important lessons that 
we can learn from currently available studies.

6.2  Inductive Signals for Stem or 
Nonstem Cell Lineage 
Determination 
in Endodermal Organs

6.2.1  Extrinsic Factors

Understanding a SG microenvironment that 
involves complex processes of cell–cell communi-
cation, cell–matrix interaction, and cell signal 
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transduction within a three-dimensional structure 
is a critical step toward stem cell reprogramming 
and SG reconstruction [13–15]. Extrinsic factors 
available in or from the SG microenvironment con-
tribute to SG development or SSPC differentiation 
by generating appropriate scaffolds or key induc-
tive signals [16]. Specifically, the extracellular 
matrix (ECM) is an important element of the cel-
lular niche and supplies critical biochemical and 
physical signals to initiate cellular functions in the 
tissue [17]. Therefore, researchers in the field of 
tissue engineering focus on various biomaterial 
scaffolds for tissue regeneration or repair that 
mimic some of the critical properties of the ECM-
like cellular microenvironment. For instance, the 
scaffold material Matrigel®, which contains base-
ment membrane proteins secreted by mouse sar-
coma cells, has been used to reconstitute 
tissue-specific ECM to control stem cell fate [18]. 
Although varying levels of success have been 
achieved with this product, there are some limita-
tions compared to natural scaffold materials such 
as silk, which has a wide range of elasticity and 
pore size (allowing tissue-specific scaffold forma-
tion and nutrition access), the ability to biodegrade, 
and low toxicity and immunogenicity [19, 20].

Other studies have suggested the use of polyeth-
ylene glycol hydrogel (PEG-hydrogel) for SG 
regeneration [21]. It is inert due to its highly 
hydrated and uncharged structure for introduction 
of growth factors, ECM proteins, or mimetics to 
control cell behavior. Furthermore, the stiffness, 
degradability, and mesh size of PEG- hydrogel can 
be controlled by the composition and relative 
amounts of PEG macromers [21–26]. PEG-
hydrogel also has been utilized successfully to cul-
ture and control the behavior of various cell types, 
including MSC [22, 27], pancreatic β-cells [24, 25] 
and neurons [26]. Recent research has demon-
strated that PEG-hydrogels are bioinert and 
enhance cell–matrix and cell–cell interactions that 
are commonly utilized to maintain survivability of 
sensitive cell types [22, 24, 28, 29]. As cell–cell 
interactions, in particular, play a vital role in SG 
cell functions in vitro and during gland develop-
ment [30–33], utilization of PEG- hydrogel for SG 
cell aggregation into microspheres increases long-
term viability of hydrogel-encapsulated SG cells 
[34]. The detailed information on these scaffold 
materials can be found in Chap. 8 of this book.

Endodermal-originated organs, such as major 
SG (submandibular and sublingual), pancreas, 
and liver, are regulated by complex processes of 
development, which involves the balancing of 
interplay among common signaling pathways. 
Specific growth factors and differentiation fac-
tors are released from the microenvironment, 
which controls the expression of a set of TFs 
resulting in the generation of targeted endoder-
mal cell types. The initial interactions usually 
confer competence to respond to additional 
inductive signals that establish organ determina-
tion and specification at particular time points 
referred to as competence windows [35]. The 
importance of the competence windows is exem-
plified during liver and pancreatic development. 
For instance, when bone morphogenetic protein 
(BMP) activity generated by the adjacent 
mesoderm- derived structures operates on the 
ventral endoderm, hepatic induction ensues dur-
ing early embryonic development. With active 
BMP signaling, ventral pancreas progenitors are 
located away from the midline endoderm, 
whereas BMP inhibition in the dorsal endoderm 
plays a crucial function in the acquisition of a 
pancreatic fate [36, 37]. This interesting phenom-
enon illustrates that despite our limited knowl-
edge of extrinsic factors controlling patterning, 
proliferation, and differentiation in the pancreas 
development, there is strong evidence observed 
from all vertebrate model organisms that com-
plex spatiotemporal combinations of common 
signaling pathways are important in the specifi-
cation of endodermal cell fate [38–40]. A list of 
such important pathways includes the sonic 
hedgehog, Wnt, retinoid, and notch pathways, 
activin/BMP, fibroblast growth factor (FGF), vas-
cular endothelial growth factor (VEGF), epider-
mal growth factor (EGF), and hepatocyte growth 
factor (HGF) signaling pathways [41]. FGFs, 
such as FGF7, FGF8, and FGF10, are known to 
generate MSC-derived SPCs, proving the capac-
ity of cell differentiation into c-Kit+ ductal cells 
after transplantation, with the involvement of epi-
thelial sonic hedgehog signaling pathways [8, 
42]. Some of these extrinsic and intrinsic factors 
are summarized in Table 6.1.

In a rather unconventional approach as a proof 
of concept, BM soup, which consists of the soluble 
contents of lysed BM cells, was delivered via 
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intraglandular delivery or systemic delivery, result-
ing in restored saliva flow in mice with irradiated 
SG [104]. The paracrine effects of MSCs were 
reconfirmed in various studies where BM-MSCs 
exerted the capacity for organ repair by secretion of 
cytokines, chemokines, and growth factors [105]. 
In a subsequent study, the same group reported that 
deactivated soup treated with proteinase K diges-
tion had no effect on the recovery of secretory 
function in irradiated mice at 8 weeks postirradia-
tion [106]. Protein arrays revealed that native pro-
teins, especially angiogenesis- related factors such 
as CD26, FGF, HGF, MMP-8, MMP-9, OPN, PF4, 
SDF-1, and cytokines IL-1ra and IL-16, in the BM 
soup were the therapeutic ingredients [106]. The 
studies once more emphasize the importance of 
extrinsic factors that promote tissue regeneration 
and affirm MSCs as trophic mediators.

Two rare genetic syndromes, aplasia of lacrimal 
and salivary glands (ALSG) and lacrimo- auriculo- 
dento-digital syndrome (Ladd syndrome), in 
humans shed light on a growth factor and its recep-
tor pathway that are essential for progenitor cells to 
initiate and form SGs. These diseases, caused by 
mutations resulting in haplo insufficiency of Fgf10 
or its receptor Fgfr2B, are characterized by severe 
defects in the survival and function of SPCs [107, 
108]. Embryos do not develop SGs in mice that 
have both copies of Fgf10 or Fgfr2b deleted 
(Fgf10−/− and Fgfr2b−/−). Therefore, SPCs require 
Fgf10/Fgfr2b signaling to survive and initiate 
organogenesis of SGs. It has also been demon-
strated in vivo that Fgf7, another Fgfr2b ligand, 
has an effect on SPCs [109]. Fgf7 injections before 
and after gland irradiation enhanced the number of 
progenitor cells. As a consequence, a higher num-
ber of progenitor cells remained after radiation, 
forming more saliva-producing cells that pre-
vented radiation- induced hyposalivation [8]. 
Addressing sequential events in development and 
differentiation can be challenging due to the fact 
that signaling events are tightly associated with 
each other and they function redundantly or inter-
mittently at several developmental stages. It is also 
important to note that the developmental effects 
elicited from these common signals can differ 
greatly according to the developmental stage in 
which the signal occurs [8].

6.2.2  Intrinsic Factors 
(Transcription Factors)

Cellular programs regarding proliferation, 
potency, and cell fate determination can be medi-
ated by signal transduction events that modulate 
TFs expression and/or activation. As we previ-
ously mentioned, the specification of cell types 
under normal development is controlled by 
extrinsic factors that impose regional characteris-
tics on specific progenitor cells at early develop-
mental stages. Signaling molecules play key 
roles by controlling the establishment of distinct 
progenitor domains that can be defined by unique 
expression profiles of TFs. Some of these TFs 
function as more broad region-specifying deter-
minants, while others are expressed exclusively 
in individual progenitor domains in which they 
mediate highly selective functions [110].

Many of these factors, but not all, contain a 
protein structure motif called basic helix-loop- 
helix (bHLH). Proteins of the bHLH superfamily 
have two highly conserved and functionally dis-
tinct domains of the basic domain located at the 
amino-terminal end and of the HLH domain 
located at the carboxy-terminal end [111]. The 
basic domain binds the TF to DNA at consensus 
hexanucleotide sequence known as the E-box, 
and the HLH domain facilitates interactions with 
other protein subunits to form homeodimers or 
heterodimers. The heterogeneity in the E-box 
sequence that is recognized and the dimers 
formed by different bHLH proteins determine 
how TFs of the bHLH family control diverse 
developmental functions through transcriptional 
regulation [112].

TFs promote lineage specification by cross- 
repressive interactions between TFs driving 
 alternative lineage programs in multipotent pro-
genitors and by induction of additional TFs to 
further execute the differentiation process [113]. 
Thus, interplay between TFs that act down-
stream of extracellular stimuli further enhances 
the complexity of lineage determination. Due to 
such complexity in signal pathways, this chapter 
mainly explains critical TFs that are known to 
be involved in stem cell reprogramming as well 
as organogenesis toward endodermal organs, 
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Salivary grand
progenitors

Endocrine
progenitor

Exocrine
progenitor

Hepatic
progenitors

Pancreatic
progenitors

Ptf1a+

Ngn3+

Gata4
Hnf6

Foxa2
Sox9

Ptf1a
Foxa2
Ngn3
Mist1
Sox9

Hnf4a
C/EBPa/b

Ascl3
Sox2
Tcf3

Hmg 20b

Isl1
MafA

NeuroD1
Nkx2.2
Nkx6.1
Mnx1

Tcf2(Hnf1b)
Pax6
Pdx1
Sox17

Endoderm
cell

Fig. 6.1 Schematic diagram of endodermal cell lineage 
differentiation and TFs that are known to be involved in 
the process. TFs in red are reported to be involved in both 
organs. Studies identified that the expression of some TFs 

such as Ptf1a and Pdx1 can drive the cells into pancreatic 
lineage and promote pancreatic exocrine progenitor or 
endocrine progenitor differentiation in combination with 
other TFs

such as the liver, pancreas, and the SGs. Some 
of exemplary TFs are listed in Fig. 6.1 and 
Tables 6.1 and 6.2.

6.2.2.1  Transcription Factors Involved 
in Pancreas Regeneration

Understanding how TFs control early develop-
ment of pancreatic cells can yield insight into 
transcriptional regulation of cell fate determina-
tion and guide protocols for therapeutic stem cell 
reprogramming. TFs that are reported to be 
involved in pancreas cell differentiation and 
development are listed below and exemplified in 
Fig. 6.1. Whether these pancreatic TFs exert sim-
ilar or identical functions in SG cell lineage 
determination remains unknown.

Isl1 (ISL LIM homeobox 1) appears to be an 
essential growth factor for pancreatic develop-
ment in both humans and mice. Isl1 is a pan- 
endocrine cell marker. When Isl1 is mutated, it 
exhibits characteristics of diabetic, impaired islet 
cell maturation, and reduced postnatal islet mass 
expansion [86]. Isl1 is first expressed in wide 
range in the pancreatic mesenchyme at E9.0, and 
expression of Isl1 is maintained in the mature 
hormone-positive endocrine cells [120, 121].

MafA (V-Maf avian musculoaponeurotic 
fibrosarcoma oncogene homolog A) in mice is 
detected in late developmental stages and 

expressed only in the second wave of insulin pos-
itive cells which ultimately become mature 
β-cells. MafA is known as a maturation marker 
and is crucial for glucose-responsive β-cells by 
regulating insulin and glucose transporter 2 [61]. 
Recent studies have found reduction of MafA 
levels in mice and in humans under diabetic con-
ditions [122]. Type 2 diabetes mellitus islets may 
be significantly related to dysfunctional β-cells 
caused by loss of nuclear MafA [123, 124].

NeuroD1 (neurogenic differentiation factor 1) 
is found in all endocrine cell types of mature 
islets. Homozygous NeuroD1 mutations are pre-
dicted to cause autosomal recessive neonatal dia-
betes [88]. Without the NeuroD1, β-cells 
generated are immature with increased glycolytic 
gene expression of neuropeptide Y (a hormone 
that decreases expression after birth) and elevated 
basal insulin secretion [89].

Nkx2.2 (NK2 Homeobox 2) is a TF involved 
with β-cell differentiation [125, 126]. Nkx2.2 
expression is limited to only pancreatic α- and 
β-cells along with some portion of pancreatic 
precursor cells [91].

Nkx6.1 (NK6 Homeobox 1) is broadly 
expressed in early multipotent pancreatic pro-
genitors [127]. Mice lacking Nkx6.1 have been 
shown to have a dramatic reduction in β-cells 
[92]. To maintain the β-cell lineage in conditional 
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Nkx6.1 mutants, specifying endocrine precursors 
are required by marker protein expression, such 
as Ngn3, Pax4, and Pdx1. In mature pancreas, 
Nkx6.1 plays a key role in identification of β-cells 
[92]. Nkx6.1 expression is severely reduced in 
diabetic and obese mice [128].

Mnx1 (motor neuron and pancreas homeobox 
1) is expressed in early stages of the developing 
pancreas and then decreased to lower levels when 
entering into gestation. Mouse Mnx1 expression 
was found in the E9.5 endoderm with detailed 
expression analysis [128–130]. The expression 
was gradually restricted to the Pax6+ endocrine 
population by E15.5. At final stage, it is expressed 
only in adult β-cells. A recent study reported that 
homozygous mutation within the DNA-binding 
homeodomain of Mnx1 caused permanent neo-
natal diabetes [93]. Similar to the null mouse 
model, patients with a defective Mnx1 gene did 
not show obvious exocrine defects, but β-cell 
numbers were reduced [94].

Tcf2 (transcription factor 2): During early 
stages of embryogenesis, a high level of Tcf2 
(a.k.a. Hnf1b, hepatocyte nuclear factor 1-β) 
expression persists, and homozygous mutations 
cause diabetes [83]. Heterozygous loss-of- 
function Tcf2 mutations result in diabetes in 
humans, but only homozygous mutations pro-
duced diabetes in mice [83]. This could be due to 
a potentiated single wave of human endocrine 
differentiation versus the two phases observed in 
rodents, rendering these human cells more sensi-
tive to Tcf2 dosage. Tcf2-deficient mice exhibit 
pancreatic agenesis by E13.5, suggesting that the 
role of Tcf2 in pancreatic development is evolu-
tionarily conserved [83].

Pax6 (paired box 6) is activated in early pan-
creas and maintained throughout the adult islet 
cells [131–133]. Pax6 null mice die at birth from 
brain abnormalities, but embryos have other side 
effects such as reduced islet cell numbers, 
impaired hormone synthesis, and defective islet 
morphogenesis, which indicates a role in alloca-
tion and differentiation of endocrine cells [95].

Pdx1 (pancreatic and duodenal homeobox 1), 
which is also known as insulin promoter factor 1, 
plays a role throughout all phases in development 
of pancreas. In early stages, Pdx1 is highly 

expressed, but expression is restricted in adult 
β-cells. Pdx1 also regulates the expression of 
Ins1 and MafA [96]. Besides its main role in 
β-cells, reports about mouse lineage tracing and 
Pdx1 expression in mouse acinar tissue demon-
strated that Pdx1+ cells mark progenitors of all 
the mature pancreatic cell types including endo-
crine, acinar, and ductal cells [97]. A targeted 
disruption causing homozygous inactivating 
mutation in the Pdx1/Ifp1 resulted in pancreatic 
agenesis [98]. An autosomal recessive mutation 
in the Pdx1 locus is known to cause permanent 
neonatal diabetes [134]. Pdx1 levels were 
decreased in both human model and rodent model 
islets with type 2 diabetes mellitus [135].

Sox17 (SRY(Sex determining region Y)-box 
17) is a TF for expression of the high mobility 
group (HMG) box. It is only observed for a short 
time period and excluded during mouse pancre-
atic development [136]. Studies found that Sox17 
expression is necessary in early stages of endo-
derm formation, but it later represses the pancre-
atic fate [103].

6.2.2.2  Transcription Factors Involved 
in Liver Regeneration

Combinatorial protein interactions among liver- 
specific TFs are required to achieve synergistic 
cellular stimulation of tissue-specific gene 
expression for liver regeneration. Moreover, 
recent advances in hepatocyte and β-cell transdif-
ferentiation research have provided valuable 
insight into how to regenerate and restore normal 
functions of liver and pancreas under pathologi-
cal conditions. The definition and the applica-
tions of transdifferentiation are discussed in Sect. 
6.3. Hepatocyte-specific TFs that are involved in 
generating functional hepatocytes are listed 
herein, which would provide an invaluable 
resource to understand the roles of TFs in cells 
within the same developmental lineage.

Hnf4α (hepatocyte nuclear factor 4α) is capa-
ble of modulating hepatocyte gene expression in 
differentiating hepatoma cells [84, 137]. Gene 
knockout studies of Hnf4α, whether in fetuses or 
in adults, have been found to disrupt expression 
of a large number of genes involved in most 
aspects of mature hepatocyte function [137, 138]. 
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These functions include control of energy metab-
olism, xenobiotic detoxification, bile acid synthe-
sis, and serum protein production [84].

C/EBPα/β (CAAT/enhancer-binding proteins 
α and β) is a basic leucine zipper TF, which plays 
an important role in liver function and develop-
ment. C/EBPα is enriched in the liver, governing 
expression of liver-specific genes, and downregu-
lated after partial hepatectomy [139, 140]. 
Hepatocytes of C/EBPα-deficient mice have 
increased proliferative potential [141, 142]. C/
EBPβ is upregulated after partial hepatectomy 
and also upregulated by TNFα and IL-6 in stel-
late cells [143–145]. These findings indicate that 
C/EBPα and C/EBPβ are major players in liver 
regeneration. Hepatocytes of mice deficient in C/
EBPα show a pseudoglandular structure [146]. 
Hepatocytes lining the structure have potential 
for differentiation into both hepatocytes and bile 
duct epithelial cells, suggesting that C/EBPα pro-
motes differentiation of hepatoblasts to mature 
hepatocytes [147, 148].

6.2.2.3  Transcription Factors Involved 
in Salivary Gland Regeneration

In contrast to TFs investigated in the pancreas 
and liver, critical roles of SG TFs for cell differ-
entiation, lineage commitment, and fate determi-
nation toward secretory acinar or duct cells are 
understudied and poorly understood. In this sec-
tion, we will describe SG TFs, typically identi-
fied as SSPC marker proteins during mouth SG 
development, along with a brief introduction of 
TFs that our group reported following the pro-
teomic analyses of mouse MSC-derived SPCs in 
coculture.

Ascl3 (achaete-scute family bHLH transcrip-
tion factor 3, a.k.a. Sgn1) was reported as a marker 
of SPCs for both acinar and ductal cells in mouse 
SGs [149] and as a determinant of ductal cell lin-
eage in mice [150]. The Ascl3 knockout mouse 
model showed the complexity of SG maintenance 
and regeneration. Ascl3 is considered to be an 
attractive molecule for induction of SECs as it has 
been found to be involved in the regeneration of 
acinar, ductal, and myoepithelial salivary cells 
in vitro [75] and known to be expressed in ductal 
neonatal progenitor cells [151].

Sox2 (SRY(sex-determining Y)-box 2) is 
essential in ES cell self-renewal [152]. However, 
in SG development, it is differentially expressed 
within the K5+ population [153]. Sox2 is 
expressed by a subpopulation of K5+ SPCs and is 
highly abundant in the committed K5+K19+ and 
K5−K19+ duct cells in the SG. This suggests that 
their potential to self-renewal, driven by Sox2, 
may be present even as K5+ cells differentiate 
along the duct lineage [8].

Tcf3 (transcription factor 3) is the most abun-
dant Tcf/Lef member in mouse ES cells [154]. It 
was reported that heterodimers between Tcf3 and 
tissue-specific bHLH proteins play major roles in 
determining tissue-specific cell fate during 
embryogenesis [155]. Tcf3 is also known to be 
closely involved in Wnt/β-catenin signing to con-
trol self-renewal and regulates the lineage differ-
entiation of ES cells [156–158]. Interestingly, 
Tcf3-β-catenin interaction may indirectly affect 
submandibular SG during mouse embryogenesis. 
Furthermore, vascular integrity defects in organs 
such as the submandibular glands and liver were 
reported in the Tcf3 knock-in mutation model, 
which specifically lacks Tcf3-β-catenin interac-
tion [159]. However, the exact functions of 
Tcf3 in the SGs during development and stem 
cell differentiation remain largely unknown.

Hmg20b (high mobility group 20B) is known 
to be expressed in various tissues. Many research-
ers suggest that breast cancer susceptibility gene 
2 and Hmg20b complex may have a role in cell 
cycle regulation and affect cell fate determination 
[160]. Previously, our lab identified that Hmg20b 
and Tcf3 gene and protein expression was upreg-
ulated as mBM-MSCs transdifferentiated into 
SPC in a coculture system [12]. Their exact roles 
in MSC transdifferentiation are currently under 
investigation.

6.2.2.4  Transcription Factors Involved 
in the Pancreas, Liver, 
and Salivary Gland 
Regeneration

Ptf1α (pancreas transcription factor 1α, pancreas 
and SG) is better characterized in mice with 
broad expression in dorsal and ventral pancreatic 
buds, as the name indicates [161]. Ptf1α is known 
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to be an exocrine lineage determinant in the pan-
creas and is predominantly detected in pancreatic 
acinar cells [99]. Ptf1α locus mutation activates 
autosomal recessive permanent neonatal diabetes 
which requires insulin for survival. Similar 
behavior has been reported in Ptf1a−/− mice, 
which die postnatally with impaired pancreatic 
and major SG development. A recent study 
reported that human Ptf1α enhancer mutation 
leads to pancreatic agenesis [100]. Mutant phe-
notypes of human and mouse support an evolu-
tionarily conserved role during early pancreatic 
formation. Interestingly, our recent study deter-
mined that Ptf1α expression was highly increased 
in transdifferentiating BM-MSC in coculture 
although the expression of Ptf1 α in the SGs was 
never reported before [12]. Nomenclature for this 
molecule may need to be revised once its broader 
role than originally anticipated in cell fate deter-
mination in SG regeneration is explored and 
confirmed.

Gata4 (GATA binding protein 4, pancreas and 
liver) is expressed during the early pancreatic 
budding stage but later dramatically decreased in 
expression in the pancreatic progenitors and only 
remained in mature acinar cells [82]. Although 
Gata4 mutations are known to be associated with 
congenital heart defects, only the pancreatic phe-
notype is documented with mouse models [162, 
163]. This leads to a belief that there may be 
another Gata TF in human pancreas [162, 163]. 
Moreover, as briefly shown in Fig. 6.1, the TF 
plays a key role in the liver development. Each 
factor in Fig. 6.1 is important for the expansion of 
the liver bud during embryogenesis but serves 
redundant functions in hepatic specification. 
Based on mouse studies, Gata4 expression is first 
detected in the ventral foregut endoderm and car-
diac mesoderm at E8.0. Gata4 is required for the 
full expression of select hepatic genes, including 
albumin and Hnf4 [164].

Hnf6 (hepatocyte nuclear factor 6, pancreas 
and liver): mRNA analysis of Hnf6 demonstrated 
that mouse Hnf6 expression at E8.5 has broad 
expression throughout development and directs 
endocrine allocation until before the birth when it 
is restricted by α-cells and acinar cells in the liver 
and pancreas [85].

Foxa2 (forkhead box A2, pancreas and liver) 
is a TF that is expressed throughout the definitive 
endoderm, which persists into adulthood in endo-
dermal derivatives such as the liver, pancreas, 
lung, and thyroid during mouse development. In 
pancreas development, Foxa2 is a major upstream 
regulator of Pdx1 and continues to be active in all 
mature pancreatic cell types of mice and humans 
[79]. Foxa2 deficiency in a mouse model resulted 
in the absence of mature α-cells and a reduction 
of Pdx1 expression and β-cell differentiation 
[165, 166]. Given that Foxa1 is a close homolog 
to Foxa2 and contains an identical DNA-binding 
domain, it is also presumed to control pancreas 
development [79]. Moreover, the early activation 
of the Foxa2 genes in the hepatogenic region of 
the foregut endoderm, combined with the abun-
dance of liver-specific Foxa2 target genes, has 
been interpreted as evidence that Foxa2 genes 
play a key role in regulating hepatogenesis [80, 
137, 167]. The early lethal phenotype observed in 
Foxa2−/− embryos, owing mostly to node and 
notochord defects, precluded analysis of Foxa2 at 
later stages of development, thus necessitating 
the derivation of mice harboring a conditional 
Foxa2 allele to directly assess its role during liver 
development [168].

Ngn3 (neurogenin 3, pancreas and SG) is 
required for endocrine cell specification in mice 
[90]. It also initiates endocrine commitment in 
pancreatic and/or SG epithelial cells. Isl1, 
NeuroD1, MafB, Nkx2.2, and Pax6 are islet- 
enriched factors that activate downstream of 
Ngn3 in mice, and these factors are integrated in 
late endocrine cell differentiation [169]. Ngn3 
null mutation is a rare mutation with permanent 
neonatal diabetes with histologically detectable 
islets [170]. Ngn3−/− mice completely lack endo-
crine cells and thus develop diabetes and die only 
few days after birth [171].

Mist1 (muscle, intestine, and stomach expres-
sion- 1, a.k.a. Bhlha15 for basic helix-loop-helix 
family member A15, pancreas and SG) is a known 
bHLH TF with acinar cell-specific expression [87, 
172]. It acts as a regulator of differentiation and 
morphogenesis of exocrine cells by negative regu-
lation of bHLH-mediated transcription through an 
NH2-terminus repressor domain [87]. Mist1 gene 
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expression is observed in a wider array of tissues 
including the acinar cells of SG and the serous-
secreting cells found in the stomach, prostate, and 
seminal vesicles [173]. An essential function that 
is shared by all Mist1- positive cells is regulated 
exocytosis, which involves the temporary storage 
of zymogen granules at the cell’s apical surface 
and the establishment of specific signaling path-
ways through which external cues induce regu-
lated secretion [87]. Based on knockout studies, 
the primary outcome of its expression defect 
reveals a loss of correct cellular organization in 
pancreas and SGs [174, 175].

Sox9 (SRY (sex-determining region Y)-Box9, 
pancreas, liver, and SG) is located in Pdx1+ cells 
in early stages of pancreas development [96, 162, 
176, 177]. Later, it is excluded from mature 
endocrine cells. Sox9 is essential for maintaining 
the multipoint progenitor population in mice 
[101]. Deletion of Sox9 resulted in islet hypopla-
sia by unsuccessful maintenance of endocrine 
progenitors. In Sox knockout mice studies, Sox9 
has been demonstrated to have an effective role in 
endodermal cells such as the pancreas, lung, SG, 
kidney, gut, and liver [102].

6.3  Transdifferentiation

6.3.1  Definition

The term “transdifferentiation” first surfaced to 
describe the conversion of cuticle-producing 
cells into salt-secreting cells in the silkmoth dur-
ing metamorphosis from the larval to the adult 
moth [178]. Subsequently, Eguchi and Okada 
elegantly demonstrated the switch of pigmented 
epithelial cells to lens fibers in their in vitro 
clonal cell culture system [179], setting the stan-
dard for determining a true transdifferentiation 
event [180, 181]. A review by Eberhard and Tosh 
explicitly defines “transdifferentiation” as in 
“nonstem cell” [182], supporting the well- 
accepted definition of the conversion of one spe-
cialized cell type into another without reversion 
to pluripotent cells or progenitor cells [179]. 
However, in recent years this traditional defini-
tion has been broadened by the evidence that 

adult stem cells not only differentiated into antic-
ipated and committed lineages but also differenti-
ated into cell types beyond the expected lineage 
of the respective stem cells [183]. This plasticity 
can be seen in many examples of stem cell 
research, including the ones described in Sect. 
6.3.2. We use this broadened definition in this 
chapter to cover fascinating studies from the 
organs of interest.

This type of conversion can be induced exper-
imentally, or it can normally occur in tissues that 
arise from the neighboring regions of the devel-
oping embryo [178]. This ability to interconvert 
suggests that the two tissues are related at the 
molecular level, sharing some common TFs, but 
in addition there is one or two that are different. 
Therefore, adjacent tissues presumably differ in 
the expression of one or a few key TFs [184]. As 
for the experimentally induced conversion, deliv-
ery of TFs via viral vectors altered cell fate by 
transdifferentiating cells into cell types of inter-
est [101]. For instance, Sox2 expression by lenti-
virus in the mouse brain directly converted 
astrocytes into neuroblast [185]. Human fibro-
blasts differentiating into cardiac cells by forced 
expression of cardiac TFs with muscle-specific 
microRNAs would be another example [102]. 
Transdifferentiation may occur either directly or 
through a de-differentiation step before cells re- 
differentiate to a new mature phenotype [186].

6.3.2  Examples

Tissue injury can lead to the appearance of mul-
tipotent stem cells for the liver and the pancreas 
[187, 188]. Dabeva et al. reported that pancre-
atic epithelial progenitor cells isolated from the 
copper- deficient diet rat pancreas can differenti-
ate into hepatocytes when they are transplanted 
into the liver [189]. Recent studies have shown 
that there is a tissue stem cell in the pancreas 
that can differentiate into hepatocytes in addi-
tion to pancreatic cell types [190–192]. Zulewski 
et al. reported that multipotent stem cells from 
rat and human islets differentiated into hepatic 
cell types in culture when the cell density 
increased [193]. In other experiments, a cell line 
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from pancreatic acinar cells differentiated into 
hepatocytes in the presence of dexamethasone 
(Fig. 6.2) [194]. Thus, resident stem cells in the 
pancreas or the liver have demonstrated their 
capacity to transdifferentiate into a different 
type of cells in other organs.

Ptf1α, the bHLH TF, was first described in 
exocrine-specific pancreas development [99] as 
mentioned earlier. Recent results have expanded 
the role of Ptf1α, with involvement in both exo-
crine and endocrine cell lineages in murine and 
zebrafish models [161]. Kawaguchi et al. demon-
strated conversion of pancreatic progenitors into 
duodenal epithelium through the inactivation of 
Ptf1α [195], thereby suggesting a close develop-
mental relationship between intestine and pan-
creas similar to the liver and pancreas. Also, it 
provides a possible route for creating new pan-
creatic cells following the overexpression of 
Ptf1α in other cell types such as duodenal epithe-
lial cells. It will be interesting to examine if the 
switch between hepatocytes and pancreatic cells 
is also feasible with the modulation of Ptf1α. 
There have been reports on cell transdifferentia-
tion of hepatocytes into pancreatic β-cells involv-
ing several key pancreatic TFs. Of those, Pdx1 

seems to play a key role in the hepatic-pancreatic 
cell fate conversion [196]. In mice, Pdx1 expres-
sion is known to be critical in the conversion of 
hepatocytes into pancreatic β-cell-like cells that 
secret insulin [197]. Interestingly, Pdx1 and 
Ngn3 are known to synergistically induce expres-
sion of β-cell factors and insulin biosynthesis in 
the liver and drastically ameliorated glucose tol-
erance in mouse [198].

The SGs are known to be derived from the 
endoderm and the ectoderm (parotid glands) that 
participate in organogenesis, although the origins 
of these glands are still controversial [188, 199–
201]. SGs consist of many cell types such as 
three different parenchymal cell types found in 
mice: (1) acinar, (2) intercalated duct and granu-
lar intercalated duct, and (3) granular and striated 
duct cells. The relative proportions of these three 
cell types are 43 %, 18 %, and 39 %, respectively 
[202]. Intercalated ducts are small ducts connect-
ing the terminal acini and striated duct, and they 
are known to contain the tissue stem cells or pro-
genitor cells [202]. Studies have suggested that 
the SG might contain stem cells that can differen-
tiate into the cell types of other endodermal 
organs, such as the liver and pancreas [199]. 
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cells
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from the duct

Hepatic
cells

C/EBPβ
Dexamethasone

Pdx1
Ngn3

?

?

Fig. 6.2 Schematic diagram of transdifferentiation among pancreatic, hepatic, and salivary gland cells and TFs involved
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Furthermore, the features of SG resemble the 
pancreatic exocrine system. Transplantation of 
intercalated ductal cells prepared from damaged 
SG led to identification of epithelium-like cells 
that settled in the oval cell response area of the rat 
liver [201]. Moreover, progenitor cells isolated 
from the duct-ligated SG differentiate into pan-
creatic cell types characterized by CD44 expres-
sion that is specific for the developing pancreas 
[201], implying a capacity of transdifferentiation 
that SPCs might possess. We have not encoun-
tered any studies yet that demonstrated genera-
tion of SECs from hepatocytes, pancreatic 
β-cells, or their progenitors (Fig. 6.2).

6.4  Salivary Gland Stem Cells/
Progenitor Cells

Stem cell studies in SG regeneration in recent 
years have focused on SSPCs. As explained ear-
lier, the inability to form new acinar cells in the 
SGs with irradiation or SjS is associated with loss 
of progenitors and/or unfavorable microenviron-
ment in the glands. Irradiation-surviving progeni-
tors in vivo are no longer stimulated to form 
acinar cells because the loss of parasympathetic 
function and innervation prevents proper regen-
eration [153]. Current treatments for hyposaliva-
tion after radiotherapy include administration of 
saliva substitutes, secretagogues, or palliative 
approaches. Researchers have proposed an ideal 
therapeutic approach involving SSPCs for treat-
ing irradiated patients, which requires isolating 
SSPCs prior to radiation therapy, expanding the 
cells in vitro, and then transplanting them back 
into the patients [203]. SSPCs are characterized 
based on their topographical position in the gland, 
expression of TFs and specific marker proteins 
that are known to be found on stem cells in other 
systems, or unique stem cell/progenitor proper-
ties. SSPCs are also considered as an important 
source for constructing an artificial SG as they are 
known to be involved in the regeneration of aci-
nar, ductal, and myoepithelial salivary cells 
in vitro [8]. In addition, an emerging concept in 
the field is that multiple glandular progenitors 
may exist with overlapping functions [204].

Currently, active investigation is underway to 
define SSPCs and investigate their roles in SG 
regeneration. For instance, Ascl3 is essential for 
the determination of cell fate, development, and 
differentiation of numerous tissues [75, 149]. 
Transplanted Ascl3-expressing cells were able to 
induce differentiation and tissue repair in SGs, 
indicating that these cells are potent inducers of 
SG regeneration [153]. Furthermore, Ascl3 was 
found to be expressed in ductal cells, and they 
contribute to the maintenance of mature SG tis-
sues [149], pointing to a notion that Ascl3+ cells 
may be a subpopulation of SSPCs.

Other studies demonstrated that cells located 
in the striated ducts of the SGs express other stem 
cell markers (i.e., CD24, CD49f, CD133, and 
c-Kit+) [205]. Particularly, c-Kit was definitively 
established as a stem cell marker and therefore 
gained the highest priority. However, flow cyto-
metric analysis of cells obtained from subman-
dibular glands indicated that only a small number 
of salivary cells expressed c-Kit [205]. These 
results suggest that c-Kit may not be a practical 
marker for stem cell isolation from SGs, as it 
would not yield workable levels of stem cells. In 
addition, structural protein K5+, which is a cyto-
keratin to form cytoskeleton intermediate fila-
ments, has been established as a marker of 
progenitor cells [149, 153]. Initially, K5+ has 
been established as a marker for progenitor cells 
in tracheal and lung epithelial cells. Additionally, 
K5+ cells express Sox2, a TF involved in the self- 
renewal of stem cells [206]. However, K5+ cells 
make up a very small percentage (5–9 %) of Sox2 
cells. These studies also suggest that K5 may not 
be a practical marker to isolate SPCs either [207, 
208]. Recently, a long-term in vitro expansion of 
SG stem cells driven by Wnt signals was reported 
in a study [209], whose practicality is forthcom-
ing to be determined.

α6β1 integrin has been found to be a marker 
for SPCs in rats. Interestingly, this marker was 
only expressed after duct ligation [201]. These 
α6β1 integrin-expressing cells were used to 
establish an immortalized cell line of rat SPCs 
[210]. This cell line is able to differentiate into 
both acinar-like and ductal-like structures and 
has the ability to regulate transdifferentiation 
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when grown on Matrigel®-based 3D scaffolds. 
However, cells grown under these conditions dis-
play uncontrolled growth. Further studies are 
needed to determine whether acinar-like and 
ductal- like structures generated from this cell 
line are capable of responding to salivary secre-
tory agonists. Additionally, the mechanisms of 
uncontrolled cell growth need to be well under-
stood and regulated before these structures can be 
used for transplantation in vivo.

6.5  Applications of Stem Cells 
for In Vivo Applications

Predictable and precise controlling cell prolifera-
tion and differentiation requires comprehensive 
profiling of the molecular and genetic signals that 
regulate cell division and specification. While 
recent developments with stem cells suggest spe-
cific roles of differentiation factors, techniques 
must be devised to introduce these factors safely 
into the cells and induce maximum outcomes 
without adverse side effects. Stem cells, such as 
ES cells, iPS cells, MSC, and tissue adult stem 
cell, are currently being used to screen and 
develop new drugs in preclinical studies [211]. 
To screen drugs effectively, the testing conditions 
must be identical for proper comparisons of 
drugs, and precise controlling of stem cell fate is 
required for consistency and reproducibility. We 
summarize published in vivo studies with induc-
tive signals in the pancreas, liver, and SG regen-
eration in Table 6.2, although the field is still in 
its infancy with a diverse range of preliminary 
approaches. A brief discussion of stem cell use 
with or without inductive signals is provided 
herein.

6.5.1  Pancreas Regeneration

One of the major pancreatic diseases, diabetes 
mellitus, is a metabolic disorder caused by an 
insufficient number of insulin-producing β-cells. 
Theoretically, replenishment of β-cells by cell 
transplantation can restore normal metabolic 
control. Exogenous insulin administration in 

 diabetes patients is not sufficient to mimic the 
normal function of β-cells. Consequently, diabe-
tes mellitus often progresses and can lead to 
major chronic complications and morbidity 
[212]. New studies indicate that it may be possi-
ble to direct the differentiation of stem cells from 
human in ex vivo cell culture to form insulin-
producing cells for transplantation. Strategies 
involving pluripotent stem cells appear to have 
the highest translational potential [213], allowing 
sufficient numbers of pancreatic progenitor cells 
with a potential to differentiate into β-cells. 
Differentiated cells within the adult pancreas 
retain sufficient plasticity to transdifferentiate 
into β-cells as well. The most promising exam-
ples are α-cells and acinar exocrine cells that 
transdifferentiated into β-cells with the introduc-
tion of TFs [115]. However, stem cell-based ther-
apeutic approaches have some limitations when it 
comes to clinical applications, such as teratoma 
formation, ethical issues related to ES cells, and 
safety issues of gene expression associated with 
iPS. Furthermore, the future success of 
ES-derived β-cell transplantation or regeneration 
of endogenous β-cells depends on effective pre-
vention of infiltration of autoreactive immune 
cells and/or alloimmune rejection [213].

6.5.2  Liver Regeneration

Most liver diseases lead to hepatic dysfunction 
with organ failure. Liver transplantation is the 
best curative therapy, but it has some limitations, 
such as donor shortage, possibility of rejection, 
and maintenance of immunosuppression [214]. 
New therapies have been actively searched for 
over several decades, primarily in the form of 
artificial liver-support devices and hepatocyte 
transplantation, but both of these modalities 
remain experimental. For this reason, scientific 
interests have switched to the use of stem cells to 
regenerate the liver. Numerous stem cell types 
have been used for the differentiation of hepato-
cytes both in vivo and in vitro [215]. Plasticity in 
adult MSC repopulated liver cells in a liver injury 
animal model, which appeared to improve liver 
function. For instance, multipotent adult progeni-
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tor cells (MAPCs) derived from human, mouse, 
and rat postnatal BM can differentiate into 
hepatocyte- like cells in vitro [216]. The differen-
tiated cells expressed hepatic markers such as 
Hnf-3β, Gata4, Afp, Alb, and CK-18, and 
obtained functional characteristics of hepatocytes 
as indicated by p450 activity, LDL uptake, ALB 
secretion, urea secretion, and glycogen storing 
[216]. Historically, MAPCs had been identified 
as a subpopulation of MSCs [217]. Human 
umbilical cord blood-derived MSCs (UCB- 
MSCs) were also proven to have potential for 
hepatocyte-like cell differentiation in vitro by the 
treatment of special cytokine mixtures [218]. 
Recently, MSCs were isolated from human thigh 
adipose tissue and induced to differentiate into 
hepatocyte-like cells using growth factors, cyto-
kines, and hormones [219–221]. These 
hepatocyte- like cells expressed hepatocyte- 
specific genes and exhibited hepatocyte functions 
[222]. Moreover, a study examined the impact of 
the coculture with adult liver cells or fetal liver 
cells on hepatic differentiation of rat BM-MSCs 
[223] and found that liver-specific gene expres-
sion was induced when treated with gadolinium 
chloride [224]. Although all cells differentiated 
into hepatocyte-like cells, the cocultured ones 
expressed more hepatic gene markers and exhib-
ited higher metabolic function (P450 activity) 
[216]. These pioneering research studies led to 
the application of human BM-derived cells xeno-
grafted to damaged liver of Sprague Dawley rats 
by allylalcohol, resulting in differentiation of 
hepatocyte-like cells [225].

Other groups reported plasticity of MSCs 
after human adipose tissue MSCs were trans-
planted into mice with liver damage for hepato-
cyte differentiation [222]. Following the study, 
human MSCs were transplanted into preimmune 
fetal sheep, providing further evidence for feasi-
bility [226]. As a result, the animals exhibited a 
widespread distribution of human hepatocyte- 
like cells throughout the liver parenchyma, indi-
cating that MSCs are a valuable source of cells 
for liver repair and regeneration [227]. Although 
the hepatogenic capacity of MSCs seems to be 
strongly established, the mechanism by which 
MSCs restore liver functionality is still not clear. 

In addition, significant challenges still exist 
before these cells can be used in humans. These 
challenges include the lack of consensus about 
the immunophenotype of liver progenitor cells, 
uncertainty about the physiological roles of 
reported candidate stem/progenitor cells, the 
practicality of obtaining sufficient quantity of 
cells for clinical use, and concerns over ethics, 
long-term efficacy, and safety [228]. Nonetheless, 
cells from BM are increasingly recognized as 
being major therapeutic players for liver fibrosis 
and regeneration, indicating that the BM posi-
tively contributes to liver fibrosis [229].

6.5.3  Salivary Gland Regeneration

Two major approaches for xerostomia include (1) 
utilization of combinations of cells, biomaterials, 
and biochemical cues for tissue engineering and 
(2) utilization of cell-based therapy for SG regen-
eration. Studies have investigated the role of 
MSCs as a therapeutic option for treatment of SjS 
[80, 230]. Investigators used NOD mice with a 
SjS-like disease to investigate the effect of MSCs 
in reducing lymphocytic infiltrates in the SG and 
restoring salivary function. Authors found that 
intravenous injection of MSCs reduced lympho-
cytic infiltrate and inflammation in the SG com-
pared to untreated controls, including a tenfold 
decrease in the inflammatory cytokine TNF-α. 
MSC injection also preserved the saliva flow rate 
over the 14-week posttreatment period; more-
over, when MSCs were administered in 
 conjunction with complete Freund’s adjuvant 
(CFA), the SG regenerative potential increased. 
These findings indicate that direct injection of 
MSC for therapy alone reduced inflammation, 
but there was additional tissue repair and regen-
eration when administered in conjunction with 
CFA [230].

SSPCs are known to be located in intercalated 
ducts and exocrine ducts [203, 231, 232]. Stem 
cells isolated from the human SG have revealed 
a certain capacity for in vivo recovery of SG 
function in irradiated rat SGs by differentiating 
into amylase-expressing cells [233]. Sixty days 
after human SSPC were transplanted into the 
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 irradiated glands of rats, the average saliva flow 
rate of the human SG stem cell-treated group 
was twice that of the PBS-treated irradiated 
group but was still lower than the undamaged 
group [233]. By using a floating sphere culture, 
further in vitro characterization of submandibu-
lar-derived SG stem cells showed that cultured 
spheres contained acinar and ductal cells charac-
terized by specific cell marker expression [234]. 
Interestingly, acinar cells mostly disappeared by 
the third day but reappeared within the existing 
ductal spheres by the fifth day in culture. By day 
ten, acinar cells dominated sphere composition 
and amylase expression. Intraglandular trans-
plantation of 3-day cultured salispheres into irra-
diated mice resulted in the formation of ductal 
structures near the injection site. There was 
increased acinar cell surface area in salisphere- 
treated mice compared to the untreated group. 
Ninety days after irradiation, saliva production 
in salisphere-treated mice was higher than the 
untreated counterparts and correlated strongly 
with acinar surface area [234]. A major limita-
tion for SSPC therapy in the treatment of 
radiation- induced hyposalivation continues to be 
the difficulty with isolating autologous stem 
cells from a severely injured gland unless the 
isolation and purification are carried out prior to 
radiation. As mentioned earlier, a recent research 
progress by Coppes et al. reported the expansion 
of SSPCs ex vivo via the stimulation of Wnt sig-
naling [209].

A coculture system of mouse ES cells and 
human SG fibroblasts was developed to facilitate 
differentiation of mouse ES cells to SG stem cells 
[114]. After 1 week in coculture, a significant 
change in cell morphology was found, and 
RT-PCR results showed a sudden appearance of 
amylase and bFGF. These GFP-expressing SG 
cells were transplanted into SG of normal mice, 
and histology was performed after 1 month. H&E 
and PAS staining of SG stem cell-treated mice 
showed normal formation of ductal and acinar 
structures. Even though this method is not lim-
ited by the need for autologous stem cells from a 
radiation-damaged gland, it is limited by the ethi-
cal concerns over acquisition of ES cells in clini-
cal settings.

6.6  Conclusion and Future 
Directions

Xerostomia due to SG hypofunction has a severe 
impact on the oral health of patients with SjS and 
radiation therapy. The regeneration of functional 
SG tissue is an important therapeutic goal for the 
field of regenerative medicine and will likely 
involve cell therapies such as stem cells and/or 
tissue engineering. Despite research endeavors, 
critical information on signaling pathways, mas-
ter regulators, and molecular mechanisms that 
direct stem cell differentiation and tissue engi-
neering is lacking in the SG research field, com-
pared to information available in other organ 
regeneration. Nevertheless, researchers have iso-
lated SSPCs from rodent and human SGs and 
demonstrated that SPCs can differentiate into 
both salivary epithelial-like cells and endodermal 
progeny, such as pancreatic β-cells and hepato-
cytes [33]. Whether SG cells can be regenerated 
with hepatic or pancreatic progenitor cells trans-
planted into the SGs or whether hepatic or pan-
creatic TFs can contribute to directed 
differentiation of SPCs or SECs is completely 
unknown. Considering that most TFs studied in 
those organs are critical in determining the lin-
eage of endocrine cells for enzyme secretion, SG 
may require a set of distinct TFs that define and 
drive exocrine cells for more organized structural 
differentiation for proper secretion.

Several reports have suggested that the con-
version of pancreatic progenitor cells toward the 
hepatocyte endocrine fate (reciprocal transdiffer-
entiation) is achievable [213]. Moreover, forced 
expression of pancreatic TFs elicits insulin 
expression in the liver and corrects experimental 
diabetes [235]. Taken together, these findings 
suggest that the adult organs contain cells with 
epigenetic memory of their common embryonic 
origin. Based on these studies, SG regeneration 
or progenitor cell differentiation might be closely 
related with pancreas or liver organogenesis and 
stem cell regeneration. Therefore, identification 
of intrinsic regulatory factors and external factors 
for stem differentiation/transdifferentiation and 
the sequential and timely introduction of those 
factors via viral or nonviral methods, as similar 
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approaches have shown in pancreas and liver 
regeneration, may benefit SG stem cell differen-
tiation and regeneration. This will ultimately 
allow translational applications for some tissues 
that normally lack regeneration capacity. 
Similarly, mapping and profiling of those factors 
and understanding their critical roles in differen-
tiation will enable us to control cell fate to devise 
therapeutic interventions for xerostomia.

As for clinical translation of stem cell therapy, 
safety is the major issue, given that a small num-
ber of contaminating undifferentiated cells could 
remain after cell purification and potentially cause 
teratoma formation. Human iPS cells do not pose 
ethical concerns unlike ES cells but do present a 
potential danger associated with DNA transfer of 
cancer-associated genes [213]. Generation of 
individualized ES or iPS cell lines to avoid ethical 
issues will be expensive, given the relatively low 
efficiency of these procedures. Storing a wide 
range of human ES and iPS cell lines matched to 
the most common HLA haplotypes might be a 
better option than the generation of patient-spe-
cific cell lines [236]. Allorejection is another issue 
to consider, although both issues could theoreti-
cally be solved by immunoisolation of the graft 
[237]. Immunoisolation could be achieved by 
macroencapsulation with or without a biopolymer 
in devices that prevent the passage of stem cells 
into the recipient and immune cells into the graft 
[238]. Alternatively, MSCs lessen immunoreac-
tivity as they express the human leukocyte antigen 
(HLA)-G, which is a nonclassical HLA class I 
molecule that mediates the suppressive effect of 
MSCs through the induction and proliferation of 
regulatory T cells, along with other immunosup-
pressive properties, which adds to the benefits of 
MSCs for autoimmune SjS [239]. In addition, 
HLA compatibility between a MSC donor and a 
recipient is not a major concern due to the lack of 
HLA-DR surface expression [240].

In conclusion, stem cell approaches hold great 
promise for future clinical trials for xerostomia 
despite existing challenges. Increasing knowl-
edge and information that is currently being gen-
erated from in vitro, ex vivo, and in vivo 
applications of stem cells will continue to pro-
vide the foundations for future clinical trials. 

Comprehensive and multidisciplinary research 
endeavor focusing on the epigenetic and molecu-
lar regulation of cell fate determination and trans-
differentiation of stem cells and differentiated 
cells will allow orchestrated and/or directed 
reprogramming of cells for SG regeneration. 
Harnessing TF-directed differentiation to classi-
cal approaches of stem cell reprogramming will 
expedite clinical translation of cell replacement 
therapy.
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Current Cell Models 
for Bioengineering Salivary Glands

Olga J. Baker

Abstract

Saliva is critical for sustaining oral health. Patients with salivary gland 
hypofunction (symptomatically, xerostomia) have difficulties in basic oral 
functions such as chewing, tasting, and swallowing foods. Additionally, 
they suffer from caries, periodontal disease, and a variety of microbial 
infections. Salivary flow has been significantly improved through the use 
of gene therapies and secretory agonists, thereby mitigating dry mouth 
symptoms. However, scientific advancements in the area of clinically 
applied implants are needed to more fully restore compromised salivary 
gland function. In this book chapter, we will evaluate the advantages and 
limitations of commonly used salivary cell lines. Furthermore, we will 
summarize ongoing studies on current salivary cell isolation methods and 
cell culture techniques using different biomaterials. Then, we will describe 
the use of stem, progenitor, and acinar cells as candidates for salivary 
gland regeneration and bioengineering studies. Finally, we will highlight 
the use of scaffolds for growing salivary glands in vitro. Together, these 
studies represent the state of the art and trends in the emerging field of sali-
vary gland bioengineering.

7.1  Introduction

Hyposalivation contributes to tooth decay, peri-
odontitis, and microbial infections. Additionally, 
it impairs activities of daily living such as 
 speaking, chewing, and swallowing [22]. 

Hyposalivation is associated with the follow-
ing conditions: (a) Sjögren’s syndrome (SS), an 
autoimmune disease with a prevalence between 
0.1 and 3 % in the United States [48]; (b) radio-
therapy for head and neck cancer, accounting for 
up to 3 % of all cancers in the United States [35]; 
(c) side effects of commonly used medications 
[3, 76]; and (d) developmental disorders affect-
ing ectodermal tissues and organs [59].

Common treatments for hyposalivation 
include the use of secretory agonists and saliva 
substitutes, both of which provide only  temporary 
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relief [75]. Experimental treatments such as use 
of adenoviral [9] and ultrasound-assisted trans-
fection of aquaporin-1 [77] or stem cells [54] 
offer the possibility of significant improvement. 
Alternatively, salivary gland transplantation 
remains an attractive option if other treatments 
using a native salivary gland prove ineffective, 
unreliable, or fail to maintain treatment gains. 
However, transplantation of a naturally occurring 
salivary gland is problematic because finding 
donors, as with any organ donation, is a complex 
and unpredictable process [78] and the chances 
of rejection by the host are high [17].

Despite the difficulties involved in salivary 
gland implantation, alternative approaches pro-
vide new possibilities for making this treatment 
viable. In this chapter, current trends in the 
emerging field of salivary gland bioengineering 
involving cell lines, primary cells, and stem/pro-
genitor cells will be summarized. Note that par-
ticular variations on some strategies are too 
numerous to cover individually; however, no sig-
nificant strategy has been omitted, and multiple 
examples within each category are provided.

7.2  Commonly Used Salivary Cell 
Lines

Normal cells are unable to replicate beyond sev-
eral rounds of proliferation due to progressive 
telomere shortening with each successive round. 
Specifically, cellular senescence (i.e., naturally 
occurring loss of a cell’s ability to divide and 
grow) results when the telomeres reach a criti-
cally reduced length and DNA is damaged [14]. 
An immortalized cell line is a population of cells 
from a multicellular organism which would nor-
mally not proliferate indefinitely but, due to 
mutation, has evaded normal cellular senescence 
and undergoes continuous division [49]. 
Immortalized cells are different from stem cells, 
which can also divide indefinitely but form a nor-
mal part of the development of a multicellular 
organism (i.e., are not attributable to mutation or 
intentional in vitro modification). Immortalized 
cell lines can be derived from tumors, such as 
HeLa cells that were obtained from human 

 cervical cancer cells [26]. However, many of the 
current immortalized cell lines are intentionally 
created by introduction of a virus that greatly 
extends the number of viable cell replications and 
allows for the possibility that a mutation might 
occur that could result in a truly immortalized 
cell. For instance, overexpression of the large T 
antigen of the simian virus 40 (SV40) represses 
the retinoblastoma (Rb) and p53 genes (both of 
which are critical controllers of the cell cycle) 
[62]. Other viral genes include those from the 
human papilloma virus family, which also target 
Rb and p53 [8]. Another method to induce cell 
immortalization involves the use of the gene 
telomerase (hTERT), which extends the DNA 
sequence of telomeres and allows for infinite cell 
divisions [44]. The use of cell lines to bioengi-
neer a salivary gland would appear to offer an 
attractive alternative to development and implan-
tation of an artificial salivary gland. However, no 
currently available cell line fully recapitulates the 
morphological and functional features of the 
native salivary acinar cells; moreover, some are 
tumorigenic [62]. Consequently, we believe cell 
lines are currently not suitable for bioengineering 
and/or implantation and that their use should be 
limited to understanding basic physiological 
mechanisms in native glands. Below we evaluate 
the advantages and limitations of commonly used 
salivary cell lines (see Table 7.1).

7.2.1  HSY

Human parotid gland (HSY) is an epithelial cell 
line derived from the acinar-intercalated duct 
region of the human parotid gland [81]. These 
cells are cuboidal in shape, have papillary infold-
ings as well as microvilli on their free border, and 
exhibit low levels of secretory granules. HSY cells 
maintain polarized monolayer organization [81], 
which is critical for engineering a gland capable of 
fluid secretion. They respond to muscarinic and 
β-adrenergic autonomic agonists to increase intra-
cellular free calcium concentration ([Ca2+]i) and 
cyclic AMP ([cAMP]i), respectively [61], features 
that are essential for saliva secretion in vivo [73]. It 
has been proposed that  salivary intercalated ducts 

O.J. Baker



135

function as the reservoir for progenitor cells in 
salivary glands [55]. More recently, FGF10-
induced ERK1/2 phosphorylation in HSY cells 
was noted, indicating that they respond to growth 
factors linked to salivary gland morphogenesis 
[80]. Given that HSY cells have similar morpho-
logical features to those of intercalated duct cells, 
it would be interesting to study whether non-trans-
fected HSY cells may behave like progenitor stem 
cells when transplanted in vivo. If this were the 
case, they could be used for differentiation studies 
(with the aim of developing an artificial salivary 
gland), though we believe such applications have 
not yet been explored.

7.2.2  HSG

Human submandibular gland (HSG) is a neoplas-
tic intercalated duct cell line derived from an irra-
diated human submandibular gland (SMG) [69]. 
Histologically, HSG cells can be presented either 
in cuboidal or conical shape and have easily vis-
ible desmosomes with sporadic tight junction 
(TJ) complexes [69]. They appear capable of 
fluid and protein secretion due to the presence of 
intercellular connections, microvilli, and protein 
synthesis machinery.

HSG cells have been used as an in vitro model 
for salivary gland secretion, morphology, and 
regeneration [31, 37, 38, 45, 70]. Moreover, sev-
eral features indicate that they are a potential 
source for developing an artificial salivary gland. 
Specifically, HSG cells differentiate into acinar 
structures and express amylase when cultured on 
Matrigel [31]. Additionally, they have an innate 
capacity to increase [Ca2+]i in response to musca-
rinic and purinergic agonists [52]. Furthermore, 
HSG cells can be modulated by regulators of 
apoptosis, thereby providing researchers with a 
shutoff mechanism for tumorigenic cells in vivo 
[23]. Finally, they are regulated by growth factor 
receptors (e.g., EGFR) that may be used to pro-
mote repair or regeneration of salivary tissue [67].

Despite the many advantages of using HSG 
for salivary gland bioengineering, there are sig-
nificant drawbacks as well. Specifically, HSG 
cells grown on plastic appear unable to form TJs. 
Interestingly, they have been noted to express TJs 
and aquaporins when grown on permeable 
 supports coated with Matrigel [45]. However, 
future studies will be necessary to understand the 
barrier properties of this model (i.e., character-
ization of TJ morphology and in-depth analysis 
of monolayer permeability). Finally, a challenge 
presented by the use of HSG is the frequent 

Table 7.1 Commonly used immortalized salivary cell lines

Cell line Source Cell polarity
Amylase 
expression

Response to 
secretory 
agonist Reference

HSY Human parotid 
adenocarcinoma

+ + + Yanagawa et al. [81]

HSG Human submandibular 
gland

+ + + Shirasuna et al. [69]

SMIE Rat submandibular gland + – + He et al. [28, 29]

RSMT-A5 Rat submandibular gland – – – Brown [12]

SMG-C6 Rat submandibular gland + Unknown Unknown Quissell et al. [65]

SMG-C10 Rat submandibular gland + Unknown Unknown Quissell et al. [65]

Par-C10 Rat parotid gland + – + Quissell et al. [66]

Par-C5 Rat parotid gland + – – Quissell et al. [66]

GManSV tdTomato mouse 
submandibular gland

Unknown Unknown Unknown Furukawa et al. [24]

Modified from Nelson et al. [56]
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 contamination of this cell line with HeLa cells 
[18], which may be overcome through proper 
control protocols, as discussed below.

7.2.3  SMIE

Rat submandibular gland acinar epithelial (SMIE) 
is an immortalized epithelial cell line derived from 
rat SMG [29]. This cell line was originally named 
RSMG and later renamed to SMIE because of the 
adenovirus (12S E1A gene product) used to 
immortalize the cells [28]. SMIE cells were estab-
lished to study polarized functions in salivary epi-
thelium due to their ability to form TJs when 
grown on permeable supports [28, 51]. Structurally, 
these cells resemble salivary glandular epithelium 
with immature lumens [28]. SMIE cells display 
selective barrier function and fluid transport [28, 
51] and have also been shown to secrete luciferase, 
when transfected with a pGL3-EGFSP construct 
[1]. These studies indicate that SMIE cells can be 
used to modulate fluid and protein secretion for 
future bioengineering applications.

7.2.4  RSMT-A5

Rat submandibular duct epithelial (RSMT-A5) also 
known as (A5) cell line was derived through trans-
formation of rat SMG cells by way of treatment with 
3-methylcholanthrene [12]. This cell line displays a 
ductal epithelium phenotype and expresses a high 
density of α1-andrenergic receptors with metabolic 
behavior similar to smooth muscle cells [30]. Recent 
studies demonstrated that A5 cells were able to 
uptake nanoparticles [27]. Taken together, these 
results indicate that A5 cells are useful for receptor 
characterization and signaling studies; however, they 
might not be suitable for the study of protein secre-
tion due to transfection difficulties [1].

7.2.5  SMG-C6 and SMG-C10

Rat submandibular gland epithelial (SMG-C) cell 
lines were isolated through transfection of a 
replication- defective simian virus 40 (SV40) 

genome into rat SMG acinar cells [65]. Only two of 
the formed clones, termed SMG-C6 and SMG- C10, 
were found to be both well differentiated and of epi-
thelial origin [65]. Structurally, these cell lines 
polarize due to their ability of form TJs and desmo-
somes [65]. Additionally, secretory features (i.e., 
domes, granules, and canaliculi) are observed 
within them [65]. Functionally, SMG-C6 respond 
to muscarinic and purinergic agonists by increasing 
[Ca2+]i [42]. Furthermore, both SMG-C6 and SMG-
C10 respond to β-adrenergic agonists by increasing 
[cAMP]i [42]. Of the two cell lines, SMG-C6 seems 
to be better differentiated than SMG-C10 due to a 
greater quantity of secretory cellular structures and 
a more stable [Ca2+]i release [65]. Moreover, SMG-
C6 and SMG-C10 lines develop a high transepithe-
lial resistance when grown on collagen-coated 
polycarbonate filters [16].

In addition to the signaling processes detailed 
above, additional functions for SMG-C6 and SMG-
C10 have been observed. Specifically, both cell 
lines are excellent models to study sodium channels 
and expression of the epithelial sodium channel 
protein (ENaC), given their ability to modulate 
sodium transport when grown in a culture medium 
lacking glucocorticoids or mineralocorticoids [74]. 
Studies using SMG-C10 cells also indicated that the 
vanilloid receptor 4 (TRPV4) was functionally con-
nected to aquaporin- 5 volume [6]. More recently, a 
molecule involved in the regulation of energy 
metabolism and inflammatory responses (adiponec-
tin) was found to promote fluid secretion in SMG-
C6 cells [21]. The above studies indicate SMG-C6 
and SMG-C10 are potential candidates for under-
standing regulation of cell volume and secretory 
function in salivary gland bioengineering. Finally, 
studies using SMG-C6 cells  demonstrated that 
apoptosis could be modulated through a Fas-
mediated pathway [2], indicating their potential for 
in vivo transplantation studies without the risk of 
uncontrolled cellular growth.

7.2.6  Par-C10 and Par-C5

Following development of the SMG-C6 and 
SMG-C10 cell lines, another study was done to 
isolate cells from a rat parotid gland [66]. Similar 
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to the SMG-C cell line development, parotid sali-
vary cells were transfected with an origin- 
defective SV40 plasmid [66]. Morphology and 
receptor-mediated [Ca2+]i responses were used as 
a screening technique to monitor cell differentia-
tion [66]. The rat parotid (Par-C5 and Par-C10) 
cell lines were found to exhibit a significant ele-
vation of [Ca2+]i in response to cholinergic, mus-
carinic, and α1-adrenergic agonists [41]. These 
cell lines demonstrated an increase of [cAMP]i in 
response to α1-adrenergic agonists [66] as well as 
increases of [Ca2+]i in response to M3R musca-
rinic agonists [10]. No functional amylase 
expression has been observed in Par-C10 cells 
when grown either on plastic or growth factor- 
reduced (GFR) Matrigel, although an interesting 
study on the Par-C 3-9 clones reported a 16-fold 
increase in amylase content following incubation 
with rat serum [83]. However, further studies are 
needed to consistently demonstrate improved 
amylase production in these cell lines.

The Par-C10 cell line has been widely studied, 
given its ability to form polarized monolayers, 
which makes it a great model for studying barrier 
function and ion transport in salivary epithelium 
[72]. Specifically, ion secretion in Par- C10 cells 
has been well characterized, thereby establishing 
that it is regulated by basolateral α1- adrenergic 
and muscarinic cholinergic receptors as well as 
apical P2Y2 receptors [72]. Furthermore, Par-
C10 cells express Na+/H+ exchangers, Na+-HCO3

- 
cotransporters, and anion exchange proteins on 
their basolateral surfaces [20]. These proteins, 
which regulate transepithelial transport, are sen-
sitive to changes in both [Ca2+]i and [cAMP]i 
[20]. Par-C10 single cells also are capable of 
forming salivary spheres when grown on 
Matrigel. Under these conditions, Par-C10 
acinar- like spheres expressed TJs, aquaporins, 
ion transporters, and muscarinic receptor 3 [7]. 
These features make Par-C10 acinar-like spheres 
an intriguing model to characterize cell volume 
regulation and ion secretion in salivary epithe-
lium. Moreover, recent studies demonstrated that 
recombinant adenovirus vectors can modify Par- 
C10 cells [11], thereby making them useful not 
only for bioengineering purposes but also as a 
gene therapy model.

7.2.7  Fluorescent Salivary Cell Lines

Recent studies generated a mesenchymal stem 
cell line from transgenic mice overexpressing the 
red fluorescent protein tdTomato (tdTomato 
mice). Specifically, they immortalized subman-
dibular gland-derived stem cells with the SV40 
large T antigen mouse submandibular (GManSV) 
[24]. These cells exhibited high cell migration 
rates, a spindle-shaped fibroblastic morphology, 
and expression of mesenchymal stem cell mark-
ers. Moreover, they retained multipotent stem 
cell characteristics, as evidenced by their ability 
to differentiate into both osteogenic and adipo-
genic lineages [24]. Taken together, these results 
indicate that GManSV cells are useful both for 
imaging and regeneration studies.

7.2.8  Caution When Using Cell Lines

We bear a responsibility as researchers to verify the 
correct use of cell lines and avoid misidentification 
by regularly checking to see that they correspond to 
their original sources. To that end, short tandem 
repeat profiling (a method used to compare specific 
loci on DNA from two or more samples) offers an 
excellent solution. Additionally, clear guidelines for 
authentication testing, documentation of cell line 
provenance, and ongoing validation will help ensure 
that human cell lines are effective and representa-
tive models for biomedical research [15].

7.3  Use of Primary Salivary Cells

Primary cells are taken directly from living tissue 
(e.g., during biopsies) and established for growth 
in vitro. These cells have undergone very few pop-
ulation doublings and therefore represent well the 
main functional components of the tissue from 
which they were derived. As such, the primary 
cells represent and offer a good option for creating 
an artificial salivary gland because they closely 
resemble native tissue (see Table 7.2).

Primary salivary cells for in vitro studies are 
obtained through cell isolation of salivary glands 
(SMG, parotid, sublingual, and minor salivary 
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glands) using enzymes and mechanical dissociation, 
by which a cell dispersion of predominantly acinar 
and ductal cells is obtained and plated on multiple 
substrates (e.g., permeable supports or Matrigel) 
(see Fig. 7.1). The limitations of this method include 
the presence of multiple cell types (i.e., a cell disper-
sion contains acinar, ductal, progenitor, stem, and 
myoepithelial cells), slow growth, dedifferentiation, 
and a finite life span [40, 46, 47, 54]. However, 
ongoing studies aim to improve the quality of pri-
mary cells by optimizing the cell isolation methods 
and using biomaterials that better mimic the extra-
cellular environment in which cells must be grown.

7.3.1  Salivary Cell Monolayers

A model for secretion studies involves the growth 
of human SMG on permeable supports, also 
known as transwells. SMG cells grown under 

these conditions form cell monolayers with key 
features indicative of a functional gland (e.g., tight 
junctions, microvilli, and secretory granules) as 
well as barrier function regulation [71]. More 
recently, human minor salivary glands isolated 
with an explant technique were grown on colla-
gen-coated permeable supports, and protein mark-
ers for progenitor and acinar cells were expressed. 
Importantly, as the calcium concentration 
increased within the growth medium, these cells 
acquired a polarized acinar-like phenotype (i.e., 
increased expression of α-amylase) and demon-
strated intact secretion and barrier function [33]. 
The results shown above indicate that human sali-
vary cells grown as monolayers mimic acinar 
functioning and are useful for studying fluid and 
electrolyte secretion; however, further study is 
needed to develop bioengineering applications 
(e.g., providing for formation into a branching pat-
tern, as noted in functional salivary glands).

Table 7.2 Commonly used human and mouse primary salivary cells

Source Cell
Amylase 
expression

Response  
to secretory agonist References

Human submandibular gland + Unknown + Tran et al. [71], Pradhan-Bhatt et al. [63, 64]
Human minor salivary glands + Unknown + Jang et al. [33]
Human parotid gland + + Unknown Joraku et al. [34]
Mouse parotid gland + + + McCall et al. [50]
Mouse submandibular gland + + + Leigh et al. [40], Maruyama et al. [47]

a

b

c

d e

Fig. 7.1 Salivary cell isolation and tissue culture. (a) 
Human and (b) mouse submandibular glands are homog-
enized in a solution containing dispersion enzymes (e.g., 
hyaluronidase and collagenase) using a (c) tissue dissocia-
tor. Following dissociation, cells are centrifuged for 5 min 

at 150 × g and supernatant is removed. Cells are resus-
pended and plated on (d) eight-well chambers mounted on 
a cover glass and filled with various scaffolds (e.g., lam-
inin- 111 or hydrogels) within which salivary cell clusters 
organize into (e) salivary spheres with hollow lumens
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7.3.2  Salivary Spheres

Single human parotid cells can be grown on col-
lagen and Matrigel to form salivary spheres with 
hollow lumens. Under these conditions, cells 
exhibit markers of acinar differentiation, includ-
ing α-amylase, aquaporin-5, and apical TJ 
expression [34]. Human SMG cells also form 
salivary spheres when grown on hyaluronic acid 
hydrogels. Under these conditions, cells express 
TJ proteins and α-amylase [63] and respond to 
neurotransmitters as well [64].

Murine salivary cells form spheres with hol-
low lumens when grown on Matrigel or fibrin 
hydrogels. Previous studies showed that fibrin 
hydrogels polymerized with growth factors 
(i.e., EGF and IGF-1) induced salivary gland 
differentiation, as indicated by increased levels 
of α-amylase expression and response to sali-
vary secretory agonists [50]. Further studies 
using both parotid and SMG cells demonstrated 
that SMG cell clusters formed more organized 
and larger structures than were formed by 
parotid gland cell clusters. However, both SMG 
and parotid gland cell clusters maintained 
α-amylase expression, presence of secretory 
granules, TJs, and agonist-induced secretory 
responses over time [40]. These results indicate 
that mouse SMG cell clusters are more promis-
ing for the development of a bioengineered sali-
vary gland than parotid gland cell clusters, as 
they form more organized and functional 
spheres. Moreover, we recently demonstrated 
that conditioned medium (from mesenchymal 
stem cells) enhanced cell organization and 
multi-lumen formation [47]. These studies indi-
cate that soluble signals secreted by these 
human mesenchymal stem cells promote for-
mation of a glandular shape. The ability of such 
mammalian salivary cells to form salivary 
spheres has been useful for understanding cell 
assembly mechanisms, secretory function, and 
cell behavior in culture. However, further stud-
ies are needed to better characterize the various 
structural (i.e., acinar, ductal, or myoepithelial) 
and functional (i.e., serous and mucous) cell 
types present in these salivary spheres during 
time in culture.

7.4  Salivary Gland-Derived Stem 
and Progenitor Cells

Cells capable of growing more specialized cells 
(e.g., stem cells and progenitor cells) offer sig-
nificant possibilities for salivary gland treatment 
but present serious challenges as well. Stem 
cells are undifferentiated but can develop into 
specialized cells and reproduce indefinitely to 
produce more cells with the same properties 
[32]. Similarly, progenitor cells are early 
descendants of stem cells that can also differen-
tiate to form one or more kinds of cells; how-
ever, they cannot divide and reproduce 
indefinitely and are more limited in the kinds of 
cells they can form [79]. Previous studies indi-
cated that intercalated ducts of salivary glands 
are enriched with both stem and progenitor cells 
capable of differentiating and replacing dam-
aged tissues, thereby  contributing to the mainte-
nance of acinar cells. Additionally, recent 
studies indicated that the primary mechanism 
for maintaining salivary glands is through dupli-
cation of acinar cells [5]. These results indicate 
that all of these cells (i.e., stem, progenitor, and 
acinar cells) are candidates for the study of sali-
vary gland regeneration and, as such, may have 
bioengineering applications.

7.4.1  Markers of Stem 
and Progenitor Cells

As indicated above, salivary glands contain pro-
genitor cells, and multiple markers have been 
used to characterize the various progenitor cell 
populations within them. One such marker is 
Ascl3, a transcription factor essential for tissue 
development and differentiation. Specifically, 
transplanted Ascl3-expressing cells were shown 
to induce differentiation and tissue repair in sali-
vary glands and actively promote regeneration 
[68]. Moreover, Ascl3 was found to be expressed 
in ductal cells and demilune caps of SMG [13]. 
These studies indicate Ascl3-expressing cells 
contribute to mature salivary gland tissue mainte-
nance and are likely useful for salivary gland bio-
engineering studies.
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K5 (a structural protein that forms cytoskele-
ton intermediate filaments) shows some potential 
as a marker for salivary gland progenitor cells. 
Specifically, cells expressing K5 (also known as 
K5+ cells) have been found in ducts of adult sali-
vary glands, which contain progenitor cells [19]. 
Likewise, K5+ cells give rise to acinar and ductal 
cells shortly after birth [36]. However, in order to 
isolate progenitor cells, co-localization of K5 
with other cell markers is necessary [43], indicat-
ing that K5 expression alone may not be a satis-
factory marker for salivary progenitor cells.

Another marker for progenitor cells is Sox2, 
a member of the Sox family of transcription fac-
tors which has been shown to play key roles in 
many stages of mammalian development [39]. 
Recent studies showed that an absence of Sox2+ 
cells in mice resulted in compromised epithelial 
integrity (including salivary glands) and death 
[4]. These results indicate that Sox2+ progenitor 
cells are important for tissue regeneration and 
survival of mice.

Integrins such as α6β1 have been found to 
be markers for salivary progenitor cells in 
rats [58], and cells expressing them were used 
to establish an immortalized cell line of rat 
salivary progenitor cells [82]. This cell line 
is capable of differentiating into both acinar- 
and ductal-like structures and has the ability 
to be modulated when grown on Matrigel-
based scaffolds; however, cells grown under 
these conditions display uncontrolled growth. 
Consequently, further studies are needed to 
determine whether the acinar- and ductal- like 
structures generated from this cell line respond 
to salivary secretory agonists for purposes of 
growth suppression.

Ductal cells in salivary glands also have been 
shown to express several stem cell markers (i.e., 
CD24, CD49f, CD133, and c-Kit+) [55]. 
Particularly, c-Kit was definitively established as 
a stem cell marker and therefore gained the high-
est priority; however, flow cytometric analysis of 
cells obtained from SMG indicated that only 
0.058 % of salivary cells expressed c-Kit [55]. As 
such, c-Kit appears not to be an ideal marker for 
stem cell isolation in salivary glands.

7.4.2  Stem and Progenitor Cells 
In Vivo

Bone marrow-derived mesenchymal stem cells 
(BM-MSC) can be used for stem cell usage. 
Recent studies cocultured BM-MSC with pri-
mary mouse SMG cells, which led to transdiffer-
entiation of BM-MSC into a salivary-like 
phenotype, as indicated by the expression of 
α-amylase, muscarinic type 3 receptor, aquapo-
rin- 5, and cytokeratin 19. These studies success-
fully identified proteins involved in the process of 
BM-MSC differentiating into salivary gland epi-
thelial cells; however, further analyses are neces-
sary to determine the function of these factors in 
mesenchymal stem cell reprogramming [60].

The use of embryonic salivary cells is an alter-
native option for restoring salivary glands in vivo, 
as they are a good source of progenitor and stem 
cells. Specifically, previous studies showed that 
mouse embryonic salivary cells (i.e., submandib-
ular, sublingual, and parotid glands) grown in an 
organ culture can be transplanted in vivo. 
However, significant issues appear to limit the 
utility of this strategy, including a diminished 
gland size and a brief period of survival for ani-
mal subjects following implantation [57].

Finally, several studies have shown that stem 
cells derived from postnatal salivary cells can be 
used to restore damaged salivary glands in vivo 
[54, 55]. Unfortunately, as mentioned above, 
salivary gland specimens express low numbers 
of stem and progenitor cells (e.g., c-Kit+ cells), 
thereby limiting their utility for clinical pur-
poses. In order to generate enough stem/progeni-
tor cells for transplantation, recent studies using 
mouse salivary glands expanded the number of 
stem cells ex vivo. Specifically, salivary gland 
sphere- derived single cells were differentiated 
in vitro into distinct lobular or ductal/lobular 
organoids containing multiple salivary gland cell 
lineages [53]. This study indicates that func-
tional salivary gland stem cells can now be puri-
fied and expanded ex vivo from single salivary 
cells; however, follow-up studies using human 
cells will be needed to translate these findings 
for clinical work.
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7.5  Scaffolds

Salivary cells can be grown on various sub-
strates (e.g., permeable supports, collagen, 
Matrigel, hydrogels, etc.), as detailed above. 
Recently, a study showed that rat SMG can be 
decellularized by detergent immersion, thereby 
removing all cells from the tissue and leaving 
only a scaffold composed of extracellular 
matrix proteins (Fig. 7.2). Using this scaffold 
as a support, primary SMG cells were reseeded 
and cultured in vitro. Results from this study 
demonstrated that recellularized structures 
express salivary differentiation markers in vitro 
[25], thereby offering a promising option for 
salivary gland bioengineering if secretory func-
tion can be demonstrated in future studies.

 Conclusion

Construction of an artificial salivary gland is 
an attractive alternative to repair or regenera-
tion of native glands in patients with hyposali-
vation. To that end, issues related to the cells 
to be grown (i.e., longevity, differentiation, 
function) and the environment in which they 
are to be cultured (i.e., ability to produce dif-
ferentiated structures, biocompatibility, and 
limitation of tumorigenicity) must be resolved.
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Abstract

Salivary glands produce saliva needed to carry out daily functions such as 
initiation of food digestion, lubrication of the oral cavity, and prevention 
of oral diseases. Xerostomia, or dry mouth due to hyposalivation, can 
occur in individuals with Sjögren’s syndrome or in patients who receive 
radiation therapy to treat head and neck cancer. This chapter will focus on 
the bioengineering approaches in salivary gland regeneration that seek to 
restore salivary function in patients suffering from xerostomia. A brief 
description of salivary gland function, structure, and development will be 
provided first as this information is vital to inform any salivary gland tis-
sue engineering efforts. Additionally, examples of salivary gland-derived 
stem/progenitor cells that are used in various salivary gland regeneration 
models will be introduced along with a brief description of each utility as 
source material for tissue engineering. Lastly, we will review matrices for 
three-dimensional cell culture, including decellularized native extracellu-
lar matrix scaffolds, Matrigel®, and scaffolds containing biologically 
derived natural polymers, polysaccharides, and biologically active protein 
fragments. Together, these elements will provide a current view of the 
state-of-the-art clinical approaches to relieve xerostomia using three- 
dimensional culture techniques.

8.1  Motivation for Engineering 
a Neo-Salivary Gland

Over 50,000 Americans suffer from head and 
neck cancer annually [1]. The majority of those 
cancer patients with locally invasive forms of the 
disease will receive a standard treatment that 
includes radiation therapy (RT). Despite the 
broad availability and use of intensity-modulated 
radiotherapy (IMRT) as an RT delivery method, 
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and its high spatial precision, RT still too often 
leads to drastic adverse morphological changes 
in salivary gland structure, including ductal meta-
plasia, periductal fibrosis, and necrotic loss of 
salivary acinar cells [2, 3]. Consequently, ~64 % 
of long-term head and neck cancer survivors who 
were treated with conventional two-dimensional 
(2D) RT suffer from moderate to severe 
RT-induced xerostomia, or dry mouth, which 
greatly reduces their quality of life due to 
hyposalivation [4]. Current treatments for xero-
stomia include cholinergic sialagogues, artificial 
saliva substitutes, strict oral hygiene, and other 
largely palliative treatments. However, these 
strategies are only temporary, and many produce 
several undesirable side effects including, but not 
limited to, nausea, vomiting, and/or excessive 
sweating [5]. Hence, they are often abandoned by 
patients, as a majority of patients fail to return to 
their dental follow-up appointments after com-
pletion of radiation therapy [6].

For these reasons, a tissue-engineered salivary 
gland, created with patient-derived cells and sur-
gically grafted into the parotid of the xerostomic 
patient after successful cancer therapy, offers an 
alternative treatment for this syndrome. 
Inspiration for designing a salivary neotissue is 
found in the organization and composition of the 
native tissue. This chapter considers the cellular 
and extracellular components of salivary glands 
and their potential for implementation in the cre-
ation of an engineered tissue replacement.

8.2  Salivary Gland Structure 
and Development

8.2.1  Salivary Gland Structure 
and Function

The salivary system in humans consists of three 
major bilateral salivary glands: the parotid, sub-
mandibular, and sublingual glands. Parotid 
glands are the largest and are located inferior and 
anterior to the ear. Submandibular and sublingual 
glands are located inferior to the tongue and floor 
of the oral cavity. Additionally, there are numer-
ous minor serous fluid and mucous-producing 

salivary glands lining the oral cavity [7]. All of 
these salivary glands are responsible for produc-
ing the salivary components that initiate diges-
tion of food, lubricate the oral cavity, facilitate 
swallowing, and maintain the dental flora to 
avoid dental diseases [8].

Functional salivary glands have a complex 
cellular organization that allows saliva to be pro-
duced constitutively and in greater amounts upon 
demand. A tightly structured and extensively 
routed network ensures that saliva is unidirec-
tionally secreted into the oral cavity. Proximal 
functional units in salivary glands consist of aci-
nar cells (serous and/or mucinous cells) that pro-
duce proteins and fluid transported in saliva. The 
spherically organized pyramidal acinar cells are 
highly interconnected to each other and to the 
surrounding myoepithelial cells via cell-cell 
adhesions (see Sect. 8.2.2.1). Stellate-shaped 
myoepithelial cells are postulated to be responsi-
ble for contracting the acinus and forcing saliva 
out into an elaborate system of ducts leading into 
the oral cavity [9–11]. Functional acini secrete 
salivary contents into their lumens that merge 
into a hierarchical transport system composed of 
intercalated, striated, and excretory ductal 
regions, which both transport and continue to 
modify the composition of saliva as it exits the 
gland [12].

Polarized acinar cells comprise the acinar units 
that selectively secrete salivary components into 
the lumens of the glands. Polarized, or asymmet-
rically organized, acinar cells are interconnected 
on their lateral surfaces by cell-cell junctions 
including adherens junctions, tight junctions, gap 
junctions, and desmosomes and are anchored on 
their basal surface to the basement membrane 
through integrin-mediated binding [13–20]. 
Acinar cells also interact with myoepithelial cells 
on their basal sides. Organelle positioning is dis-
tinct in polarized cells; in salivary acinar cells, the 
nucleus is positioned at the base of the cell, near 
the basement membrane and far away from the 
lumen. The smooth and extensive rough endo-
plasmic reticulum (ER) and the Golgi apparatus 
that synthesize and package salivary contents for 
transport are positioned between the nucleus and 
the secretory lumen. The many secretory vesicles 
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that release salivary contents into the lumen are in 
close proximity to the apical membrane [21–23]. 
This polarized organization and unique nature of 
secretory vesicles have been described as key fac-
tors for proper secretion, which can be lost in the 
selective destruction of the salivary acinar units 
during radiation [24–26].

A well-organized basement membrane is cru-
cial for maintaining cell polarity. The basement 
membrane is a specialized network of extracel-
lular matrix (ECM) proteins mainly composed of 
collagen IV, laminin, perlecan/HSPG2 (Fig. 8.1), 
and entactin/nidogen [27, 28]. Each of the acini 
and ductal cells in the salivary glands is separated 
from underlying connective tissue by a mesh-
work of laminin heterotrimers and collagen IV, 
which are spot-welded together by entactin [29]. 
The ~800-million-year-old heparan sulfate pro-
teoglycan 2, perlecan/HSPG2, plays a unique 
role in the border functions of the basement 
membrane and as a growth factor supply depot 
important for wound healing [30, 31]. Additional 
functions of the basement membrane include 
promoting salivary cell organization, providing 
mechanical support to the gland, providing guid-
ance cues during salivary development and hence 
regeneration, and storing heparin-binding (HB) 
factors that can be actively released in case of 
immediate need.

Salivary glands produce and secrete saliva 
constitutively at a relatively constant rate of 
0.3 mL/min or on demand at higher levels of 

about 7 mL/min during a meal when they are 
stimulated by the surrounding autonomic nerves 
[32, 33]. Cholinergic neurotransmitters released 
by the surrounding parasympathetic innervation 
stimulate the glands to secrete salivary fluid, 
while adrenergic neurotransmitters released by 
the surrounding sympathetic innervation stimu-
late the glands to secrete salivary proteins (see 
8.2.2). Additionally, autonomic innervation is 
required for proper development of the salivary 
glands during embryogenesis and in postnatal 
maturation, as discussed in the following section.

8.2.2  Salivary Gland Development

Much of what is known of salivary gland develop-
ment was discovered through the study of devel-
opmental processes in a mouse submandibular 
gland model and is summarized briefly below 
[34–36]. Salivary gland development consists of 
five distinct stages: prebud, initial bud, pseudo-
glandular, canalicular, and terminal bud. During 
the prebud stage at embryonic day 11.5 (E11.5), 
the ectodermal epithelium adjacent to the tongue 
thickens, marking the location of the base of the 
salivary gland. The thickened epithelium contin-
ues to proliferate and grow, forming an initial bud 
that extends into the neighboring neural crest mes-
enchyme (E12.5). Simultaneously, the base of the 
bud invaginates to create the duct of the devel-
oping salivary bud. Branching  morphogenesis of 

a b c

Fig. 8.1 Basement membrane proteins assist in the orga-
nization and function of acinar and ductal compartments 
in human parotid glands. Immunohistochemistry is used 
to identify critical extracellular matrix proteins in human 
salivary gland tissue including (a) collagen IV (green), (b) 

laminin (red), and (c) perlecan/HSPG2 (green) that sur-
round acini and intercalated ducts. Scale bars are 20 μm, 
and nuclei (blue) are counterstained with 4’,6-diamidino- 
2-phenylindole (DAPI)
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the salivary gland commences during the pseu-
doglandular stage (E13.5), yielding a multilobed 
structure with multiple salivary buds connected 
to the base of the gland via epithelial branches. 
As branching morphogenesis continues during 
the canalicular stage (E15.5), these epithelial 
branches begin to develop a lumen via apoptosis 
of inner epithelial cells, migration of outer epi-
thelial cells, and proliferation of epithelial cells 
at the tips of the branches [36, 37]. Salivary gland 
differentiation begins and the majority of ductal 
lumens are formed by the terminal bud stage 
(E17.5), but the remaining undifferentiated cells 
and unformed lumens will be differentiated and 
formed postnatally, respectively.

Aside from being instrumental for the physi-
ology of the mature gland, nerves also are essen-
tial during salivary gland development. Salivary 
glands are innervated by postganglionic parasym-
pathetic and sympathetic nerve fibers that stimu-
late fluid-rich and protein-rich secretions [12, 32, 
38]. Parasympathetic postganglionic nerve fibers 
originate from the submandibular ganglion for 
the SMG, while they originate from the otic gan-
glion for the parotid gland. Sympathetic nerve 
fibers innervating all glands originate from the 
superior cervical ganglion, using the external 
carotid plexus as a guide to branch off to the sali-
vary glands [32, 38, 39]. Sympathetic denerva-
tion in neonatal rats led to a reduction in acinar 
cell size and in the number of granules produced, 
suggesting that proper sympathetic innervation is 
important for acinar cell maturation [40]. Studies 
performed with fetal mice showed that the para-
sympathetic ganglia from the submandibular 
ganglion grow in parallel and are directed by the 
developing SMG epithelium [41, 42]. Lastly, dis-
ruption of parasympathetic innervation in mouse 
embryonic SMG explant cultures reduced the 
number of cytokeratin 5 (K5) expressing pro-
genitor cells, as well as a reduction in branching 
morphogenesis of the organ [43]. The epithelial 
progenitor population needed for organogenesis 
was rescued by stimulation of the muscarinic M1 
receptor (M1), via acetylcholine treatment, and 
was dependent on epithelial growth factor (EGF) 
receptor signaling. Together, these studies indi-
cate that  innervation contributes significantly to 

proper branching morphogenesis and differentia-
tion of the salivary gland.

Studies of embryonic salivary gland develop-
ment have identified important factors needed for 
successful development of a functional salivary 
gland: growth factors (GFs) (i.e., EGF and fibro-
blast growth factors (FGFs)), innervation, vascu-
larization, and epithelial and mesenchymal 
cell-derived ECM (discussed further in the fol-
lowing section). To advance the field of salivary 
tissue replacement, these critical factors should 
be strategically incorporated into the design of 
the bioengineered organ, regardless of whether or 
not they are integrated in vitro into the scaffold 
for organ culture or added in vivo after implanta-
tion of the scaffold. Moreover, to fully recapitu-
late the events in development, the addition of 
key morphogenetic factors needs to be tempo-
rally and spatially controlled, as they would be 
during native gland development. For example, 
the introduction of certain ECM components like 
fibronectin, which is critical for cleft formation 
needed during branching morphogenesis, and 
FGFs needed for bud elongation and cleft forma-
tion should only be introduced during the onset 
of branching and not during initial clustering and 
assembly. The ideal salivary gland tissue engi-
neering scaffold would support these temporo-
spatially distinguished functions and promote 
stable long-term ingrowth of the host’s native 
vascularization and innervation as the neogland 
develops.

8.2.2.1  Importance of the ECM 
During Salivary Gland 
Development

Successful salivary gland development depends 
on the temporospatial signaling provided by the 
development and maturation of the underlying 
basement membrane that separates the basal sur-
face of the glandular acinar and myoepithelial 
cells from the underlying connective tissue. The 
basement membrane is dynamic and is actively 
remodeled throughout the development, 
 homeostasis, and wound healing. Under normal 
conditions, the basement membrane maintains 
tissue homeostasis of the salivary organ and pro-
vides direction and orientation for secretion. 
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Proteases, such as matrix metalloproteinases 
(MMPs), partially cleave the basement mem-
brane to loosen the matrix and allow for acinar 
growth. Moreover, in addition to providing the 
extra space needed for tissue expansion, turnover 
releases a number of locally sequestered growth 
factors needed to further stimulate gland devel-
opment [37, 44, 45]. One study using mouse 
embryonic SMG explants showed the dynamics 
of the basement membrane during branching 
morphogenesis [44]. Salivary epithelial cells at 
the tip of the buds digested the basement mem-
brane through the activation of MMPs, creating 
perforations through which they could migrate. 
The basement membrane is seen to move inward 
toward the clefts, forming the ducts that appear 
during development. Furthermore, interactions 
between the developing salivary epithelium and 
the basement membrane are vital for the growth 
of an initial salivary epithelial bud, branching 
morphogenesis of that bud, and differentiation 
and polarization of the salivary parenchymal 
cells including acinar and ductal cells.

The ECM is crucial for the formation of a 
multilobed secretory organ such as the salivary 
gland through branching morphogenesis, and in 
the case of salivary acinus, the ECM is secreted 
both by the epithelial cells, particularly the myo-
epithelial cells, and the neighboring mesenchy-
mal cells [46–48]. Studies in which interactions 
between the salivary epithelial cells and the sur-
rounding basement membrane proteins were 
decreased inhibited branching morphogenesis, 
demonstrating the need for a well-organized 
basement membrane to guide gland develop-
ment [46, 49, 50]. Fibronectin, a glycoprotein in 
the ECM that is arranged into fibrils, is present 
early on during gland development and estab-
lishes cleft formation during branching mor-
phogenesis [46, 51, 52]. Fibronectin expression 
in developing mouse SMGs was assessed via 
laser microdissection and RT-PCR of the sali-
vary tissue, allowing the tissue to be divided into 
cell populations of cleft-derived epithelial cells, 
bud-derived epithelial cells, cleft-neighboring 
mesenchyme, and bud-neighboring mesenchyme 
[46]. Fibronectin expression was high in both 
the cleft-neighboring and bud-neighboring mes-

enchyme. Unexpectedly, fibronectin expression 
was observed in salivary epithelial cells, with 
increased expression of fibronectin localized to 
the epithelial cells closest to where the cleft will 
form. This fibronectin deposition was accompa-
nied by a decrease in E-cadherin expression [46].

To test fibronectin’s role in branching mor-
phogenesis, the protein was targeted with specific 
blocking polyclonal or monoclonal antibodies 
that could reduce its interactions with epithelial 
cells in the developing mouse SMG [46]. 
Branching morphogenesis was partially inhibited 
by anti-fibronectin antibody treatment, shown by 
a dose-dependent reduction in bud formation. A 
similar decrease in branching was observed in 
early salivary buds treated with siRNA against 
fibronectin and was rescued by exogenous fibro-
nectin in a concentration-dependent manner if it 
was added to the organ culture. Treatment with 
antibodies targeting integrins α5 and β1 had the 
greatest negative effect on branching morpho-
genesis, suggesting an important role for the 
fibronectin receptor α5β1 in fibronectin-mediated 
branching morphogenesis.

Interstitial collagens also are important to ini-
tiate branching morphogenesis during the early 
development of salivary glands [47, 53, 54]. 
Using radiolabeled amino acids, soluble tropo-
collagen was shown to be secreted by mesenchy-
mal cells and selectively polymerized into 
collagen fibrils by salivary epithelium from 
embryonic SMG rudiments [47]. Studies in 
which collagen synthesis was inhibited, or the 
protein was degraded with collagenases, reduced 
the extent of branching morphogenesis of the 
SMG in the ex vivo embryonic model [54–58]. 
Inhibition of collagen synthesis and secretion by 
treatment with L-azetidine-2-carboxylic acid 
(LACA) or α,α’-dipyridyl drastically reduced 
branching of the embryonic developing SMGs 
[57]. However, inhibition of collagen cross- 
linking by treatment with β-aminopropionitrile 
had no effect on the morphogenetic activity of the 
SMGs treated. Collagenase treatment of 
 developing salivary glands, whether for a short or 
long period, inhibited branching morphogenesis 
of the gland [58]. Expression of collagens I, III, 
IV, and V was analyzed by immunohistochemical 
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techniques [51, 53]. Collagens I, III, IV, and V 
were found to be present throughout the salivary 
mesenchyme; however, collagen III accumulated 
distinctly at the indented sites and clefts of the 
salivary bud. Although collagen IV was present 
in the mesenchyme, it was localized in higher 
concentrations in the surrounding basement 
membrane layer [51]. Collagenase derived from 
bovine dental pulp that specifically cleaves col-
lagen I and III was shown to inhibit branching 
morphogenesis of the developing salivary gland, 
and this effect was reversible with the addition of 
a collagenase inhibitor (bovine serum albumin or 
fetal calf serum) [56].

Laminin is an abundant component of the base-
ment membrane that also plays an important role 
in salivary gland development. The heterotrimer is 
made up of one of each subunit chain: α (1–5), β 
(1–3), and γ (1–3), which co-assembles into a 
polymeric network lying directly under the epithe-
lium and/or endothelium [27]. The α chain of lam-
inin uniquely contributes five LG domains at the 
C-terminal end, which make up the globular, or G, 
domain that has many cell-binding sites enabling 
cell-laminin adhesion [59]. Cellular receptors for 
laminin mediate the biological responses by the 
salivary epithelium, and those include integrins α3, 
α6, β1, and α-dystroglycan [37, 50, 60–63]. 
Laminin glycoproteins mainly are localized to the 
basement membrane surrounding the developing 
mouse SMG, but expression of laminin chain iso-
forms varies during development and continues to 
be expressed up to the time of maturation of the 
gland [37, 51, 62, 64]. Laminins α1 and α5 are 
expressed throughout the basement membrane of 
developing mouse SMGs during branching mor-
phogenesis and are localized to the basement 
membrane surrounding the ducts in the branched 
organ; specifically, α1 is restricted to the only the 
excretory ducts [49, 65]. Laminin α2 was shown to 
be expressed at lower levels early during develop-
ment at E13 and at higher levels in the basement 
membrane surrounding matured acini [66]. 
Laminin α3 is present in the early stages of devel-
opment (mouse) around the stalk of the bud and 
growing ducts and in later stages in the basement 
membrane surrounding the excretory duct and 
myoepithelial cells [67].

Antibodies against the E3 domain of the lam-
inin α1 chain inhibited branching morphogen-
esis and led to the formation of a discontinuous 
basement membrane [49]. Targeting integrin α6 
with antibodies also disturbed branching mor-
phogenesis of the embryonic SMG, but did not 
disrupt the formation of a continuous basement 
membrane. Furthermore, this study suggests 
that the E3 domain from laminin α1 chain is 
important for the formation of a well-organized, 
continuous basement membrane. Kadoya et al. 
tested the activity of various sequences from 
laminin α1 and α2 chains, and a specific sequence 
(RKRLQVQLSIRT) in laminin α1 LG4 domain 
was shown to be important for salivary gland 
development [66]. Embryonic mouse SMG 
glands failed to undergo branching morphogen-
esis or form a continuous basement membrane 
when treated with AG-73 peptide. Furthermore, 
the homologous sequence to AG-73, MG-73, in 
laminin α2 chain had no effect on branching mor-
phogenesis of the developing gland, suggesting 
that laminin α2 may be important for terminal bud 
differentiation and not for branching morphogen-
esis. Targeting laminin α5 activity in the devel-
oping SMG with A5G77f peptide derived from 
globular domain LG4 inhibited branching mor-
phogenesis, but did not inhibit basement mem-
brane formation [65]. The salivary rudiments 
treated with A5G77f contained terminal epithe-
lial buds with cleft formation, but they failed to 
form elongated ducts, suggesting that laminin α5 
cell adhesion is important for ductal elongation.

Perlecan/HSPG2 is a heparan sulfate proteo-
glycan present in the basement membrane sur-
rounding various epithelia, including the salivary 
gland epithelium. Successful salivary gland 
growth and development relies on the presence of 
perlecan because it serves as a depot for the broad 
category of heparin-binding (HB) GFs that 
enable cell proliferation and differentiation [30, 
37, 68, 69]. When properly synthesized by the 
cell, perlecan is modified within domain I and V 
with long glycosaminoglycan chains, primarily 
heparan sulfate and some chondroitin sulfate. 
The presence of heparan sulfate enables its 
growth factor binding and delivery function [30, 
70–72]. Important GFs for salivary gland 
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 development delivered by perlecan’s heparan sul-
fate chains include FGF-1, FGF-2, FGF-9, FGF-
10, HB-EGF, vascular endothelial growth factor 
(VEGF), and platelet-derived growth factor 
(PDGF) for vascularization [30]. Furthermore, 
these growth factors, often in the presence of 
heparan sulfate, stimulate FGFRs, and this acti-
vation in turn triggers the biological processes 
that occur during salivary gland development. 
Thus, the contribution of perlecan as a key co- 
receptor providing heparan sulfate for growth 
factor presentation remains very important [69, 
73–76]. Through the use of the ex vivo embry-
onic mouse SMG model, FGF-7 and FGF- 10 
have been shown to play a positive role in stimu-
lating salivary epithelial bud growth. Embryonic 
mouse SMGs treated with FGF-7 and FGF-10 
had larger buds when compared to the control 
SMGs, while those treated with FGF-2 had a 
decrease in the number of buds [73]. Additionally, 
FGF-7 and FGF-10 have differential effects on 
ductal formation within a heparan sulfate-rich 
ECM, driving ductal branching or elongation, 
respectively [69].

Aside from its role in branching morphogen-
esis, the ECM also is critical for the establish-
ment and stabilization of polarity of the salivary 
parenchymal cells. Salivary epithelial cells asym-
metrically organize their cytoplasmic and 
membrane- bound proteins during cytodifferenti-
ation, leading to a polarized epithelial cell with 
an apical membrane facing the lumen separated 
from the basolateral membrane. Polarization of 
epithelial cells involves both cell-cell and cell- 
ECM adhesion, but how exactly each one aids in 
establishment of polarity is still unclear. This 
asymmetric organization, or polarity, of salivary 
acinar and ductal cells is required for the proper 
function of the salivary gland, i.e., the directional 
secretion of salivary proteins and fluid. It is 
essential that these polarized functions be recre-
ated in any engineered gland designed to restore 
directional secretion of saliva.

Polarized epithelial cells are physically inter-
connected by cell-cell adhesions including tight 
junctions, adherens junctions, desmosomes, and 
gap junctions, all of which aid in establishing and 
maintaining cell polarity [77]. Tight junctions are 

composed of cytoplasmic scaffolding proteins 
zonula occludins, and transmembrane proteins 
claudins, occludins, and junctional adhesion mol-
ecules [14, 78]. Tight junctions are responsible 
for forming an epithelial barrier to prevent diffu-
sion of solutes via the paracellular space, allow-
ing for the formation of a transepithelial ion 
gradient [78]. Additionally, tight junctions pre-
vent the fluid movement of integral membrane 
proteins between the apical surface and the baso-
lateral membrane [79]. Adherens junctions are 
composed of transmembrane protein cadherins 
and cytoplasmic scaffolding proteins including 
catenins [80]. In polarized cells, catenins associ-
ate with cadherins to form the complex that links 
with F-actin, and these F-actin-linked complexes 
are directly linked by cadherins between the cells 
in the epithelial sheet, forming a continuous actin 
belt that strengthens the epithelium [81]. 
Desmosomes are another form of cell-adhesions 
that use cadherins to interconnect neighboring 
epithelial cells [82]. Desmosomal cadherins des-
moglein and desmocollin are the transmembrane 
proteins, and their N-terminal domains interact 
with each other in the intercellular space to make 
the cell-cell adhesions that provide mechanical 
strength to the epithelial sheet [83]. Cytoplasmic 
proteins plakoglobin and plakophilin are part of 
the scaffolding complex that connects the cadher-
ins to the intermediate filament-binding protein 
desmoplakin, forming cell-cell adhesions linked 
to the cytoskeletal intermediate filaments [84]. 
Lastly, polarized epithelial cells are physically 
and chemically interconnected by gap junctions 
that are composed of connexin (Cx) proteins that 
form cell-cell channels that allow the transport of 
ions and small molecules from the cytoplasm of 
one cell to another adjacent cell [20]. Connexin 
(Cx) proteins mediate coordinated intercellular 
signaling during secretion [19], and they also 
play a role in the proper development of the sali-
vary gland [85].

Asymmetrically organized salivary epithelial 
cells also are connected to the underlying base-
ment membrane via integrin-mediated binding in 
hemidesmosomes and focal adhesions, which 
also play a role in establishing and maintaining 
epithelial cell polarity. Focal adhesions and 
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hemidesmosomes are composed of transmem-
brane integrin receptors which bind to the ECM 
outside of the cell and are linked to a scaffold 
complex that is associated with the actin and ker-
atin intermediate filament cytoskeleton, respec-
tively [86, 87]. Some of the proteins that make up 
the intracellular scaffold complex for focal adhe-
sions include talin, vinculin, focal adhesion 
kinase, and α-actinin. The intracellular scaffold 
of hemidesmosomes is composed of an inner 
plaque that connects the adhesion site to the 
intermediate filaments and an outer plaque that 
lies parallel to the cell membrane [88]. Formation 
of these integrin-mediated adhesion sites along 
with cell-cell adhesion sites activates members of 
the Rho family small guanosine triphosphatases 
(RhoGTPases), such as Rac1, Cdc42, and RhoA, 
which mediate the reorganization of the cytoskel-
etal filaments [77, 89, 90]. This cytoskeletal reor-
ganization is vital for the asymmetrical 
positioning of organelles and polarity complexes 
within the polarized epithelial cells [13, 77]. 
Because of the importance of cell-matrix adhe-
sions on cell polarity, a scaffold for three- 
dimensional (3D) organ culture should provide 
integrin-binding sites to the cells to activate the 
players needed for cytoskeletal and organelle 
reorganization in vitro.

Polarity complexes, primarily characterized to 
date in ductal-like cells, are crucial to the estab-
lishment and maintenance of epithelial cell polar-
ity, and they include the Crumbs (CRB) complex, 
the partitioning-defective (PAR) complex, and 
the Scribble complex [91].The CRB complex 
consists of the transmembrane homologous CRB 
proteins, and its cytoplasmic domain is associ-
ated with protein associated with lin seven 
(PALS-1) [77, 91, 92]. PALS-1 links with PALS- 
1- associated tight junction protein (PATJ) via one 
of its L27 domains [77]. PATJ then connects the 
CRBs complex to tight junctions by interaction 
with its PDZ domains, localizing the polarity 
complex to the apicolateral side of the mem-
brane. The PAR complex is made up of PDZ- 
domain- containing scaffold proteins Par3 and 
Par6 and serine/threonine kinase atypical protein 
kinase C (aPKC) [14, 77, 93, 94]. Par3 and Par6 
both have the ability to bind to aPKC and to each 

other. The PAR complex binds to tight junctions 
via Par3, creating an apical-basal border in polar-
ized epithelial cells [14, 77]. Additionally, Par6 in 
this polarity complex associates with RhoGTPase 
Cdc42, and together this complex enables actin 
cytoskeletal reorganization and organelle translo-
cation [95, 96]. The Scribble complex contains 
the conserved proteins scribble, Discs large 
(Dlg), and lethal giant larvae (Lgl), altogether 
making a polarity complex that defines the baso-
lateral membrane of a polarized cell [77, 97]. The 
presence of noncoding mir200c, a key regulator 
of polarity in epithelial cells, in the developing 
submandibular end bud lends further support to 
the notion that the salivary gland uses many of 
the same mechanisms to establish polarity as do 
other polarized epithelia [98]. It remains unclear 
whether the secretory acinar cells of the salivary 
gland polarize precisely in the same way as do 
the ductal cells, but it is likely many of the same 
proteins and complexes are involved.

Together, these cell adhesion and polarity 
complexes regulate the asymmetric cell organiza-
tion needed for proper function of the variety of 
epithelial cells found in the salivary gland. 
However, characterization of these protein com-
plexes in native salivary epithelial tissue remains 
to be investigated, particularly with respect to the 
differences in the acinar and ductal regions. 
When the exact nature of the cell adhesion and 
polarity complexes present in the various salivary 
regions is determined, then these polarity com-
plex proteins can serve as markers for correct 
salivary epithelial assembly and polarization in a 
3D in vitro organ culture model suitable for tis-
sue repair.

8.3  Salivary Gland-Derived 
Stem/Progenitor Cells Used 
for Regeneration Models

Engineering a functional organ in vitro requires 
all of the cell types, and their distinct functions, 
present in that native organ. Those various cell 
types can be isolated and maintained in various 
differentiated states, or stem/progenitor cells can 
be induced to differentiate into the various cell 
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types needed. Much work has been performed to 
locate, isolate, and characterize salivary stem/
progenitor cells for tissue engineering purposes. 
This section will focus on some of the efforts per-
formed by multiple research groups to isolate and 
characterize salivary stem/progenitor cells and 
determine their utility in gland regeneration.

8.3.1  Salisphere-Derived c-Kit+ 
Cells for Salivary Gland 
Regeneration

A salisphere cell culture method was developed 
to culture salivary stem cells that can be used for 
salivary gland function restoration [99]. The 
method entails mechanically and enzymatically 
dissociating salivary tissue and culturing the iso-
lated cells on nonadherent plates to drive cell 
aggregation into salispheres. The salisphere cell 
culture technique allowed for fluorescence- 
activated cell sorting (FACS)-mediated isolation 
of c-Kit+/Sca-1+/Musashi-1+ cells that could 
differentiate into acinar and ductal cell types 
[99]. Salivary c-Kit+ stem cells transplanted into 
irradiated mouse salivary beds restored salivary 
tissue morphology and function after 90 days 
compared to the irradiated-only control. To verify 
that the same population of stem cells was pres-
ent in human salivary glands, salivary c-Kit+ 
stem cells were isolated from non-tumorigenic 
parotid and SMG tissue and were cultured via the 
salisphere method [100]. Human-derived c-Kit+ 
cells also had the ability to self-renew and dif-
ferentiate when cultured in vitro in Matrigel®.

A study by Nanduri et al. further characterized 
stem cell marker expression of murine cells 
derived from the salisphere culture system [101]. 
Salivary stem cell populations expressing c-Kit, 
CD133, CD49f, and CD24 were isolated, and 
stem cell populations expressing each marker 
were quantified using FACS. The expression 
level of CD49f and CD24 was high in the 
salisphere- derived stem cells at day 0, with posi-
tive expression in more than 50 % of cells, while 
the expression level of CD133 (6 %) and c-Kit 
(0.058 %) was low. Expression levels of CD133, 
CD49f, and CD24 remained constant at day 3 of 

salisphere culture, but the expression of c-Kit 
increased by tenfold (0.65 %). Salivary restora-
tion (measured by salivary flow rate) in the 
mouse-irradiated model was achieved most effi-
ciently with c-Kit+ cells, as it only required an 
injection of 300 c-Kit+ cells, while the rest of the 
stem cell populations required 10,000–134,000 
cells to achieve salivary restoration.

A subsequent study assessed the ability of a 
stem cell population positive for c-Kit, CD24, 
and/or CD49f to restore salivary function in irra-
diated salivary glands [102]. Although all of the 
stem cell populations (c-Kit+, c-Kit+/CD24+, 
c-Kit+/CD49f+, and c-Kit+/CD24+/CD49f+) 
restored some percentage of salivary flow in irra-
diated salivary glands, the stem cell population 
expressing c-Kit, CD24, and CD49f restored sali-
vary flow rate in irradiated salivary glands to an 
average of >50 % of the salivary flow rate of the 
untreated control. Restoration of salivary gland 
tissue morphology and cell phenotype by trans-
plantation of c-Kit+/CD24+/CD49f+ cells was 
shown by a reduction in fibrosis, reduction in 
oversized blood vessels, and increased expres-
sion of differentiated ductal cell markers and 
ductal stem markers. Lastly, another lab showed 
that CD49f and Thy-1 expressing salivary pro-
genitor cells isolated from adult human salivary 
glands could differentiate into pancreatic cell 
phenotypes when cultured as spheres, showing 
their potential to transdifferentiate into other cell 
types [103].

8.3.2  Isolation of Adult Stem Cells 
from Human Salivary Tissue

Researchers also have reported other methods for 
the isolation and maintenance of salivary-derived 
cells with stem/progenitor markers [104, 105]. 
Our own group has isolated primary human sali-
vary stem/progenitor cells (hS/PCs) from healthy 
parotid and SMG tissue that can organize into 
salivary structures and that display self-renewal 
and extended proliferation capabilities [106–
109]. Specifically, hS/PCs cultured in 3D hyal-
uronic acid-based hydrogels retain self-renewing 
properties that allow them to continue to prolifer-
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ate for over 48 days (further discussed in poly-
saccharide Sect. 8.4.3.2) [108]. These hS/PCs 
express c-Kit, K5, and K14 and can be differenti-
ated to display salivary and ductal phenotypes 
(data in press and [108]).

Rotter et al. reported a population of stem 
cells isolated from adult human parotid tissue 
using enzymatic digestion methods [104]. 
Mesenchymal stem cell (MSC) marker expres-
sion was assessed with flow cytometry analysis 
and showed that these isolated cells expressed 
CD29, CD44, CD73, and CD90. Analysis of 
these cells for hematopoietic stem cell marker 
expression showed that these cells are negative 
for CD34, CD45, and CD133, indicating that 
they are not of hematopoietic origin. Salivary 
gland-derived MSCs were cultured in various 
tissue-specific differentiation media to demon-
strate their ability to differentiate into adipogenic, 
osteogenic, or chondrogenic cell phenotypes. 
Importantly, these authors do not suggest that 
these cells demonstrate any salivary-specific 
function or ability to differentiate into acinar, 
ductal, or myoepithelial phenotypes.

Another lab also reported the isolation of 
MSCs from adult human salivary tissue that 
could be used for salivary regenerative purposes 
[110]. In this case, human SMGs were processed 
enzymatically and isolated cells were cultured on 
collagen I-coated tissue culture flasks. Human 
salivary gland stem cells (hSGSCs) were cultured 
for longer periods of up to 5 weeks, and then 
assessed for mesenchymal and hematopoietic 
stem cell marker expression via FACS. Isolated 
hSGSCs were positive for MSC markers CD44, 
CD49f, CD90, and CD105, but not for hemato-
poietic stem cell markers CD34 and CD45. These 
MSCs could be differentiated into adipogenic, 
osteogenic, and chondrogenic cell types. 
Sequential treatments with differentiation media 
(containing EGF/hepatocyte growth factor (HGF) 
or solely EGF) resulted in amylase expression in 
a small fraction of these cells. Transplantation of 
hSGSCs into radiation-damaged rat salivary beds 
partially restored salivary flow and normalized 
tissue morphology and reduced the number of 
cells undergoing apoptosis. This study suggests 
some salivary gland regenerative potential of 

MSCs derived from human salivary tissue, but 
this approach has many challenges to overcome 
before such use can be achieved.

8.4  3D Scaffolds Used in Salivary 
Gland Regeneration Models

Tissue engineering of a functional organ requires 
a 3D biomimetic scaffold that allows cells to 
organize into their native structure. There have 
been a myriad of scaffolds generated and utilized 
for 3D cell culture for tissue engineering pur-
poses. Specifically, studies using 3D scaffolds for 
salivary cell culture have been extremely infor-
mative for future salivary gland tissue engineer-
ing efforts; these studies will be reviewed in this 
section and are outlined in Table 8.1.

8.4.1  Decellularized Native ECM 
Scaffolds for Regenerative 
Purposes

Organ donor shortage is a significant problem in 
the United States. There are currently over 
123,000 people on the waitlist to receive an 
organ, and more than 6500 people will die wait-
ing each year [118]. One solution to the shortage 
of donated organs is to utilize allogeneic and 
xenogeneic organs to create ECM scaffolds for 
organ regeneration. Decellularization of organs 
via physical, chemical, and/or enzymatic meth-
ods leaves behind a natural scaffold composed of 
the ECM proteins and glycosaminoglycans 
(reviewed in [119, 120]). Published decellular-
ization methods vary greatly depending on the 
chemical agents, physical forces, organ type, and 
organ species used (Table 8.2) [113, 119, 120, 
140, 151–156]. In general, mechanical/physical 
methods, chemical methods, and/or enzymatic 
methods can be applied when decellularizing 
organs, and these methods can be used in combi-
nation for more efficient decellularization 
depending on tissue type (refer to [119, 120] for 
a more detailed review of techniques).

Efforts to decellularize various organs includ-
ing the heart, lungs, kidneys, and trachea, among 
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others, in the past decade have paved the way for 
future advancements in decellularization of other 
organs [113, 136, 140, 151–156]. An example of 
a highly branched organ of high relevance to sali-
vary glands, with respect to tissue structure and 
organization, is the lung. Like salivary gland 
development, lung development depends on 
branching morphogenesis of the primary buds 
formed to develop the fully branched, differenti-
ated organ [157–159].

Ott et al. developed a low-concentration 
sodium dodecyl sulfate (SDS)-based perfu-
sion decellularization protocol for decellu-
larizing rat lungs to yield ECM scaffolds for 
lung regeneration purposes [141]. Perfusion 
decellularization of rat lungs created acellular 
ECM scaffolds that maintained the native tis-
sue architecture including vasculature, airways, 
and alveoli. Decellularized lung ECM scaffolds 
were recellularized with human umbilical cord 
endothelial cells (HUVECs) and fetal rat lung 
epithelial cells to restore vasculature and the 
lung parenchyma. Recellularized rat lungs were 

perfused with blood and cultured under physi-
ological conditions with the use of a bioreactor, 
and were orthotopically transplanted into a lung 
resection rat model. Regenerated rat lungs were 
connected to the recipient’s pulmonary artery and 
vein to restore blood flow and were ventilated via 
the recipient’s airway. Although the regenerated 
lung functionally provided gas exchange in vivo 
for up to 6 h before respiratory failure, there 
were observable complications including pul-
monary secretions and interstitial edema in the 
graft. Additionally, the lung was not completely 
regenerated as there were areas of the lung tis-
sue lacking surfactants, containing squamous 
epithelium instead of mature secretory cells, 
and possible type II cell hyperplasia. A follow-
up study showed that integrating improved graft 
 preservation and postoperative weaning proto-
cols allowed for enhanced in vivo gas exchange 
in the rat lung resection model [111]. However, 
the recellularized scaffolds again failed to be 
completely regenerated and led to fibrosis sur-
rounding the graft and infection.

Table 8.1 Scaffolds used for tissue engineering purposes

Type of matrix Examples

Decellularized ECM scaffold Decellularized mouse, rat, porcine, and human lungs [111, 112]
Decellularized and recellularized rat submandibular gland [113]

Matrigel®/GFR Matrigel® Matrigel® used for culturing primary salivary gland cells [114]
Growth factor-reduced Matrigel® [115]

Biologically derived polymers/
natural polymers

Proteins:
  Collagen
  Laminin
  Fibrin [115]
Polysaccharides:
  Hyaluronic acid
  Agarose
  Dextran
  Chitosan
Protein/polysaccharide hybrid polymers:
  Collagen/HA
  Laminin/cellulose
  Gelatin/chitosan
  Fibrin/alginate
  Fibrin/agarose

Protein fragments/peptides Laminin peptides integrated into agarose gels [116]
Collagen-derived degradable peptides (PQ) [117]
Collagen I
Collagen IV
Perlecan domain IV peptide [106]
Fibronectin-derived RGD peptide
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Other lung decellularization examples 
contain the use of Triton X/sodium deoxy-
cholate (SDC)-based and 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate 
(CHAPS)-based detergents [137, 138, 140, 143, 
153]. Mouse lungs have been successfully 

 decellularized with Triton X/SDC-based decel-
lularization method and have been recellular-
ized with different cell types [137, 138]. Mouse 
lungs decellularized with the detergent solution 
via the trachea, and the right ventricle gener-
ated lung ECM scaffolds that maintained the 

Table 8.2 Decellularization methods

Method Mechanism of action Examples; references

Physical methods Freeze/thaw cycles Disrupts cell membrane through 
the formation of ice crystals

[121–126]

Sonication Disrupts cell membrane through 
the use of applied sound energy

[122, 127–129]

Orbital shaking conditions Typically used to enhance the 
removal of cell particles from 
ECM

[130–132]

Pressure Pressure applied to tissue can 
aid in bursting cells

[133–135]

Chemical methods Nonionic detergents (Triton 
X-100)

Permeabilizes the cell 
membrane without denaturing 
proteins

[124, 128, 133, 
136–139]

Ionic detergents (sodium 
dodecyl sulfate, sodium 
deoxycholate, Triton-X-200)

Permeabilizes the cell 
membrane while also denaturing 
proteins

[111–113, 133, 
136–142]

Zwitterionic detergents 
(CHAPS, sulfobetaines)

Permeabilizes the cell 
membrane with little or no 
denaturing of proteins

[112, 139, 142, 143]

Hypotonic and hypertonic 
solutions

Alternating between low 
concentrations and high 
concentrations of NaCl solution 
to disrupt cell membranes

[125, 144–146]

Alcohols (isopropanol, 
ethanol, methanol, glycerol)

Disrupts cell membranes but 
also fixes tissue; the remaining 
ECM is partially cross-linked

[147–149]

Acids/bases (peracetic acid, 
acetic acid, sodium 
hydroxide)

Disinfects while also removing 
nucleic acids and hydrolyzing 
the ECM proteins, especially 
collagen
Damages ECM as it degrades it 
to a higher extent

[112, 140, 150]

Chelating agents (EDTA, 
EGTA)

Takes up ions necessary for 
cell-cell and cell-ECM binding

[125, 126, 149]

Enzymatic methods Enzymes targeting proteins 
(trypsin, collagenase, lipase)

Typically used in combination 
with other methods as it 
removes cellular proteins and 
ECM proteins, depending on the 
enzyme type

[125, 126, 149]

Enzymes targeting 
nucleotides (nucleases)

Typically used in combination 
with other decellularization 
methods because it degrades 
nucleic acids left behind from 
cell lysis

[125, 126, 132, 146]
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tissue  architecture and ECM integrity including 
an intact vasculature network and ECM proteins 
collagen I, collagen IV, laminin, and fibronectin, 
respectively [138]. However, scaffolds decellu-
larized by this method contained higher amounts 
of remaining contaminating cell cytoskeletal pro-
teins. Lung scaffolds were recellularized with 
bone marrow-derived mouse MSCs, and although 
cell attachment was successful, MSCs failed to 
differentiate into differentiated lung epithelial 
cells. Price et al. integrated the use of a venti-
lator to their decellularization method to apply 
physiological levels of mechanical stretch [137]. 
Decellularized ECM scaffolds in this study also 
retained their native tissue architecture including 
airways, alveoli, and blood vessel network. The 
remaining ECM contained normal levels of col-
lagens, but lower levels of elastin, laminin, and 
GAGs. These scaffolds were reseeded with fetal 
lung cells that were localized to alveolar areas 
and expressed cytokeratin 18 and pro-Sp-C, a 
pulmonary-associated surfactant protein.

Other studies using the Triton X/SDC-based 
decellularization method translated this technol-
ogy to clinically relevant, human-sized lungs 
[140, 153]. Price et al. followed up their previous 
lung decellularization work by developing an 
automated system for organ decellularization via 
perfusion that allows for the control of airway 
and vascular perfusion pressures [153]. Porcine 
lungs were decellularized via perfusion with the 
following solutions in sequential order: deion-
ized water (2 h), Triton X (5 h), sodium deoxy-
cholate (5 h), NaCl (5 h), DNase (2 h), and PBS 
(5 h). This automated method reduced decellular-
ization time from days to a day and made decel-
lularization of the lung more consistent when 
compared to a manual decellularization. 
Decellularization of the lung with this automated 
system yielded decellularized lung ECM that 
maintained the structural integrity of the tissue, 
removed α-galactose, reduced levels of DNA, 
and retained expression of collagen I, collagen 
IV, elastin, fibronectin, vitronectin, and laminin. 
Weymann et al. similarly used Triton X/SDC 
detergent-based perfusion decellularization 
methods to successfully generate an acellular 
lung ECM scaffold that retained the three- 

dimensional tissue architecture [140]. Acellular 
ECM scaffolds decellularized by this method had 
reduced DNA content compared to native tissue, 
maintained expression of collagen I, elastin, and 
GAGs, and had comparable biomechanical 
integrity.

CHAPS-based detergent solution has been 
used in the successful decellularization of rat 
lungs [112, 143]. Using this method, Petersen 
et al. generated acellular lung ECM scaffolds that 
maintained the three-dimensional branched tis-
sue architecture and could be recellularized with 
lung epithelial and rat lung microvascular endo-
thelial cells [143]. DNA content was reduced by 
99 %, and cellular proteins’ major histocompati-
bility complex (MHC) I, MHC II, and β-actin 
were removed from acellular scaffolds generated 
with this CHAPs-based decellularization method. 
ECM proteins’ collagen, laminin, and elastin, at 
lower levels, were preserved in the acellular scaf-
folds, while most of the GAGs were depleted. 
However, in a study by the Ott Lab that used 
SDS, Triton X/SDC, and CHAPs-based decellu-
larization methods on rat lungs, the CHAPS- 
based method led to acellular scaffolds with 
higher levels of DNA content and cytoplasmic 
proteins and lower levels of collagen and laminin 
peptides [112]. Based on this study, this group 
chose the SDS-based detergent decellularization 
method to decellularize clinically relevant 
 porcine and human lungs. Acellular porcine and 
lung ECM scaffolds had a reduced DNA and 
cytoplasmic protein content, with preservation of 
ECM components’ elastin, collagen IV, fibronec-
tin, laminin, and GAGs. Additionally, the human 
ECM scaffolds were biocompatible with small 
airway epithelial cells (SAECs), pulmonary alve-
olar epithelial cells (PAECs), and human umbili-
cal vein endothelial cells (HUVECs), shown by 
cell adhesion onto the scaffold and cell viability 
after 5 days of culture. The whole human lung 
ECM scaffold, and not just tissue slices, also was 
successfully seeded with human PAECs that 
were distributed via the airways by gravity and 
were cultured under constant pressure for 4 days 
with no visible tissue damage.

Another study also used the three differ-
ent published detergent-based decellularization 
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methods (SDS [111, 141], Triton X/SDC [137, 
138, 153], and CHAPS [143]) on mouse lungs to 
compare the effectiveness of each decellulariza-
tion method and the ability to recellularize each 
scaffold [139]. ECM scaffolds processed by the 
three different protocols were assessed for pres-
ervation of the overall tissue architecture by his-
tological methods. The remaining ECM scaffolds 
from SDS and Triton X/SDC better maintained 
the native lung tissue architecture when compared 
to ECM scaffolds from CHAPS. Decellularized 
ECM from all three methods was analyzed for 
protein retention by performing immunohisto-
chemistry, mass spectrometry, and western blot-
ting. Lung ECM decellularized with SDS and 
CHAPS had higher retention of collagen I, colla-
gen IV, and fibronectin when compared to Triton 
X/SDC. Tissue decellularized with SDS and 
Triton X/SDC had higher retention of laminin 
compared to CHAPS. Decellularization meth-
ods using Triton X/SDC and CHAPS were more 
effective at removing nuclear proteins, but less 
effective at removing cytoplasmic proteins when 
compared to the method using SDS. Proteolytic 
activity was measured in each decellularized 
tissue treated with the various detergent-based 
methods, and methods using SDS and CHAPS 
had the lowest proteolytic activity after 24 h. 
Remaining ECM from all three detergent-based 
methods were recellularized using bone marrow-
derived mouse mesenchymal stem cells and C10 
mouse lung epithelial cells. Notably, there were 
no observable differences in cell attachment, 
proliferation, and apoptosis between the varying 
detergent- based methods.

Lessons learned from decellularization of the 
lung studies are highly relevant and applicable to 
any attempts to successfully decellularize the 
salivary glands. Based on the successful genera-
tion of an acellular lung ECM scaffold that has 
the native three-dimensional tissue architecture 
preserved with the use of SDS-based decellular-
ization method, this method seems to be the most 
useful in an organ with similar tissue architecture 
to the lung. However, decellularizing the salivary 
gland poses challenges when compared to the 
lungs. The vasculature network surrounding the 
salivary gland is too small to use for perfusion of 

detergent solution. Another option is to perfuse 
the detergent solution through the salivary ductal 
system, which also is quite small and delicate 
when attempting to cannulate, making it techni-
cally difficult to connect to an external perfusion 
system.

One attempt to translate this SDS-based 
method to the salivary gland was reported by Gao 
et al. [113]. Rat SMGs were successfully col-
lected and decellularized via a previously pub-
lished method that employed detergent solutions 
containing SDS for 32 h, Triton X-100 for 2 h, 
and DNase I for 1 h [119, 155]. However, in this 
study, perfusion decellularization techniques were 
unsuccessful because of the difficult anatomy. 
After the decellularization process was com-
pleted, the remaining ECM was assessed through 
histology, immunohistochemistry, scanning elec-
tron microscopy (SEM), and DNA and protein 
quantification analysis, showing that the ECM 
retained its natural structure and comparable lev-
els of ECM proteins that include collagen I, col-
lagen IV, laminin, and fibronectin. Decellularized 
ECM scaffolds were recellularized with primary 
rat SMG cells injected into the main duct of the 
gland and were maintained in suspension in a 
rotary cell culture system. Recellularized scaf-
folds were assessed by histology and immunohis-
tochemistry, which showed that SMG cells 
remained in the scaffold after injection and 
expressed cell-cell adhesion markers (E-cadherin 
and occludin), aquaporin 5 (AQP-5), and 
α-amylase. This study was useful in showing the 
possibilities of using decellularization and recel-
lularization techniques to salivary gland regenera-
tion purposes. However, the salivary glands of 
humans are much larger organs than those of rats. 
An animal source such as the pig that retains a 
similar facial anatomy to that of humans would be 
more ideal for generating an organ scaffold that 
could restore salivary function in humans.

8.4.2  Matrigel®/GFR Matrigel®

Matrigel®, a basement membrane extract derived 
from Engelbreth-Holm-Swarm (EHS) mouse 
sarcoma cells, is commonly used for 3D cell 
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culture because it contains growth factors and 
 basement membrane proteins found in the ECM, 
which greatly enhance the growth and viability 
of cells that may not grow well in GF-depleted 
matrices. Matrigel® often is used for cell culture 
to assess the biological activity of those cells in 
a growth factor and basement membrane replete 
matrix. However, commercial Matrigel® typi-
cally is not considered a controlled and fully 
characterized matrix as it contains various 
growth factors and basement membrane pro-
teins, and their concentrations vary from batch 
to batch. Although Matrigel® is a useful matrix 
for studying the biological activity of cells, it is 
not ideal for regeneration or tissue engineering 
purposes as it is not biocompatible with humans 
because it is rodent derived. Despite this, the 
results of studies using Matrigel® for salivary 
cell culture are insightful because they can pro-
vide a reference scaffold for comparison when 
trying to generate and assess the usefulness of a 
customized, biocompatible scaffold with ECM 
proteins/peptides.

Rat parotid gland cells (Par-C10) are salivary 
acinar cells isolated from rat parotid glands and 
transformed with simian virus 40 [160]. Baker 
et al. have cultured Par-C10s on Matrigel® and 
demonstrated their arrangement into acinar-
like spheres that expressed tight junction pro-
teins, M3 receptor, and AQP-3, AQP-5 and 
were responsive to carbachol treatment [161]. 
Other studies have used the human submandibu-
lar gland (HSG) cell line in combination with 
Matrigel®/basement membrane extract to study 
the in vitro cell organization and phenotype of 
salivary cells. Human submandibular gland 
(HSG) cells, a cell line derived from interca-
lated ducts of irradiated SMGs (now known to 
be contaminated with HeLa, see below), have 
been shown to form a 3D reticular network 
resembling acini-like structures connected to 
duct-like structures, with the HSG cells taking 
on a differentiated acinar cell phenotype, i.e., 
well-developed Golgi apparatus, microvilli-like 
projections from the apical surface, the presence 
of granules, amylase production, and a decrease 
in cell division [162, 163]. Hoffman et al. fur-
ther investigated the role of basement membrane 

components on acinar development and cytodif-
ferentiation, showing that laminin-1 and trans-
forming growth factor-β3 are important for acinar 
cell differentiation [164]. In another study, HSG 
cells cultured on Matrigel® or laminin-1 and 
treated with transforming growth factor-α had 
a synergistic increase in α-amylase expression, 
which was mediated through protein kinase C 
(PKC) and ERK1/2 [165]. A study performed by 
Maria et al. showed that 3D spheroids formed on 
Matrigel® expressed α-amylase, tight junction 
proteins, AQP-5, CD44, and CD166 [114]. HSG 
cells grown in Matrigel® formed acini-like struc-
tures that displayed reduced cell proliferation 
and increased in cell apoptosis [166]. Although 
decreased cell proliferation tends to accompany 
cell differentiation, further characterization of 
these salivary structures for acinar phenotypic 
markers is needed to fully show that they are 
differentiated structures. Additionally, the HSG 
cell line is listed on the International Cell Line 
Authentication Committee’s (ICLAC) Database 
of Cross-Contaminated or Misidentified Cell 
Lines (version 7.1, 2013-08-22) as likely to be 
contaminated by HeLa cells [167]. This is addi-
tionally reported by the European Collection 
of Cell Cultures (ECACC) and the Japanese 
Collection of Research Bioresources (JCRB) 
Cell Bank. For these reasons, HSG cell lines 
are no longer a reliable model for salivary cell 
function.

Although cell lines are convenient to use 
because of their hardiness and extended passag-
ing capability, they are not always representative 
of the cell phenotype/activity from the native tis-
sue. Additionally, immortalized cell lines are not 
useful for regenerative or tissue engineering pur-
poses as they can lead to tumor formation as a 
result of their uncontrolled proliferation subse-
quent to immortalization. Primary human sali-
vary cells grown on top of Matrigel® (“2.5D” cell 
culture) formed acini-like spheroids that 
expressed tight junction proteins, AQP-5, 
α-amylase, CD44, and CD166 [168]. In another 
study, primary human SMG cells were isolated 
from fresh salivary tissue that was processed with 
a dissociation buffer to yield single cells that 
could be passaged on tissue culture plates [169]. 
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These primary human SMG cells cultured on 
basement membrane extract (BME) formed aci-
notubular structures, which is believed to be 
 differentiated because of decreased proliferation 
and increased expression of α-amylase, occludin, 
claudin-1, and claudin-3 [144]. Our group 
showed that primary human salivary stem/pro-
genitor cells (hS/PCs) cultured on Matrigel® self-
assembled into 3D acini-like structures [106]. 
Salivary cells cultured on Matrigel® expressed 
E-cadherin, AQP-5, K19, and α-amylase, show-
ing that these acini-like structures are at least par-
tially differentiated. Additionally, the cells grown 
on Matrigel® formed stress fibers and had local-
ized phospho- FAK expression at focal adhesion 
sites. The components present in Matrigel® that 
stimulate salivary-derived hS/PCs, or other sali-
vary stem/progenitor cells, to differentiate into 
the multiple salivary epithelial cell types include 
laminin, perlecan/HSPG2, and collagen 
IV. Integration of these motifs into a scaffold 
used for tissue engineering can thus provide a 
defined, scalable, and bioactive support for sali-
vary gland replacement.

8.4.3  Biologically Derived 
Polymers/Natural Polymers

As previously mentioned, Matrigel® contains 
many components from the ECM, and, thus, it is 
not easy to determine the connection between 
biological responses of cells grown on Matrigel® 
and a specific protein component(s). Growing 
cells on matrices with limited numbers of pre-
cisely defined components helps to identify a 
connection between the activity of cells and an 
individual ECM component. Matrices can be 
made up of biologically derived whole proteins, 
polysaccharides, peptides, or combinations of 
these. As the size of some ECM proteins are very 
large, it is difficult to integrate multiple purified 
proteins into one scaffold. For this reason, recent 
work has focused on mining small peptide 
sequences or recombinant protein subdomains 
with specific biological activity that can be easily 
integrated into tissue engineering scaffolds or 
hydrogels [170].

8.4.3.1  Salivary Cell Culture Utilizing 
Whole Proteins in the Matrix

Collagen I gels have been used frequently as a 
matrix for culture of both epithelial and mesen-
chymal cells. Collagen I is a heterotrimer com-
posed of two α1 chains and one α2 chain that 
organize into triple-helical fibers [171]. This 
fibrous protein polymer is the most abundant pro-
tein in connective tissue, providing multiple 
integrin- binding sites to promote cell migration, 
phospho-FAK activation, phosphoinositol-3- 
kinase (PI3-kinase), and mitogen-activated pro-
tein kinase (MAPK) cascades [27, 172].

Mouse-derived SMG salivary gland cells 
grown on rat tail-derived collagen I gels formed 
ductal-like structures that retained expression of 
EGF when cultured with media containing tes-
tosterone, triiodothyronine, and hydrocortisone 
[173]. Rat SMG-derived salivary (RSMG-1) cells 
cultured under serum-free conditions in collagen 
I gels underwent branching morphogenesis and 
formed branched structures when treated with 
HGF [174]. In another study, human primary 
parotid gland cells were isolated using tissue 
explant culture methods and used at early 
 passages [175]. These primary parotid gland cells 
organized into acini-like and ductal-like struc-
tures when grown on collagen I/GFR Matrigel® 
gels [175]. These salivary structures expressed 
α-amylase, AQP-5, and tight junction proteins 
occludin, claudin-1, and ZO-1. Burford-Mason 
et al. reported the use of collagen I gels for cul-
turing rat SMG glands as a model for the patho-
biology of salivary glands [176]. In this study, rat 
SMG organoids cultured in collagen retained 
their secretory activity, and each salivary cell 
type (acinar, ductal, and myoepithelial) retained 
their phenotypic marker expression for some 
time in culture.

Although collagen I provides integrin-binding 
sites for cell attachment and activation of signal-
ing cascades, it is not the most appropriate ECM 
component to use for salivary gland regeneration 
as it is most commonly associated with connec-
tive tissue, wound healing, scarring, and fibrosis. 
A scaffold with components from the basement 
membrane, which directly surrounds the salivary 
epithelial cells, should be more effective for pro-

M. Martinez et al.



161

viding a scaffold that recreates the native envi-
ronment and signals and enables regeneration or 
tissue engineering based reconstruction of the 
salivary gland.

Fibrin hydrogels provide another example of 
how intact proteins are used for salivary gland 
cell culture. Fibrin, a nonglobular protein derived 
from fibrinogen, polymerizes into non-soluble 
fibers that play a role in blood clot formation 
[177]. Fibrin polymers also can be cross-linked 
to form hydrogels for 3D cell culture. Mouse 
parotid gland-derived salivary cells cultured on 
fibrin-based hydrogel polymerized with growth 
factors (EGF and insulin-like growth factor-1) 
and combined with growth factor-reduced (GFR) 
Matrigel® formed 3D salivary spheroids [115].

Laminin is a major component of the base-
ment membrane that directs salivary gland devel-
opment. Specifically, Cantara et al. developed 
poly(lactic-co-glycolic acid) nanofiber scaf-
folds that were functionalized with laminin-111 
[178]. Two salivary cell lines were used in this 
study: (1) immortalized mouse ductal SMG epi-
thelial cells (SIMS) and (2) immortalized rat 
SMG acinar epithelial cells (SMGC10). Both 
SIMS and SMGC10 cells grown on laminin-
111- functionalized nanofibers showed enhanced 
formation of tight junctions, shown by immu-
nofluorescence for ZO-1 and occludins at the 
apical-basal membrane border. Moreover, lam-
inin-111-modified nanofibers increased cell pro-
liferation, without reducing cell viability. This 
study showed that a matrix for salivary gland 
tissue engineering could be functionalized with 
basement membrane components, especially 
laminin-111, to promote the polarization and 
differentiation of salivary epithelial cells. In par-
ticular, this study utilized the whole laminin-111 
isoform in the scaffold for cell culture, but pep-
tides with the biologically active sequences also 
can be synthesized and incorporated into a vari-
ety of cell culture matrices.

8.4.3.2  Use of Polysaccharides in Tissue 
Engineering Scaffolds

Polysaccharides, including cellulose, alginate, 
agarose, and hyaluronic acid (HA), often are used 
to generate scaffolds for 3D cell culture. Cellulose 

is a linear polymer of 1,4-β-linked D-glucose 
units commonly found in the cell wall of plant 
cells and produced by some microbial organisms; 
its derivatives have been used for microbial and 
mammalian cell culture [179–181]. Agarose and 
alginate also are polysaccharides, derived from 
natural biological sources, generally cell walls of 
algae. These materials are readily commercially 
available, and both are frequently used in the 
laboratory for a variety of biological applica-
tions. Both are largely considered as nonadhe-
sive, “blank slates” when used with many 
mammalian cell types, as neither contains the 
common adhesive proteins (e.g. fibronectin, vit-
ronectin) nor other adhesion motifs found in a 
complete ECM. Yet, these materials preserve 
much of the mechanical properties (viscoelastic-
ity and low elastic modulus) found in native 
ECM. Agarose powders can be dissolved with 
heat and cooled to form aqueous hydrogels, while 
alginates are readily soluble and can be triggered 
to gel with ionic gradients (Ca2+ is most com-
mon). Cells seeded onto these materials, or 
encapsulated within them, tend to aggregate into 
multicellular spheroids for survival. The 
 nonadhesive nature of these polysaccharide 
hydrogels preferentially supports cell-cell inter-
actions, because there are no cell-ECM interac-
tions available from these substrates.

HA-based systems have seen a significant 
increase in interest over recent years, as research-
ers have developed the tools to purify and func-
tionalize the base polymer. HA is a linear 
polysaccharide composed of the repeating disac-
charide unit β-1,4-D glucuronic acid-β-1,3-N- 
acetyl-D-glucosamine [182, 183]. HA is a 
ubiquitously expressed glycosaminoglycan that 
is found throughout the body as an essential com-
ponent of ECM. Unlike many other hydrogel sys-
tems, HA is inherently bioactive, as many cells 
have HA receptors for interaction with the base 
material. Moreover, cells express HA receptors 
CD44 and hyaluronan-mediated motility recep-
tor (RHAMM), allowing them to interact with 
the surrounding HA polymers and activate cellu-
lar signaling processes [184, 185]. Carboxylic 
acids along each saccharide unit offer preferred 
reactive sites for selectively functionalizing the 
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polymer. Many orthogonal chemistries exist for 
initiating cross-linking and hydrogel network 
formation; however these must be cytocompati-
ble, especially for cells embedded within the pre- 
gelled matrix [186]. HA is ideal for tissue 
engineering purposes as it is nonimmunogenic, 
biocompatible and biodegradable and can be 
chemically functionalized with biologically 
active peptides from the ECM [183, 186]. Also, 
as HA is negatively charged and highly polar, 
therefore, hydrogels composed of HA are very 
hydrophilic, hydrated gels with variable swelling 
ratios [187].

The Prestwich Laboratory has published 
extensively on the preparation and application of 
various HA systems, and their work has resulted 
in commercially available preparations as the 
HyStem® product line. Our lab has used the com-
mercially available HyStem® hydrogel composed 
of thiol-modified hyaluronic acid cross- linked 
with polyethylene glycol diacyrlate (PEGDA) for 
culture of salivary cells. Primary human salivary 
stem/progenitor-like cells (hS/PCs) cultured on 
2.5D or in 3D HA-based HyStem® hydrogels 
formed acini-like structures that expressed cell-
cell adhesion markers (β-catenin, E-cadherin, 
ZO-1), cholinergic M3-muscarinic receptors, 
and β-adrenergic receptors [107, 108]. Salivary 
structures formed were proliferative up to 
48 days in culture and were responsive to isopro-
terenol and norepinephrine stimulation [108]. 
HA hydrogels seeded with hS/PCs were 
implanted in a parotid gland three- fourths resec-
tion model, allowing the hydrogels to be directly 
in contact with the salivary bed [109]. Implanted 
acini-like spheroids expressed HA receptors 
CD168/RHAMM and CD44, also a progenitor 
marker, and retained progenitor marker CD44 
expression after at least 1 week of being 
implanted in the rat salivary bed [109].

HyStem® materials are sold by BioTime and 
have received FDA 510(k) approval for market-
ing in use as a wound matrix (K134037 for 
BioTime’s Premvia™ product). It has been 
assessed for ISO 10993 biocompatibility tests, 
EN 13276-1 tests for primary wound dressings, 
and human cytocompatibility tests. Premvia™ is 
approved for syringe-based delivery within tun-

neled or undermined wounds, or over superficial 
wounds. HyStem’s Renevia™ product is simi-
larly based on the HyStem platform and is under 
evaluation in clinical trials in Spain as an inject-
able hydrogel and cell carrier to treat facial wast-
ing in HIV+ patients. Renevia™ has passed Phase 
I clinical trials for safety in humans as an inject-
able in the retro-auricular area. Other licensees of 
this same technology target veterinary wound 
repair applications, and other human wound 
repair or topical applications (e.g., BakerDVM’s 
Remend® corneal repair, wound repair, and eye 
lubrication drops). The progression of these and 
other biomaterials through FDA approval is a 
critical step in their eventual use in tissue engi-
neering applications.

8.4.4  Protein Fragments/
Biologically Active Peptides

Scaffolds for tissue engineering purposes should 
be strategically designed to have bioactive compo-
nents to induce the cellular processes needed for 
the development, or regeneration, of the desired 
specific organ. Peptides derived from ECM com-
ponents can be integrated into scaffolds to pro-
mote cell-ECM adhesion and cell-cell adhesion in 
cell culture. Additionally, peptides can be inte-
grated into hydrogels to aid in polymerization, as 
in the case of step-growth thiol-ene polymeriza-
tions of poly(ethylene glycol) hydrogels [188].

There are several available laminin-derived 
peptides including IKVAV, AG10, AG32, and 
AG73/MG73 from the α-chain, and YIGSR from 
the β chain [189]. HSG formed spheroids that 
resemble acini when cultured on scaffolds con-
taining AG73 (RKRLQVQLSIRT) or the homol-
ogous MG73 (KNRLTIELEVRT); however, 
these spheroids lacked polarity and lumens [116, 
162, 190]. Branching morphogenesis was inhib-
ited in embryonic SMGs cultured on a combina-
tion of Matrigel®, laminin, and nidogen when 
treated with soluble AG73 peptide [189]. 
Therefore, epithelial cell interaction with AG73 
peptide sequence is vital for branching, but it is 
not sufficient to promote acinar polarity and 
differentiation.
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Our lab previously discovered a novel peptide 
(TWSKVGGHLRPGIVQSG) from domain IV 
of perlecan/HSPG2 that promotes cell adhesion, 
spreading, and FAK activation of various cell 
types [191]. Salivary hS/PCs cultured on per-
lecan domain IV peptide formed acini-like 
spheroids that secreted α-amylase over 6 days at 
comparable levels to structures formed on 
Matrigel® [106]. Additionally, salivary spheroids 
cultured on perlecan domain IV peptide 
expressed tight junction protein E-cadherin, 
water channel protein AQP-5, as well as acti-
vated FAK. Other peptides can be integrated into 
three-dimensional cell culture for tissue engi-
neering to promote cell adhesion and motility, 
and these include fibronectin- derived RGD pep-
tide and MMP- sensitive, collagen I-derived PQ 
peptide commonly used as a cleavable cross-
linker (Fig. 8.2). Fibronectin is one of the ECM 
proteins that enables cleft formation during 
branching morphogenesis, thus, integrating an 
integrin-binding site from fibronectin may per-
mit clefting of the hS/PC spheroids in our 
HA-based hydrogel model. Additionally, colla-
gen I is expressed and localized throughout the 
surrounding salivary mesenchyme. MMPs 
expressed by the salivary epithelium during 
development play a role in modulating cleft for-
mation, as inhibiting MMP1 with TIMPs leads 
to increased cleft formation in embryonic sali-
vary glands, while treatment with exogenous 

MMP1 diminishes cleft formation [56, 192]. Our 
lab has integrated these peptides into HA-based 
scaffolds for prostate xenograft- derived cancer 
cells and is currently working on translating this 
scaffold for 3D culture of hS/PCs [193].

8.5  Future Directions

Much has been learned about the important role 
that ECM plays in salivary gland development, 
and thus, many efforts have focused on develop-
ing biologically active scaffolds with incorpo-
rated ECM components. An ideal scaffold for 
salivary gland engineering would contain cell 
adhesion sites and degradable cross-linkers that 
salivary epithelial cells could selectively cleave 
to make space for growth. Cell adhesion 
sequences from laminin, fibronectin, and colla-
gen are available for use in tissue engineering 
scaffolds, but should be used in a manner that is 
relevant to the development of the organ. For 
example, cell adhesion sites that are vital for 
branching morphogenesis should be integrated 
early on in the scaffold to promote branching of 
salivary acini-like spheroids. It should be noted 
that salivary epithelial cells, in the case of hS/PCs 
grown in HA-based hydrogels, secrete their own 
ECM after a few days in culture, although it is 
unclear if it is well organized [106]. Therefore, it 
is possible that a scaffold for successful salivary 

a b c dOrgan Salivary acinus
Basement
membrane

Peptide

HA-SH

Ac-PEG=RGD

MMP-labile crosslinker

Fig. 8.2 Illustration of multiple organ levels for consider-
ation in salivary gland engineering. (a) Examination at the 
organ level (bright field DIC image, scale bar is 20 μm) of 
human parotid gland demonstrates organization into acini 
and ductal systems. (b) Closer study of the salivary acinus 
with an antibody against collagen IV (green) and nuclear 
stain (blue) identifies the basement membrane (BM) that 

surrounds each acinar structure. (c) Within that BM, a 
meshwork of protein and glycosaminoglycan components 
arranges to direct cell polarization. (d) On the molecular 
level, key elements of this supportive BM may be repro-
duced by employing modular peptides with controlled 
spatial and/or temporal positioning
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gland engineering may need only the initial ECM 
components to trigger branching morphogenesis, 
and the ECM components needed for terminal 
differentiation may be expressed, secreted, and 
organized later by salivary cells in culture.

A decellularized native ECM scaffold from 
the salivary gland also would be ideal to generate 
a salivary gland in vitro. The acellular scaffold 
would contain the 3D tissue architecture present 
in the native salivary gland, including a vascular 
network, branched lobules, and a ductal system. 
Clinically relevant acellular scaffolds of human 
size, whether porcine or human derived, would 
be best to generate optimal decellularization and 
recellularization methods. However, such scaf-
folds would need to be efficiently decellularized, 
leaving behind little to no antigens from the 
donor that would cause any immunoreaction 
from the host. Moreover, the decellularized scaf-
fold also must be effectively sterilized to avoid 
causing any infection at the graft site. Regardless 
of whether the scaffold is a hydrogel with ECM 
peptides or a native acellular ECM, the mechani-
cal properties must be equal or similar to the 
mechanical properties of the ECM of the natural 
gland.

The cell type used to engineer a salivary gland 
in vitro for implantation should be chosen wisely. 
Development of a salivary gland either will 
require all of the various differentiated salivary 
cell types (acinar, ductal, and myoepithelial) or a 
salivary stem/progenitor cell that can differenti-
ate into all of the cell types upon receiving the 
proper ECM and growth factor/morphogenic 
cues. In addition, salivary cells for implantation 
into a human host must be human derived and 
ideally derived from the patient to receive the 
graft to avoid host rejection, i.e., an autograft 
model. Our lab routinely uses isolated healthy, 
non-tumorigenic salivary stem/progenitor cells 
from the head and neck cancer patient obtained 
before radiation therapy. The plan is to use these 
cells to grow the salivary gland implant during 
the time that the patient receives radiotherapy, 
such that it will be ready to transplant back into 
the patient after therapy has been completed.

Although there have been advances in research 
aimed toward generating a salivary gland, there is 

much work remaining to be done to design a scaf-
fold with the proper spatial-temporal cues for com-
plete salivary gland functional restoration. The 
successful generation of a salivary gland in vitro will 
not only drastically improve head and neck cancer 
patients’ quality of life, but it would be informative 
for tissue engineering of other secretory organs.
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Abstract

Patient-specific three-dimensional (3D)-printed phantoms and surgical 
guides are being utilized more often nowadays to assist diagnosis and 
treatment planning for surgery, which are tailored to individual’s unique 
needs. 3D printing surgical guides made of temporary materials can be 
fabricated to fit the surface of the hard or soft tissue organs by 3D model-
ing of the surgical interface. To date, the value of 3D printing for surgical 
planning as a guidance tool has been proven in various hard tissue surgical 
applications, such as craniofacial and maxillofacial surgery, spine surgery, 
cardiovascular surgery, neurosurgery, pelvic surgery, and visceral surgery. 
Craniofacial plastic surgery is one of the medical fields that pioneered the 
use of the 3D printing concept. Rapid prototyping technology was intro-
duced to medicine in the 1990s via CAD-CAM (computer-aided design, 
computer-aided manufacturing). The medical models or bio-models based 
on the 3D printing technique represent 1:1 scale reproductions of the 
human anatomical region of interest that can be obtained via 3D medical 
imaging. The procedure for the fabrication of medical models comprises 
multiple steps: (1) acquisition of high-quality volumetric 3D image data of 
the anatomical structure to be modeled, (2) 3D image processing to extract 
the region of interest from the surrounding tissues, (3) mathematical sur-
face modeling of the anatomic surfaces, (4) formatting of data for rapid 
prototyping, (5) model building, and (6) quality assurance of the model 
and its dimensional accuracy. Furthermore, tissue engineers also experi-
ence the advent of a new 3D printing era. The tissue engineering triad 
comprises cells, scaffolds, and growth factors. Recently, 3D technology 
has become sufficiently evolved to enable printing of living cells. Although 
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many challenging issues remain to be resolved for such complex struc-
tures, heart, kidney, and skin regenerations are being investigated using 3D 
bioprinting technology. A potential candidate for a clinical success resides 
in the regeneration of the major salivary glands, which consist of various 
cells encapsulated by a connective tissue membrane.

9.1  Introduction

Three-dimensional (3D) printing is a rapidly 
developing technology that is applied worldwide 
in various fields, such as business, fashion, 
mechanical engineering, and medicine [1, 2]. 3D 
printing technology has already been used in the 
mock formation of various products including 
cellular phones [2], and the extent of its applica-
tions has greatly expanded in medicine as this 
technology has evolved in recent years. A major 
advantage is that it can generate a unique product 
in a short period of time, which is suitable for 
individualized medicine where each patient 
requires a specific treatment, tailored to a thera-
peutic approach. As opposed to the products gen-
erated by 3D printing, most industrial products 
are mass produced, and every unit has the same 
dimensions. As one would expect, in the field of 
medicine, patients are all different in terms of any 
shapes and sizes that require surgical attention. 
The 3D printing technique supports the contem-
porary aim of implementing personalized medi-
cine by providing a patient-specific product in a 
short period of time at reasonable prices [3].

Therefore, the clinical applications of the 3D 
printing technology are expanding more rapidly 
in recent years. The affordability and conve-
nience of this technology have spurred its adop-
tion in a variety of medical fields. This 
revolutionary technique may ultimately allow the 
printing of tissue and organ structures to replace 
damaged or missing body parts. Although out-
comes and efficacy of 3D printing require more 
scientific research, it is clear that 3D printing 
technology is unique and has invaluable innova-
tions in medicine. For example, pediatric cardiac 
surgeons use 3D printing-based tactile models 
for analyzing and visualizing complex congenital 
heart diseases. Urologic surgeons simulate 

 surgery of complex renal cell carcinomas in 
advance of actual surgery using 3D printed tactile 
prototype models that include the vessels and 
parenchyma of the kidney. Neurosurgeons utilize 
similar approaches for neurosurgery of brain can-
cer. These types of efforts allow surgeons in vari-
ous specialties to perform advanced analyses of 
the patient’s specific status. In addition, tactile 
models with a real intraoperative 1:1 scale refer-
ence can be very useful for preoperative consul-
tations with patients [3–5].

Craniofacial plastic surgery is one of the medi-
cal fields that pioneered the use of the 3D printing 
concept. Rapid prototype (RP) technology was 
introduced to medicine in the 1990s via computer- 
aided design and computer-aided manufacturing 
(CAD-CAM). The medical models or bio-models 
based on the 3D printing technique represent 1:1 
scale reproductions of the human anatomical 
region of interest that can be obtained via 3D med-
ical imaging [5]. The procedure for the fabrication 
of medical models comprises multiple steps: (1) 
acquisition of high-quality volumetric 3D image 
data of the anatomical structure to be modeled, (2) 
3D image processing to extract the region of inter-
est from the surrounding tissues, (3) mathematical 
surface modeling of the anatomic surfaces, (4) for-
matting of data for rapid prototyping, (5) model 
building, and (6) quality assurance of the model 
and its dimensional accuracy [3, 6].

For instance, because patients requiring cranio-
facial surgery tend to have very specific malforma-
tions or deformities, mostly in the bone, a 3D 
printing prototype model can greatly assist with 
preoperative evaluation and intraoperative proce-
dures. Medical modeling in craniofacial surgery 
based on 3D printing has mainly been developed 
over the last 15 years. It can incorporate (1) aiding 
in the production of surgical implants, (2) 
 improving surgical planning, (3) acting as an 
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 orientation aid during surgery, (4) enhancing diag-
nostic quality, (5) assisting preoperative simulation, 
(6) obtaining a patient’s consent prior to surgery, 
and (7) preparing a template for resection for sur-
geons as well as providing an educational tool for 
medical students and residents [3, 5, 7].

Meanwhile, tissue engineers also experience 
the advent of a new 3D printing era. The tissue 
engineering triad comprises cells, scaffolds, and 
growth factors. Recently, 3D technology has 
become sufficiently evolved to enable printing of 
living cells. Although many obstacles need to be 
overcome, 3D bioprinting provides bioengineers 
with a new modality such as 3D cell culture on 
scaffolds that might be superior to conventional 
cell culture systems. Bioprinting is an emerging 
technology that is expected to eventually regener-
ate biological tissues and even solid organs. As a 
combination of techniques, a nonliving scaffold 
could be constructed using 3D technology, while 
bioprinting simultaneously adds a living tissue [1, 
8–12]. More specifically, tissue-compatible scaf-
folds are generated with bioprinting, and living 
cells are incorporated into them, along with vari-
ous growth factors, depending on the application. 
Heart, kidney, and skin regenerations are being 
investigated using 3D bioprinting technology, 
although many challenging issues remain to be 
resolved for such complex structures. The regen-
eration of the major salivary glands, which consist 
of various cells encapsulated by connective tissue 
membrane, certainly requires further investigation 
and attention for a clinical success of 3D bioprint-
ing. In this book chapter, the current status of 3D 
printing technology and its clinical applications in 
craniofacial surgery are reviewed. A potential 
application of 3D bioprinting for salivary gland 
regeneration is discussed at the end of the chapter.

9.2  Review of Current 3D 
Printing in Craniofacial 
Surgery (Reproduced 
from Ref. [28])

3D printing technology can be categorized 
by the techniques, the materials, or the aimed 
deposition process. The classification based on 

the  techniques includes stereolithography (SL), 
selective laser sintering (SLS), 3D printing 
(3D printer- based SLS: 3DP), fused deposition 
modeling (FDM), direct metal laser sinter-
ing (DMLS), laminated object manufacturing 
(LOM), and electron beam melting (EBM). The 
materials used for the 3D printing technology 
include thermoplastic, metal powder, ceramic 
powder, eutectic metals, alloy metal, photo-
polymer, paper, foil, plastic film, and titanium 
alloys. The 3D technology can be classified by 
the aimed deposition process. PolyJet model-
ing and 3D plotting technology are based on 
drop-on-drop deposition. 3D printing is based 
on drop-on-powder deposition. Fused deposition 
modeling is based on continuous deposition. The 
most frequently used representative methods are 
reviewed and summarized in Table 9.1 [3].

9.2.1  Liquid-Based 3D Printing 
Technology

9.2.1.1  Stereolithography (SL or SLA)
Stereolithography (SL) has been the most widely 
used 3D printing technique for craniofacial sur-
gery since it was first applied for grafting a skull 
defect in 1994 [13]. The SL RP system consists 
of a bath of photosensitive resin, a model- building 
platform, and an ultraviolet (UV) laser for curing 
the resin. A mirror is used to guide the laser focus 
onto the surface of the resin; the resin becomes 
cured when exposed to the UV radiation. The 
mirror is computer controlled and is guided to 
cure the resin on a slice-by-slice basis. These 
slice data are fed into the RP machine that directs 
the exposure path of the UV laser onto the sur-
face of the resin. The layers are cured sequen-
tially and bind together to form a solid object, 
beginning from the bottom of the model and 
building upward. Each new layer of resin is 
wiped across the surface of the previous layer 
using a wiper blade before being exposed and 
cured. The model is then removed from the bath 
and cured for an additional period of time in a 
UV cabinet. [14].

Generally, SL is considered to provide the 
greatest accuracy and best surface finish of any 
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RP technology. The model material is robust, 
slightly brittle, and relatively light [15]. SL 
accuracy is 1.2 mm (range, 0–4.8 mm) for skull 
base measures, 1.6 mm (range, 0–5.8 mm) for 
midface measures, 1.9 mm (range, 0–7.9 mm) 
for maxilla measures, and 1.5 mm (range, 
0–5.7 mm) for orbital measures. The mean dif-
ferences in defect dimensions are 1.9 mm (range, 
0.1–5.7 mm) for unilateral maxillectomy, 
0.8 mm (range, 0.2–1.5 mm) for bilateral maxil-
lectomy, and 2.5 mm (range, 0.2–7.0 mm) for 
orbitomaxillectomy defects [16]. Midface SL 
models may be more prone to error than those of 
other craniofacial regions because of the pres-
ence of thin walls and small projections. Choi 
et al. [29] found that the absolute mean deviation 
between an original dry skull and an SL RP 
model over 16 linear measurements was 0.62 ± 
0.5 mm (0.56 ± 0.39 %) [15, 17]. The accuracy 
of computed tomography (CT) and SL models 
was compared. The accuracy for SL models 
expressed as the arithmetic mean of the relative 
deviations ranged from 0.8 to 5.4 %, with an 
overall mean deviation of 2.2 %. The mean devi-
ations of the investigated anatomical structures 
ranged from 0.8 to 3.2 mm. An overall mean 
deviation (comprising all structures) of 2.5 mm 
was found.

9.2.1.2  PolyJet Modeling
PolyJet modeling is performed by jetting state- of- 
the-art photopolymer materials in ultrathin layers 
(16 μm) onto a build tray layer by layer until the 
model is completed. Each photopolymer layer is 
cured by UV light immediately after it is jetted, 
producing fully cured models that can be handled 
and used immediately without post- curing. The 
gel-like support material used, which is specially 
designed to support complicated geometries, is 
easily removed by hand and water jetting [14]. At 
present, this technique is too time- consuming and 
expensive to be used in craniofacial surgery clini-
cal applications. Ibrahim et al. reported a dimen-
sional error of 2.14 % in reproducing a dry 
mandible when using this technique [18].

9.2.2  Powder-Based 3D Printing 
Technology

9.2.2.1  Selective Laser Sintering (SLS)
The selective laser sintering (SLS) technique uses 
a CO2 laser beam to selectively fabricate models in 
consecutive layers. First, the laser beam scans over 
a thin layer of powder previously deposited on the 
build tray and leveled with a roller. The laser heats 
the powder particles, fusing them to form a solid 

Table 9.1 A comparison of current 3D printing technologies

3D printing technology Materials Aimed deposition process

Liquid base SL (Stereolithography) Photopolymer

Polyjet or Multijet Printing ABS, Acryl Drop-on-drop 
deposition

Powder base SLS (Selective Laser Sintering) Thermoplastics

Metal powder

3DP (3D printing) Plastic powder Drop-on-powder 
deposition

DMLS (Direct Metal Laser Sintering) Alloy metal

Ceramic powder

EBM (Electron beam melting) Titanium alloys

Solid base FDM (Fused Deposition Modeling) Thermoplastics Continuous deposition

Eutectic metals

ABS

LOM (Laminated object manufacturing) Paper

Foil

Plastic film

Reprinted from ref [18]. ABS, acrylonitrile butadiene styrene
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layer, and then moves along the x- and y-axes to 
design the structures according to the CAD data. 
After the first layer fuses, the build tray moves 
downward, and a new layer of powder is deposited 
and sintered, and the process is repeated until the 
object is completed. The prototype surface is fin-
ished by sandblasting [14]. The SLS prototype is 
opaque, and its surface is abrasive and porous. 
Prototype fabrication time is 15 h. The accuracy of 
the SLS model is relatively high, with maximum 
standard errors of 0.1–0.6 mm. This accuracy 
depends on the thickness of the CT scans used, 
which should be as thin as possible (1–2 mm is a 
good compromise for a skull study). Because of 
the high cost of the materials, several parts are fab-
ricated simultaneously. The long fabrication time 
for the SLS technique (16 h) is close to the time 
required for fabrication with the SL system [19].

9.2.2.2  3D Printer-Based SLS  
(3D Printing)

The 3D printing system uses a print head to selec-
tively disperse a binder onto powder layers. This 
technology has a lower cost than similar tech-
niques. First, a thin layer of powder is spread over 
a tray using a roller similar to that used in the SLS 
system. The print head scans the powder tray and 
delivers a continuous jet of a solution that binds 
the powder particles as it touches them. No sup-
port structures are required while the prototype is 
being fabricated because the surrounding powder 
supports the unconnected parts. When the process 
is complete, the surrounding powder is aspirated. 
In the finishing process, the prototype surfaces are 
infiltrated with a cyanoacrylate- based material to 
harden the structure [19]. The printing technique 
enables the formation of complex geometrical 
structures, such as hanging partitions inside the 
cavities, without artificial support structures [14].

After the CT scan, the rendering of the DICOM 
data and transformation into STL data files take a 
maximum of 30 min, and the printing and infiltra-
tion process takes approximately 4–6 h. Simpler 
models can be purchased for as little as $300–$400 
[19]. The 3D printers used in this process are 
 relatively inexpensive ($2500–$3000), have fast 
build times (4 h for a full skull), and are easy to 
maintain. Additionally, 3D printers are cost-effective, 

associated with low waste, and accurate (± 0.1 mm 
in the Z plane, ± 0.2 mm in the X and Y planes), 
and they can make hard, soft, or flexible models. 
These printers can also be used to identify differ-
ent types of body tissue depending on the pre-
defined threshold setting selected. Silva et al. 
reported a mean dimensional error of 2.67 % in 
prototypes produced using 3D printing technolo-
gies in comparison with a dry human skull [19].

9.2.3  Solid-Based 3D Printing 
Technology

9.2.3.1  Fused Deposition Modeling
Fused deposition modeling (FDM) uses a similar 
principle to SL in that it builds models on a layer- 
by- layer basis. The main difference is that the lay-
ers are deposited as a thermoplastic that is extruded 
from a fine nozzle. A commonly used material for 
this procedure is acrylonitrile butadiene styrene 
(ABS). The 3D model is constructed by extruding 
the heated thermoplastic material onto a foam sur-
face along a path indicated by the model data. Once 
a layer has been deposited, the nozzle is raised 
between 0.278 and 0.356 mm, and the next layer is 
deposited on top of the previous layer. This process 
is repeated until the model is completed [14]. As 
with SL, support structures are required for FDM 
models because time is needed for the thermoplas-
tic to harden and the layers to bond together [20].

9.3  Patient-Specific Modeling 
and Its Clinical Application 
Using 3D Printing 
Technology

9.3.1  Patient-Specific Modeling 
from Medical Images 
and Computer-Aided Design

As depicted in Fig. 9.1, after patient scanning with 
CT and/or MRI, the DICOM data can be trans-
ferred and processed into STL data files or other 
3D file formats by using segmentation, surface 
extraction, and 3D model post-processing. Less 
than a 1-mm CT slice thickness and voxel with iso-
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cubic spacing are recommended. The time required 
mainly rests on the clinical application. In particu-
lar, segmentation is a critical procedure for improv-
ing the overall accuracy and needs considerable 
time. No satisfactory fully automated medical 
image segmentation algorithms have been estab-
lished. Therefore, manual or semiautomated seg-
mentation algorithms have generally been used, 
which have enhanced the importance of operator 
experience. After segmentation, a surface model 
should be produced by a marching cube [21, 22] or 
other 3D contour extraction algorithms [23]. For 
medical visualization, these kinds of shaded sur-
face display techniques are well established. 
However, this 3D model by itself is not good 
enough for 3DP, due to, for example, too many 
mesh units and incomplete topological soundness. 
Therefore, topological correction [24], decimation 
[25], Laplacian smoothing [26], and local smooth-
ing [27] are required to make a 3D model for 3DP. In 
addition, virtual simulation, including determination 
of the entry point and direction of the screw and 
surgical line, is accomplished for patient- specific 

surgical planning. Based on this planning, surgical 
guides are designed by computer-aided design 
(CAD) software. After the generation of a 3D 
model, the most suitable 3D printer for their appli-
cations is selected among various kinds of 3DP 
techniques. The 3D model file is uploaded into the 
3D printer. The 3D printer uses layer-by-layer STL 
accumulation to fabricate the 3D physical model.

9.3.2  Applications for Personalized 
Treatment

9.3.2.1  Surgical Planning and Guidance 
Tools

Patient-specific 3D printed phantoms and surgi-
cal guides are being used more often to aid diag-
nosis and treatment planning for surgery, which 
allow individual customization. 3D printing sur-
gical guides made of temporary materials can be 
fabricated to fit the surface of the hard or soft tis-
sue organs by 3D modeling of the surgical inter-
face. To date, the value of 3D printing for surgical 

Process of 3D printer

3D model design
on the computer

3D printerMaterials

Conversion to 3D files

In the finishing process, the
prototype surfaces are infiltrated
with a cyanoacrylate-based
material to be harden the structure

a print head to selectively
disperse a binder onto
powder layers Platform moved according to

the movement of nozzle

The print head scans the
powder tray and delivers a
continuous jet of a solution that
binds the powder particles

Fig. 9.1 The overall process of 3D printing in craniofa-
cial surgery. After the patient is scanned via CT, DICOM 
files should be exported. Less than a 1-mm CT slice 
thickness is recommended. DICOM data are imported 
and converted to stereolithography (STL) files. Rendering 
of CT scan DICOM data into STL data files takes about 
30 min. Converted 3D files are uploaded into the 3D 

printer. Rapid prototyping (RP) uses layer-by-layer ste-
reolithographic accumulation. The RP model is then fab-
ricated on plaster via jetting of a material that consists of 
plaster (<90 %), vinyl polymer (<20 %), and carbohy-
drate (<10 %). The printing and infiltration process takes 
about 4–6 h. Finally, unsintered sections are removed 
(Reprinted from Ref. [18])
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planning as a guidance tool has been proven in 
various hard tissue surgical applications, such as 
craniofacial and maxillofacial surgery [28–33], 
spine surgery [34], cardiovascular surgery [35, 
36], neurosurgery [37, 38], pelvic surgery [39, 
40], and visceral surgery [41].

Recent advances in 3D printable materials have 
increased the level of realism of the 3D phantoms 
used for surgical planning. Improved diversity due 
to better transparency, color, and softness facilitates 
better understanding of complex 3D anatomical 
structures and guidance functions for soft tissues 
[42]. Yang et al. [43] used a full-colored and flexi-
ble 3D printed phantom as a preplanning simulator 
for extended septal myectomy. From the cardiac 
CT data, a myocardial 3D model was made by in-
house software (A-view Cardiac; Asan Medical 
Center, Seoul, Republic of Korea). Using a 3D 
printer (Connex3 Objet500; Stratasys Corporation, 
Rehovot, Israel), the left ventricular (LV) myocar-
dium, papillary muscle, and intraventricular  muscle 
band (including the accessory papillary muscle) 
were fabricated with differently colored materials, 
whose flexibility could be controlled by adding a 

rubberlike and transparent material (Fig. 9.1). The 
3D printed phantom provided invaluable informa-
tion on the LV geometry. It is known that the softest 
3D printable materials cannot be directly used as 
surgical simulators because they are still too hard 
for scalpel incision and suturing. Therefore, addi-
tional post- processing using gelatin or silicone 
molding techniques or a novel 3D printing system 
that can directly jet a variety of silicone materials 
needs to be developed.

9.3.2.2  Implantable Devices
3D printing techniques are also used in implant 
design to make patient-specific prosthetics, out-
side the standard range of ready-made commer-
cial implants (Fig. 9.2). In addition, this approach 
has improved surgical performance by enabling 
the creation of patient-specific anatomy-based 
implants. For hard tissue structures, metal 
implants have, in particular, been successfully 
used in various applications [44, 45], which were 
mostly FDA cleared, such as mandible [33] and 
dental [46] restoration and hip [47], femoral [48], 
and hemi-knee joint reconstruction [44, 45]. In 

Fig. 9.2 Large cranial defect reconstructed with 3D 
printed titanium implant. Top panels: The contralateral 
normal cranium was mirrored and the 3D printed titanium 
implant was inserted for the correction of the calvarial 

bone defect (Modified from Ref. [18]). Bottom panel: 
Computer-simulated skull defect images before (left) and 
after (right) titanium implant was inserted
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addition, the biocompatible ceramic hydroxyapa-
tite [49] and the biodegradable polymer polycap-
rolactone [50] have been used in 3D printing-based 
applications to substitute hard tissues with cus-
tomized implants.

Beyond the hard tissue applications, custom-
ized implants created using 3D printing have 
recently been used in the interventional field. 
Amerini et al. [51] revealed the feasibility of a per-
sonalized interventional treatment for tricuspid 

regurgitation using a braided stent in an animal 
study. From the cardiac CT data, the 3D recon-
structed model of the right-sided cardiac cavities 
of a pig was obtained (OsiriX® Imaging Software; 
Pixmeo, Switzerland). A solid Alumide® mold 
was manufactured using a 3D printing system, and 
then a personalized compressible nitinol stent was 
subsequently produced and fitted onto the 3D 
printing mold (Fig. 9.3). This customized stent 
was almost completely fitted onto the right atrium, 

a b

c d e

f g

J.W. Choi et al.



181

Fig. 9.3 A cardiac three-chamber CT image and 3D 
printing of the heart. (a) CT imaging demonstrating a 
hypertrophied interventricular septum (asterisks), poste-
rior papillary muscle (P), and intraventricular muscle 
band or accessory papillary muscles (arrowhead). (b) A 
bull’s-eye map generated by using the end-diastolic 
phase of the CT imaging shows the extent of the hyper-
trophied myocardium (red area, >15 mm in thickness). 
(c) 3D reconstructed model. (d–f) 3D printed phantom of 

the myocardium showing the geometric relationship 
among the hypertrophied septum (asterisks), papillary 
muscle (A anterior, P posterior), and intraventricular 
muscle band (asterisks). (g) Intraoperative photography 
via the apical approach shows the limited visual field of 
the LV cavity. The base of the anterior papillary muscle is 
exposed after excision of the muscle band (not shown) 
near the anterior papillary muscle. LV left ventricle 
(Reprinted from Ref. [43])

a b c d

e f g

i

h

j

Fig. 9.4 In silico tridimensional reconstruction of the 
right-sided cardiac cavities of a female pig. (a) CT-based 
primary 3D reconstruction. (b) 3D reconstructed model of 
main structural parts. (c) 3D printed phantom mold of the 
main structural parts with alumide material. (d) A personal-
ized stent with nitinol material. (e) An equipped state of the 

developed stent in an introducer. (f, g) Two different types 
of the prototype equipped with a self-expanding biopros-
thetic valve. (h, j) Study results [51] showing implantation 
of the developed stent. Postmortem autopsy (h, i) and CT 
fluoroscopy (j) both revealed accurate positioning of the 
valve prostheses (Reproduced from Ref. [51])

and an additional tubular stent component contain-
ing a tissue valve prosthesis was established. In the 
feasibility study performed in animals, they found 
that the 3D printing-based stent could stabilize the 
 biological valve prostheses by force transmission 
from the annulus to the atrial wall and the adjacent 
vena cava.

In this book chapter, only clinical applica-
tions with previously developed 3D printing 
 technologies were discussed. However, other 
approaches for personalized implants have been 
proposed, including bioprinting of tissues and 
organs [52–54] and the organ-on-a-chip tech-
nique [55, 56].
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Fig. 9.5 Extrusion-based bioprinting systems: (a) pneu-
matic micro-extrusion including valve-free (A1) and valve 
based (A2) and (b) motor-driven micro-extrusion includ-

ing piston (B1) and screw-driven (B2) and (c) solenoid 
micro-extrusion (Reprinted from Ref. [71])
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Fig. 9.6 Extrusion bioprinting with tissue originated bioinks. Biodegradable synthetic polymer scaffold is coextruded 
side by side to hydrogel bioink to maintain 3D architecture of printed objects (Reprinted from Ref. [70])

Fig. 9.7 Salivary gland regeneration with microsphere 3D bioprinting (Reproduced from Refs. [82, 88])

9.4  3D Bioprinting and Salivary 
Gland Regeneration

9.4.1  3D Bioprinting Considerations

An increasing number of publications for 3D 
bioprinting report significant progress and suc-
cesses in vitro and in vivo. The three major 
components of tissue engineering include cells, 
scaffolds, and biological factors that facilitate 

 tissue growth and organization. Similarly, key 
elements of bioprinting consist of cells, bio-
printer, bioink, and the bioreactor system. The 
choice of cells for tissue reconstruction depends 
on the types of cells in the target tissues and 
organs. For example, vascular endothelial cells 
and smooth muscle cells would be appropriate 
for blood vessel printing and fibroblasts for 
connective tissues. Stem cells are frequently 
considered as a potential source of cells as well. 
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The selection of cell types has been widely 
investigated in the tissue engineering literature 
[57–61]. Therefore, it will not be explained fur-
ther here. Bioreactors can be employed for the 
maturation of printed tissue constructs into 
functional tissue units and organs [62–64]. 
Generally, bioprinted three-dimensional tissue 
constructs are formed layer by layer by printing 
bioinks that contain living cells. Current 3D 
bioprinting research mainly focuses on the 
printing device and material compositions. The 
two most widely employed bioprinting 
 mechanisms would be the inkjet printing and 
extrusion printing [65].

9.4.1.1  Inkjet Printing
Inkjet printing has a mechanism which is very 
similar to conventional office inkjet printers, with 
serial deposition of cell-containing bioink drop-
lets. Piezoelectric actuators, heat-assisted bubble 
jet actuators, and pneumatic pressurization with 
solenoid valves are examples of inkjet printing 
techniques used to generate droplets [66–68]. 
The electronic control system of inkjet bioprint-
ers enables relatively precise cell positioning, 
which can be used for drug testing or small-scale 
tissue unit fabrication.

9.4.1.2  Extrusion Printing
Extrusion-based printing is the most widely used 
bioprinting system [57, 69, 70]. Cell-containing 
material (bioink) is extruded from a reservoir to 
the printing bed through printer nozzles as shown 
in Fig. 9.5. The driving mechanism of extrusion 
can be pneumatic pressure or motor-driven 
syringe plunger movement [70, 71].

9.4.1.3  Bioinks
Cell behaviors including adhesion, migration, 
proliferation, differentiation, and tissue  formation 
are influenced by the extracellular microenviron-
ments, both in vivo and in vitro. After printing, 
cells are encapsulated in the bioink, and cell 
behavior is mainly affected by the biophysico-
chemical properties of the bioink, such as stiff-
ness, molecular structure, cytokines or growth 
factors, degradability, and permeability [71–73].

The first consideration of materials as a bio-
ink is printability. An appropriate shape holding 
 mechanism is necessary to maintain 3D configu-
ration of printed objects. The transition of bio-
inks from liquid to solid (semisolid) should be 
shorter than significant shape change. The stabil-
ity of bioprinted constructs mainly depends on 
the viscosity of the bioinks after printing.

Liquid phase bioinks out of the printer nozzle 
are subject to surface tension and gravitational 
force. These external forces affect shape change 
of printed bioinks until possessing high enough 
viscosity.

From the viscosity point of view, materials 
with short cross-linking time can be a first con-
sideration as bioink candidates. Bioink materials 
modified to have a short gelling time are widely 
used in 3D bioprinting. Hydrogels with short 
cross-linking time are widely employed as bio-
inks because these materials have dimensional 
stability in a relatively short time after printing 
[65, 66, 69, 74, 75].

Another approach for high viscosity is 
employing thixotropic materials to improve the 
stability of printed 3D constructs during cross- 
linking. Thixotropic materials are usually semi-
solid and have a shear thinning property 
(thixotropic means “shear thinning”). During 
bioink printing through the printer nozzle, shear 
forces induce a lowering of the viscosity, and bio-
inks have low flow resistance, with minimal 
harmful effect to the suspended cells. After exit-
ing the nozzle, the thixotropic materials regain 
their high viscosity, and shape changes are mini-
mized [76]. This prevents the collapse of printed 
3D constructs.

One additional advantage of thixotropic bio-
ink is the absence of cell sedimentation in the 
reservoir during the printing process. As the spe-
cific gravity of a cell is slightly higher than 
water, suspended cells tend to localize on the 
bottom of a reservoir. This effect is significant 
when cells are suspended in a low viscosity liq-
uid. In thixotropic bioinks, suspended cells may 
show no or negligible displacement. As printing 
time is proportionally increased with the volume 
of an object, inhomogeneous cell distribution 
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would be a significant defect in human-sized 
organs made with non-thixotropic aqueous bio-
inks. While extruding with thixotropic bioinks, 
care must be taken to keep the proper shear stress 
range  to avoid lowering suspended cell viability. 
In side-by-side polymer printing the nonporous 
structure of each layer can be employed as a sup-
porting structure to improve dimensional stabil-
ity of constructs during 3D bioprinting as shown 
in Fig. 9.6 [57, 70, 77, 78].

Hydrogels can provide cells with a minimum 
damage environment during the bioprinting pro-
cess. Hydrogels are widely used as a bioink mate-
rial with a cell compatible pH and appropriate 
osmolarity. Examples of biomaterials with natural 
origins are alginate, fibrin, gelatin, hyaluronic 
acid, and collagen, and synthetic biomaterials are 
polyethylene glycol and Pluronic® F-127 [70, 
72–74, 78]. Mixtures of these materials are also 
used with optimized printability, low cell damage, 
and higher 3D printed construct stability.

The cross-linking mechanism depends on 
hydrogels’ intrinsic characteristics. Alginate 
has ionically cross-linking, and simple contact 
of alginate solution with divalent cationic solu-
tions, such as calcium, barium, and strontium, 
can generate cross-linked hydrogel. Due to its 
low cost and simple cross-linking process, algi-
nate is often employed as an initial test material 
for various bioprinters. Collagen and decellular-
ized extracellular matrix (dECM) have pH- and 
temperature- dependent cross-linking manner 
[57, 70, 74, 77]. Under the physiologic pH condi-
tion and temperature (pH 7.4 and 37 °C, respec-
tively), these materials cross-link to form stable 
hydrogel matrix. Further, with high cytocompat-
ibility, cells in collagen and dECM show high 
tissue formation superior to alginate. However, 
relatively long cross-linking time (~30 min under 
37 °C) hampers widespread use of these materials 
as bioink [57, 75]. Fibrin has enzyme-activated 
cross-linking mechanism. By mixing fibrinogen 
solution with thrombin solution, a stable fibrin 
hydrogel forms. Fibrinogen is a blood coagu-
lation protein and has high cytocompatibility 
but still has relatively longer cross-linking time 
(0.5~10 min) than alginate (0.5~5 s).

Photo-cross-linking polymers are also being 
widely investigated as bioinks. Hydrogel 
 precursors, including methacrylated gelatin 
(GelMA), star poly(ethylene glycol-co-lactide)-
acrylate (SPELA), poly(ethylene glycol) 
dimethacrylate (PEGDMA), and polyethylene 
glycol) diacrylate (PEGDA), can be cross-
linked using UV light [73, 79, 80]. A brief sum-
mary of bioinks currently used are listed in 
Table 9.2. Bioink materials that support cell 
viability and proliferation and have short cross-
linking time are still needed to be developed for 
employing 3D bioprinting process for tissue 
regeneration. Bioprinters should have appropri-
ate design compatible to bioink’s cross-linking 
mechanism. Dual or multiple mixing nozzle 
configuration is required for mixing precursor 
solutions. Cooling or heating temperature con-
trol should be considered for temperature-
induced cross-linking materials [80, 81].

9.4.2  Salivary Gland Regeneration 
by 3D Bioprinting

The ultimate goal of 3D bioprinting is to provide 
vascularized functional living organs, which can 
be applied to the replacement of missing or dis-
abled tissues and organs. Observations and lessons 
from developmental biology can provide funda-
mental and practical ideas for tissue engineering 
approaches. Specific tissues or organs at different 
stages of development will have varying structural 
requirements. The essential morphogenetic steps 
and events of organogenesis during developmental 
stage can provide insights for salivary gland regen-
eration through 3D bioprinting [82].

Salivary glands consist of saliva-secreting 
acinar cells and various other types of cells. 
Tissue engineering of salivary glands was tried 
with several different approaches with hydrogel 
material for tissue regeneration [83–85]. Tissue 
spheroids, which have been used as an in vitro 
3D model system in biomedical and tumor 
research for several decades, may be a useful 
candidate in salivary gland regeneration with 3D 
bioprinting technology (Fig. 9.7) [77, 82]. 
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Bioprinting, or robotic additive biomanufac-
turing, could be implemented by a precise layer-
by-layer placement of self-assembled tissue 
spheroids in advanced hydrogels. The rapid pro-
cess of tissue spheroids to self-assemble and to 
form mature tissue in a relatively short time 
scale may provide the versatility needed for suc-
cessful 3D bioprinting. Advancement of the tis-
sue spheroids-based approach demands the 
synthesis of sophisticated soft biomaterials and 
extracellular matrices, such as bio-processible 
and biomimetic stimuli- sensitive functional 
hydrogels as bioink materials [71].

Salivary gland regeneration is also possible 
using 3D bioprinting with cells and hydrogels. 
Cells in the duct close to the acini are believed to 
provide all the cell types required for the formation 
of acini and ducts. In vitro cultured salivary cells 
could be assembled into three-dimensional acinar 
and ductal structures in the presence of collagen 
and Matrigel® [86]. Bioprinting of three-dimen-
sional salivary gland structures may be guided by 
present experience with 3D bioprinting of vascular 
branch formation [72, 87]. Advancement in 3D 
bioprinting technology, in combination with a fun-
damental understanding of the molecular mecha-
nisms of development, provides a novel strategy 
for salivary gland regeneration.

 Conclusions

3D printing technology enables more effec-
tive patient consultations, increases diagnos-
tic quality, improves surgical planning, acts 
as an orientation aid during surgery, and pro-
vides a template for surgical resection. In 
addition, as bioprinting technology further 
evolves, tissues or organs might one day be 
made with patient-specific shapes and dimen-
sions, thus substantializing the goal of indi-
vidualized medicine.
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Functional Salivary Gland 
Regeneration by Organ 
Replacement Therapy

Miho Ogawa and Takashi Tsuji

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-
ing chewing, digestion, cleaning, and swallowing 
[1, 2]. The salivary glands arise from the salivary 
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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 
Sjögren’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 α-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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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 Sjögren’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 

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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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-

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
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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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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 
(AQP5), and neuronal connections, were similar to 
those of a natural tissue (Fig. 10.3b) [17].

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. 10.2 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- 

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)
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 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 

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. 10.3 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 

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])
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 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 

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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Regulation of Salivary Secretion

Guy Carpenter and Polliane Carvalho

Abstract

The production of saliva in conscious humans is under the control of the 
higher centers of the brain which is upregulated by an autonomic reflex in 
response to taste, chewing, and smell. The higher centers of the brain 
maintain the resting rate of salivary secretion which in the healthiest sub-
jects is sufficient to maintain oral health and perform the functions of the 
mouth such as speaking, swallowing, and preventing the overgrowth of 
microbial colonies on oral tissues. When asleep, the same higher centers 
reduce their neural output leading to very low salivary flow, which pre-
vents choking or aspiration of saliva into the lungs leading to pneumonia. 
An understanding of this complex control of salivary secretion is particu-
larly important for the regeneration of the salivary glands and their func-
tions. Stem cell treatments to replace the salivary tissue are an impressive 
first step, but the new tissue needs to be under neural control. Inappropriate 
salivary secretion can be just as much a problem as insufficient salivary 
flow as demonstrated by drooling in stroke patients and patients on certain 
antipsychotic medications, who “drown” in their own saliva at night.

11.1  Introduction

Salivary secretion is an autonomic reflex acti-
vated mainly by taste, chewing, and smell for 
some salivary glands [10, 17, 36]. In conscious 
humans, there is a resting rate (approximately 
0.5 ml/min) of salivary secretion into the mouth 

by the three pairs of major glands (parotid, sub-
mandibular, and sublingual) and the hundreds of 
minor glands. The resting salivary rate is influ-
enced mostly by the higher centers of the brain 
(such as the hypothalamus and amygdala), which 
increase their neural input to the salivary centers 
located in the brainstem during the day but 
decrease at night and during times of anxiety 
leading to a dry mouth at those times. Upon stim-
ulation by taste, smell, or chewing, salivary 
secretion is greatly upregulated two to three times 
greater than the resting rate. Thus when we put 
food into the mouth, nerves associated with taste 
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buds, bare nerve endings in the mucosa, and 
olfactory receptors in the nose and mechanore-
ceptors (Ruffini endings) in the mouth are all 
stimulated and send signals via autonomic affer-
ents back to the salivary centers in solitary tract 

nucleus [28]. Sympathetic and parasympathetic 
efferents are then sent to each of the glands to 
increase salivary secretion [38] (Fig. 11.1a, b).

Salivary flow is controlled separately from 
salivary protein secretion, which itself is 

a

b

Fig. 11.1 Sympathetic nerve innervation of acinar and 
ductal cells in the submandibular glands of humans and 
mice. (a) Tyrosine hydroxylase (brown) staining (1:100 
dilution) of human submandibular glands lightly counter-
stained with hematoxylin (blue) shows dense sympathetic 
innervation of the acinar and ductal cells as well as the 

empty-looking fat cells. The empty appearance of the fat 
cells is caused by the tissue fixation process. (b) Tyrosine 
hydroxylase (1:100) staining of mouse submandibular 
gland also demonstrates plentiful sympathetic nerves 
around acini and ducts. However, there are no fat cells in 
mouse salivary glands
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 differently regulated depending on the secretory 
cell type, granule or vesicular secretion route, 
and even the protein itself [30]. Anaesthetized 
animals with isolated nerve preparations allowed 
researchers to show that parasympathetic stimu-
lation per se caused a high flow with a low pro-
tein concentration-type saliva, whereas 
sympathetic stimulation evoked a high protein 
with low-flow saliva [13, 38]. In conscious ani-
mals, however, it was found that most salivary 
secretion is composed of parasympathetic stimu-
lation with smaller amounts of sympathetic stim-
ulation overlaid [7, 28]. In contrast to the rest of 
the body, the autonomic nerves within the sali-
vary glands work in harmony rather than antago-
nistically. Similar experiments in humans using 
adrenergic and cholinergic blocking drugs 
revealed that a similar situation occurs [2].

11.2  Salivary Secretion by Taste, 
Chewing, and Smell

Taste buds are mostly located at the back of the 
tongue within the foliate and circumvallate 
papilla. Some taste buds occur at the front of the
tongue associated with (but not always within) 
the fungiform papillae, which are the red dots 
readily apparent on the tongue. The taste maps 
of the tongue depicting sweet tastes at the front 
of the tongue and salt at the sides, etc. often 
reproduced in textbooks are now largely dis-
counted. There is abundant evidence to show 
most areas of the tongue are able to detect most 
tastes. There is considerable variation in the 
number of taste buds between people, which has 
some correlation with super-taster status – a 
heightened ability to detect and discriminate 
tastes [16]. At both circumvallate and foliate 
papilla, the taste buds located within crypts are 
bathed in a secretion from serous minor salivary 
glands. These glands (von Ebner’s) have some 
interesting proteins that have been suggested to 
be involved in fat detection, such as lingual 
lipase and lipocalin [22]. However, the output 
from these glands is so small that it would be 
highly unlikely that they play a significant role in 

fat detection or digestion within food. However, 
it is possible these lipases maintain the environ-
ment within the crypts to maintain taste bud  
acuity [29, 45].

Much progress has been made in characteriz-
ing the different channels responsible for the 
detection of the basic tastes by taste bud cells 
[9]. Salt taste is transmitted by sodium and pos-
sibly potassium channels located on the apical 
surface of taste bud cells that signal to afferent 
nerves via ATP molecules, whereas sour taste 
(which is composed of protons) is detected by a 
separate channel. Receptors for bitter tastes and 
glutamate have also been determined [3, 19]. 
Now that specific receptors have been cloned, 
more studies are examining the confounding fac-
tors of taste receptors, such as age [31] and 
obesity.

In addition to taste, the other major stimulus for 
increased salivary secretion is chewing. 
Mechanoreceptors in the gingival pocket sur-
rounding each tooth are the main receptor for tooth 
movement related to chewing. Several studies 
have shown that increases in chewing activity lead 
to increased salivary secretion [1, 17] although, 
interestingly, empty chewing (i.e., clenching teeth) 
does not lead to salivary secretion. Under normal 
eating conditions, taste and chewing afferent nerve 
signals are combined to cause, at best, an additive 
effect on salivary secretion.

Additionally, smells can also stimulate sali-
vary secretion. Olfactory stimuli have been 
shown to stimulate submandibular/sublingual 
secretion but not parotid glands [24, 25]. When 
food is consumed, aerosols are released from 
the food, probably aided by mixing with saliva, 
which travel via the retronasal route to the 
olfactory neuroepithelium in the nose, and con-
tribute flavor signals to the basic tastes detected 
by the tongue. Indeed, much of the taste of food 
comes from the olfactory input rather than the 
taste or chewing that occurs in the mouth. 
Olfactory stimulation of salivary glands is prob-
ably of least importance to salivary secretion 
stimulated by food in the mouth but does appear 
to contribute to the mouthwatering phenome-
non. This is the subjective feeling of excessive 
saliva in the mouth often associated with the 
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thought of food. However, few scientists have 
been able to show a thought or sight evoked 
secretion of saliva. It would appear that in some 
situations, smells are apparent which could lead 
to some secretion and the mouthwatering 
response. However, in many situations where a 
mouthwatering response occurs in the absence 
of food- related smells, it could also be due to 
facial muscles squeezing on turgid salivary 
ducts to cause transient flows sufficient to be 
detected as mouthwatering [18].

11.3  Mechanism of Salivary 
Secretion

As noted above, the fluid component of saliva is 
differently regulated to the protein (and to some 
extent the ionic component) of saliva. Salivary 
glands are composed of polarized epithelial 
cells and have two main forms – the acini and 
the ducts. Often described as resembling a 
bunch of grapes, the acini are the site of fluid 
formation, while the ducts modify the saliva 
and convey it to the mouth. Fluid is mobilized 
by creating an ionic gradient across the acinar 
cells (primary saliva) which then is modified by 
the ducts [43]. The osmotic gradient is created 
by the selective secretion of chloride ions 
through the apical membranes of polarized 
acini. Thus once the parasympathetic nerves 
from the brain have conveyed the signal to 
secrete by releasing acetylcholine which binds 
to muscarinic receptors on the acinar cells, acti-
vation of intracellular calcium signaling elicits 
the opening of chloride channels on the apical 
side of the acini. Sodium ions follow the chlo-
ride ions through an electrochemical attraction 
so that a higher concentration of sodium chlo-
ride exists in the ductal/apical side of the cell 
compared to the basolateral/interstitial side. 
This osmotic gradient draws fluid from blood 
vessels, via the interstitial compartment, toward 
the apical side and into the ductal system. Water 
may pass either around the acini through the 
tight junctions between cells or via the aquapo-
rin channels within the acini [27].

11.4  Neural Connections 
to the Different Glands

Salivary glands are unique in utilizing parasym-
pathetic and sympathetic innervation in an addi-
tive/synergistic manner rather than the more 
usual antagonist setup found for the regulation of 
blood flow and other functions in the body. Taste, 
mechanical, or smell signals generate afferent 
signals in fibers of the facial (CNVII), glossopha-
ryngeal (CNIX), and trigeminal (CNV) nerves. 
The nucleus of the solitary tract is innervated by 
the CNVII and CNIX and sends interneurons to 
the salivary centers. Interneurons also supply the 
primary sympathetic salivary centers which are 
located in the upper thoracic segments of the spi-
nal cord. Efferent nerve fibers from the salivary 
nuclei conduct signals via the chorda lingual 
nerve to the submandibular ganglion and onto the 
submandibular and sublingual glands. The 
parotid gland is supplied by efferent fibers in the 
glossopharyngeal (tympanic branch) nerve to the 
otic ganglion and postganglionic fibers in the 
auriculotemporal nerve. There also appears to be 
a contribution to the parotid gland efferent supply 
from the facial nerve. Minor salivary glands are 
supplied by parasympathetic nerve fibers in the 
buccal branch of the mandibular nerve, the lin-
gual nerve, and the palatine nerve.

The salivary reflex is affected by the higher 
centers of the brain and shows circadian-like 
variations particularly in the resting salivary flow. 
This central neural activity appears to contribute 
towards the lower salivary secretion during sleep 
and zero flow during anesthesia. Suppression of 
impulse traffic from the salivary nuclei to sali-
vary glands leading to reduced salivation and dry 
mouth is most obviously demonstrated during 
fear and anxiety. However, these effects are less 
obvious in stimulated flow rates, where the 
effects of taste and chewing predominate.

Significant advancements in our understand-
ing of the brain have been made possible by func-
tional MRI [40]. By the injection of labeled 
glucose (or other substrates), the active regions of 
the brain can be imaged when stimuli such as 
food or drinks are put in the mouth. Despite some 
recent advances in understanding of how tastes 
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are perceived, relatively little attention has been 
paid as to how taste affects the salivary nuclei.

Most people believe that the thought of foods 
activates salivary secretion, the so-called mouth-
watering [20]. However, neither Pavlov nor 
Lashley found any evidence to support the pres-
ence of a conditional salivary reflex in man. fMRI 
studies have demonstrated the considerable dif-
ferences between animal and human brains in 
response to food [41]. Experiments by the author 
also suggest that just the thought of food does not 
sustain a stimulated salivary flow and that most 
mouthwatering experiences are the result of 
smells evoking submandibular/sublingual sali-
vary flow [18]. Using flow meters, it was possible 
to detect, particularly when subjects were hun-
gry, small spikes of salivary flow. It was specu-
lated that facial muscles compress the turgid 
ducts coming from salivary glands to the mouth 
to cause small transient “flows” of saliva that can 
be easily perceived by the subject.

11.5  Neurotransmitters 
and Receptors

Salivary acinar and ductal cells have been well 
studied for their receptors. Muscarinic receptors 
are usually cited as most important for fluid 
secretion, but they also cause a significant degree 
of protein secretion, mostly mucin and sIgA [8]. 
Using mouse knockout models, M3 appears most 
important with smaller contributions from M1 
[11, 14] although the in vivo situation is likely to 
be far more complex with inputs from purinergic 
[4] and peptidergic neurotransmitters [12].

Acinar cell activation of fluid transport is 
achieved through increases in intracellular cal-
cium concentration and binding of calcium to 
ion-transporting proteins. The acinar cell musca-
rinic receptors are G-protein-coupled receptors; 
binding of acetylcholine leads to a G-protein/
phospholipase C-mediated generation of inositol 
triphosphate (IP3) from phosphatidylinositol 
4,5-bisphosphate. IP3 interacts with IP3 recep-
tors (IP3Rs) on the endoplasmic reticulum caus-
ing release of stored calcium. Cytoplasmic 
calcium levels are tightly controlled by rapid 

removal of calcium through the actions of plasma 
membrane and ER calcium pumps. Store- 
operated calcium entry has been shown to be 
dependent upon the presence of three proteins, 
STIM1, Orai1, and TRPC1 channels. Other 
receptors (α1-adrenoceptor, substance P neuroki-
nin 1 receptor, P2Y receptor, P2X receptors) uti-
lize intracellular calcium signaling mechanisms 
but may make comparatively minor contributions 
to salivary fluid secretion under physiological 
conditions.

11.6  Protein Secretion

Protein secretion, following stimulation by sym-
pathetic and to lesser extent parasympathetic 
nerves, activates adrenergic receptors on cells 
and via intracellular cyclic AMP signaling causes 
the storage granules to migrate toward the apical 
membrane, fuse, and then release their secretory 
protein cargo into the ductal lumen. While the 
storage granule mechanism is the major route by 
which proteins enter the ductal lumen, non- 
storage vesicles also transport other proteins such 
as secretory IgA (sIgA). This is the main anti-
body in saliva since it is actively transported via a 
membrane receptor (polymeric immunoglobulin 
receptor) into saliva, whereas other classes of 
antibody such as IgG and IgE are unable to bind 
the membrane receptor and so passively diffuse 
into saliva. Differences in the secretion of sIgA 
and other proteins highlight differences between 
different secretory mechanisms within one cell 
[7]. However acinar and ductal cells have differ-
ent secretory proteins and are regulated by differ-
ent neural impulses [39]. Thus considerable 
complexity can exist in protein secretion within a 
single salivary gland.

In humans, during normal conscious reflex 
secretion, this complexity is less apparent since 
secretory inputs are processed centrally and so 
fluid and protein secretion seem to occur together. 
Thus, from a single gland, such as the parotid, 
which is the easiest to collect from using a 
Lashley suction cup, a similar range of proteins 
are secreted at rest and when stimulated by dif-
ferent taste stimuli although the relative 
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 proportions of some proteins (such as sIgA and 
amylase) may vary [37]. A more detailed study 
by mass spectrometer methods has revealed that 
there are some small changes in the composition 
of proteins [33]. The greatest variation in protein 
secretion is seen in whole-mouth saliva, which is 
the combination of all the salivary glands. At rest, 
submandibular and sublingual glands predomi-
nate; when stimulated by taste, parotid is the 
single most dominant contributor to salivary pro-
tein. However, smell or chewing without taste 
evokes some differences in salivary proteins, 
most noticeably muc7 and statherin [18].

11.7  Studies of Neural Agonists 
and Antagonists

α2-Adrenoceptor agonists (e.g., clonidine) and 
antagonists (e.g., yohimbine) have been demon-
strated to act centrally in studies of reflex secre-
tion in human subjects and cholinergically evoked 
secretion in animal models. α2-Adrenoceptor 
blockade can increase salivary secretion, while 
α2-adrenoceptor agonists inhibit secretion. It 
appears that adrenergic agonists such as amphet-
amine exert an inhibitory effect on the flow of 
saliva through the release of noradrenaline from 
nerves in the medulla causing activation of inhib-
itory α2-adrenoceptors rather than through a 
peripheral vasoconstrictive effect. These central 
effects of amphetamine that cause a dry mouth 
contrast with its action in the periphery leading 
to increased secretion of protein by salivary cells 
and increased salivary protein concentration. The 
presence of muscarinic receptors on neurons of 
the salivary nuclei may also partly explain the 
observed effects on salivary secretion evoked by 
intracerebro-ventricular injection of pilocarpine 
or atropine which were found to, respectively, 
stimulate and inhibit salivation.

The recent use of botulinum toxin for intra-
muscular paralysis has prompted a number of 
researchers to use this on salivary glands, princi-
pally as a treatment for drooling [26]. Drooling 
represents the greatest concern of cares of stroke 
victims, Parkinson’s, and other degenerative dis-
eases as the drooling constantly wets clothing 

and has led some clinicians to deliberately dam-
age the salivary glands by irradiation to effect a 
remedy [21]. Studies on rabbits have demon-
strated that irradiation has atrophic effects on the 
salivary glands [46] partially by damaging exist-
ing cells but also by damaging stem cells leading 
to reduced repopulation during normal cell turn-
over [35]. Currently Botox treatment is limited to 
terminally ill patients due to the risk of whole 
body neurotoxicity and inhibiting the muscles 
involved in swallowing thus potentially leading 
to even greater excessive salivation (sialorrhea)/
choking.

11.8  Considerations 
for Regeneration of Salivary 
Glands

Initial and recent studies by Coppes and col-
leagues [32, 35] have demonstrated that stem cell 
therapy of salivary glands involves an initial 
short-term recovery of the already existing sali-
vary cells and a longer-term repopulation of the 
glandular stem cells. Short-term effects demon-
strated a recovery of salivary flow in response to 
autonomimetics demonstrating a functional 
recovery of the acinar cells. These studies have 
been a vital step in demonstrating the potential of 
the treatment and opens further lines of inquiry.

The treatment with stem cells is though 
fraught with potential problems, the most serious 
of which is the potential transformation of the 
injected stem cells into noncancerous growths 
called teratomas. Even if this risk is extremely 
low, it has to be balanced against the benefits to 
patients from increased salivary production.

Injected stem cells appear to help preexisting 
salivary acinar cells recover function as well as 
repopulating the stem cell pool for longer-term 
function. Bone marrow soups [44] or mesenchy-
mal stem cell therapy has multiple growth factors 
that probably boost the recovery of acinar cells in 
an atrophic/diseased state. Epithelial stem cells 
extracted from existing salivary glands (labeled 
with anti-c-Kit antibodies) are probably required 
for longer-term repopulation of the  stem/progeni-
tor cell pool [35]. In both cases, the endogenous 
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structure of the gland is used to position these 
cells so that they can contribute to salivary secre-
tion into the mouth.

An alternative approach is to bioengineer the 
gland in vitro and then transplant the gland into 
the existing ductal (excretory duct) structures 
[34]. In most of these studies, an autonomimetic 
has been used to test the function or ability of the 
gland to produce saliva. This drug (usually pilo-
carpine) is injected into the body and reaches the 
salivary glands by the bloodstream. It then stimu-
lates salivary secretion by directly binding to 
muscarinic receptors on the acinar cells bypass-
ing any nerve-acinar cell junction. Few papers 
have considered whether the nerve-acinar cell 
junction has formed or is even functional.

Any researcher devising therapies for the 
recovery of salivary glands has to have an appre-
ciation of the complex neural control of salivary 
glands as detailed above as well as the structural 
architecture. In particular, the diurnal variation 
in salivary flow with an upregulation of the rest-
ing flow rate during periods of eating and chew-
ing but a downregulation of salivary secretion 
during sleep will need careful attention. The 
problems of a high flow at night have been well 
documented by Ekström and colleagues when 
describing patients on clozapine – an antipsy-
chotic prescribed to treatment-resistant schizo-
phrenia patients. The night-time sialorrhea 
causes patients to choke at night with the feeling 
of “drowning” frequently reported. Clearly then 
we need to carefully regulate the degree of 
regeneration of salivary glands whether by stem 
cells or drugs.

In studies of transplanted salivary glands to 
avoid irradiation fields in treatment of head and 
neck cancers [5] or treatment of chronic dry 
eyes [15, 23], it has become apparent that the 
transplanted glands can become innervated 
from nerves attached to local blood vessels [15] 
leading to some interesting effects whereby 
salivary secretion increased with exercise and 
temperature (reflecting increased blood flow). 
The preferred option that is required is the 
regenerated salivary gland to be innervated by 
both parasympathetic and sympathetic nerves 
that were originally in the gland so that it 

responds in a manner of reflex to stimuli that 
initiate increased salivation.

Although some animal studies have shown the 
ability of salivary gland nerves to regrow into 
regenerating glands [6], this has not yet been 
shown in humans. Certainly with disease such as 
Sjögren’s syndrome, it is known that there can be 
a loss of the fine nerve fibers adjacent to areas of 
inflammation [42]. Thus, in any treatment of sali-
vary glands, some account has to be taken of the 
preexisting innervation to determine the likely 
chances of successful regeneration. It is well 
established that salivary glands require an intact 
innervation to maintain their histological appear-
ance and functional capability.
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Salivary Gland Gene Therapy 
in Experimental and Clinical Trials

Michael Passineau

Abstract

Salivary gland gene therapy presents an opportunity to reprogram the 
organ on the molecular level and achieve unprecedented therapeutic 
advancements. This chapter will review the basic biology of gene transfer, 
with emphasis on those vector systems that have performed well in the 
salivary gland in animal models. Various therapeutic applications of sali-
vary gland gene therapy will be discussed, including radiation-induced 
xerostomia and Sjögren’s syndrome. The concept of salivary glands as 
endogenous bioreactors for systemic gene therapeutics in monogenetic 
and acquired diseases will also be reviewed.

A brief history of the field, with regard to animal models, clinical trans-
lational studies, and ultimately a successful phase I/II clinical trial, will be 
presented. The merits and limitations of the several animal models of sali-
vary gland gene therapy will be reviewed. The chapter concludes with a 
discussion of human salivary gland gene therapy clinical trials, completed 
and ongoing, and will point out congruence and discord between preclini-
cal animal studies and clinical trials. Salivary gland gene therapy is now 
established as safe and therapeutically effective in humans, and the near 
future of this field will be focused on making this technology practical for 
outpatient use and broadly disseminating it into the practice of oral and 
dental medicine.

12.1  Overview

Gene therapy may be broadly defined as the act 
of delivering a genetic sequence to a target cell or 
tissue to effect changes in gene expression. 
Typically, this involves utilizing a vector contain-
ing an expression cassette comprised of a pro-
moter, open-reading frame for the gene to be 
expressed (referred to as the “transgene”), and a 
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polyA sequence. The presence of these three 
minimalist elements results in the expression of 
the transgene within the target cell/tissue at levels 
proportional to the activity of the promoter in the 
target. While transgene expression is the classic 
example of gene therapy, other approaches 
include delivery of silencing RNA, microRNA, 
and, increasingly, gene editing.

Gene therapy is fundamentally different from 
traditional pharmacology and even biopharma-
cology in that rather than manipulating the exist-
ing cellular machinery, gene therapy allows the 
manipulation of the composition of the cellular 
machinery itself. Accordingly, gene therapy the-
oretically expands the armamentarium of thera-
peutic options beyond what is available through 
conventional pharmacology, and the two 
approaches could potentially be synergistic. 
When considering salivary gland disorders, gene 
therapy is particularly attractive due to the rela-
tive paucity of conventional treatment options for 
salivary gland disorders.

Historically, gene therapy as a broad field has 
been very slow to meet its initial promise, and by 
far the most important factor limiting the main-
streaming of gene therapy has been the difficulty 
of achieving vector delivery to the target cell/tis-
sue. As detailed below, cellular entry represents a 
fundamental challenge for gene therapy vectorol-
ogy, but so does macroscopic delivery of the vec-
tor to the target tissue. In particular, delivery of 
gene therapy vectors to internal, solid organs is 
inherently challenging, since this requires either 
surgical intervention or intravenous administra-
tion of a vector capable of efficiently trafficking 
to the target tissue without unwanted accumula-
tion in off-target tissues. This latter consideration 
has proven to be a major drawback of intravenous 
administration of gene therapy vectors, particu-
larly viral vectors.

The salivary gland has unique attributes that 
make it an intriguing and practical site for gene 
therapy, obviating some of the above concerns. 
These considerations have been previously elab-
orated [1] and include the direct accessibility of 
the organ through bloodless intraoral cannulation 
of the salivary ducts (Wharton’s and Stensen’s). 
This exceptionally simple and safe accessibility 

has facilitated careful and comparative studies of 
vectorology in the salivary gland and enabled 
translation of salivary gland gene therapy from a 
proof of concept in 1991 [2] to a successful phase 
I human gene therapy clinical trial in 2006. This 
chapter will review the roughly two decades 
between those milestone events, as well as specu-
lating on the future of this promising new 
approach to salivary gland therapeutics, repair, 
and regeneration.

12.2  Gene Delivery Technology

The fundamental challenge facing the gene thera-
pist is, simply put, how to get a gene drug from 
the outside of a target cell into the cytoplasm. 
While only 7 nm of cell membrane stands in the 
way of this objective, that barrier has proven 
exceptionally difficult to traverse, to the extent 
that the gene therapist will often describe the cell 
membrane as “the longest 7 nm in nature.” In 
marked contrast to prokaryotic cells, eukaryotic 
cells repel foreign nucleic acids, based both upon 
passive biophysical principles (DNA is strongly 
hydrophilic, precluding its diffusion through the 
cell membrane) and active immunological barri-
ers, both extracellular and intracellular. In one 
often-repeated statement to Time magazine in 
1999 [3], Inder Verma remarked, “There are only 
three problems in gene therapy: delivery, delivery 
and delivery.”

Dr. Verma’s statement accurately reflected the 
driving force behind the remarkable adherence to 
Gartner’s curve that the gene therapy field has 
observed. On the positive side, this singular chal-
lenge of delivery has not diminished the theoreti-
cal potential of gene therapy over the past two 
decades, and indeed this challenge has driven 
rational and often successful research designed to 
meet it. What is now clear is that the diversity of 
gene therapy applications precludes generalized 
applications of gene therapy techniques. What is 
needed rather is a gene therapy “toolbox” com-
prised of dozen of vectors, devices, and tech-
niques, each of which may address only a few or 
even a single disease state. This principle has 
been well demonstrated in salivary gland gene 
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therapy over the past two decades, and this chap-
ter will pay particular attention to the refinement 
of the salivary gland gene therapy “toolkit” into 
its present form.

12.2.1  Viral Vectors

The only biological entity in nature capable of 
efficient transport of nucleic acid across eukary-
otic cell membranes is the virus. Indeed, the 
life cycle of the virus depends upon success-
ful transmembrane transfer of genetic material 
into the host cell cytoplasm. For this reason, the 
early days of gene therapy research were domi-
nated by viral vectors, and as of data from July 
2015 (http://www.wiley.com//legacy/wileychi/
genmed/clinical/), >70 % of all human gene ther-
apy clinical trials have utilized a viral vector.

Viral vectors have two key attributes that 
determine their suitability for a given gene ther-
apy application, such as gene transfer to the sali-
vary gland (see Fig. 12.1, left panel): (1) proteins 
in the capsid or envelope of the virus mediate cell 
binding through receptor/ligand interactions, and 
thus cell binding affinity can vary dramatically 
from one cell type to another, and (2) endosome 
escape is a key feature of the viral life cycle but 
results in deposition of antigenic viral capsid pro-
teins on MHC receptors, triggering host response 
to the infected cell. Both of these attributes must 
be managed in such a way as to match the viral 
vector choice to the particular application. For 
example, the canonical adenovirus type 5 (Ad5) 
is strongly immunogenic in the host, but this can 
actually be an advantage in gene therapy applica-
tions in oncolysis or immunization. In the sali-
vary gland, the most promising applications of 
gene therapy are for chronic conditions, and the 
anti-Ad5 host response is very undesirable.

In the salivary gland, a very helpful study pub-
lished early on surveyed the efficacy of several 
viral vectors for gene transfer to the salivary 
gland [4]. This work demonstrated that the only 
viral vectors capable of robust transduction of the 
salivary gland are adenovirus and adeno- 
associated virus (AAV), and these vectors have 
formed the sole basis of viral-mediated salivary 

gland gene therapy since 2002. Unfortunately, it 
is known that AAV does not transduce acinar 
cells [5], and thus the field does not yet have a 
viral vector that is well-suited for any gene ther-
apy application requiring gene transfer to the 
acini of the salivary gland. It is this author’s opin-
ion that an alternate AAV serotype will ultimately 
be discovered that can transduce acinar cells 
(source: unpublished data from John Chiorini, 
PhD), but given the variability in viral tropism for 
the salivary glands of different species, any AAV 
candidates for acinar cell gene transfer will need 
to be empirically validated in humans, a complex 
and challenging task.

12.2.2  Nonviral Vectors

Nonviral vectors can potentially obviate both of 
the disadvantages of viral vectors in that target 
cell affinity can be engineered directly into a syn-
thetic construct (often referred to generally as 
“nanoparticles”; see Fig. 12.1, right panel), and 
lack of viral protein antigens can evade host 
immune recognition. The downside of nonviral 
vectors is that they lack the viral mechanisms that 
mediate escape from the endosome. Endosomal 
escape has proven extraordinarily difficult to 
engineer artificially, and without robust endo-
some escape, gene transfer efficiency is low due 
to the vector remaining entombed within the 
endosome. There has been one report of an endo-
somolytic nanoparticle capable of effective 
siRNA to the salivary gland of the rodent [6], but 
questions remain as to the relevance of this tech-
nology for accomplishing transgene expression. 
The general consensus of the gene therapy litera-
ture thus far regarding nanoparticles is that they 
are often capable of delivering siRNA to diverse 
targets but are far less effective in accomplishing 
expression of an exogenous transgene.

Ultrasound-assisted gene transfer (UAGT; see 
Fig. 12.1, center panel) was proposed in 2010 [7] 
as a novel method for accomplishing gene transfer 
to the salivary gland of animal models. This tech-
nique circumvents endosomal escape altogether 
by relying upon transient disruption of the cell 
membrane and direct transmembrane transit of a 
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naked DNA vector. The technique relies upon bio-
physical phenomenon referred to as “sonoporation” 
in which the DNA vector is associated with 
~2.5 μm microbubbles comprised of a lipid bilayer 
surrounding a perfluoropropane gas core. These 
microbubbles resonate in a 1 MHz acoustic field, 
and if the acoustic field is of sufficient power, the 
microbubbles are violently destroyed, resulting in 
fluid cavitation, which disrupts the cell membrane. 
Sonoporation alone appears to have minimal 
effects upon cellular homeostasis, and no damage 
to the gland is apparent after UAGT, either by his-
tological or proteomic analysis [8].

12.3  Gene Repair

Gene repair refers to the use of gene transfer to cor-
rect a deleterious genetic polymorphism in the tar-
get cell. The gene repair paradigm was the founding 
principle of gene therapy many decades ago, driven 
primarily by the well-characterized gene/disease 
relationship that exists between CFTR mutations 
and cystic fibrosis [9]. It is not fair to credit CF as 
the genesis of the gene therapy research field all on 

its own, because many other monogenetic disease 
states were pursued from the earliest days of gene 
therapy research. Nevertheless, CF is the prototype 
gene therapy application and, ironically, one of the 
most difficult to address, with no effective gene 
therapy treatment yet manifest, despite almost 
30 years of research.

Salivary gland gene therapy has never 
employed the gene repair paradigm, chiefly 
because of the extremely low impact of monoge-
netic diseases of the salivary gland. However, an 
intriguing application of salivary gland gene ther-
apy has been proposed that attempts to address 
systemic monogenetic diseases by repurposing 
a portion of the salivary gland into an “endog-
enous bioreactor” [10, 11] for systemic delivery 
of biomolecules deficient in these disease states. 
A variety of therapeutic biomolecules have been 
expressed in the salivary glands of various animal 
models and been shown to circulate systemically, 
with examples including erythropoietin [10, 11], 
human growth hormone [10–12], α-galactosidase 
A [13], and GLP-1 [14].

The clinical translation of the salivary 
gland bioreactor paradigm faces two principal 

Fig. 12.1 Basic biology of exogenous gene transfer to a 
target cell. The cell membrane prohibits the passage of 
genetic material. Ligand/receptor interactions by viral 
vectors (left) or nanoparticles (right) can mediate endocy-
tosis of the vector, but this leads to a destination in an 
endosome, not the cytoplasm. Viral mechanisms (left) 
lead to endosomal disruption, but viral antigens remain 
and are presented on MHC receptors. Nanoparticles are 

engineered to evade MHC activation, but endosomal 
escape has proven difficult to artificially engineer. 
Sonoporation (center) involves the direct transmembrane 
transit of the nonviral vector via transient pores in the cell 
membrane produced by fluid-phase cavitation. In all 
instances, once the genetic material has been deposited in 
the cytoplasm, transgene expression can occur (© 2013 
Michael J Passineau, PhD)
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 challenges. First, the sorting of the transgene 
between the apical (exocrine-directed) and 
basal (endocrine- directed) compartments of 
the acinar cell cannot be predicted and varies 
between species. A substantial body of care-
ful research, almost all of it carried out at the 
NIDCR, has sought to understand and manipu-
late these two sorting pathways, but the results 
have not yet produced clear-cut principles likely 
to apply to humans [15–19]. Thus, the animal 
models, particularly rodent models, are lim-
ited in their ability to predict whether a trans-
gene intended for endocrine circulation after 
expression in the salivary glands of humans 
would indeed traffic as intended. Heretofore, 
no clinical trials have been approved to study 
this gene therapy strategy in humans, and until 
such a trial can empirically address these sort-
ing issues, the idea remains extremely intrigu-
ing but unrealized.

The second issue that confounds the use of 
salivary glands as endogenous bioreactors is 
the imprecision of the relationship [vector dose/
systemic transgene circulating]. The principles 
of pharmacology as they relate to biopharma-
ceuticals dictate that dosing must be maintained 
within a relatively narrow window in order to 
maximize efficacy while avoiding intolerable 
side effects. With an exogenously delivered 
biological agent, this dosing can be tightly con-
trolled, but producing the biological agent 
endogenously simply does not allow this level 
of precision. For this reason, the concept of 
producing a growth hormone such as HGH, 
endogenously, might not be workable due to the 
risk of overdose and the tendency of transgene 
expression to degrade over time. The notable 
exception might be orphan diseases such as 
lysosomal storage diseases, where even a small 
amount of circulating enzyme can be benefi-
cial, and increased enzyme is only additive to 
the therapeutic benefit. This might also be the 
case in a schema like the expression of GLP-1 in 
type 2 diabetes mellitus where the salivary 
gland provides a baseline level of the therapeu-
tic that could reduce (but not eliminate) the 
need for exogenous administration of conven-
tional pharmaceuticals.

12.4  Genetic Medicine

Genetic medicine as a gene therapy strategy dif-
fers from gene repair in that the therapeutic effect 
is achieved not by replacement of a defective gene 
but by the use of a transgene to manipulate the 
physiology of the target cell. In this paradigm, the 
context is rarely inherited monogenetic disease 
(where a gene repair strategy would presumably 
be more direct) but rather complex acquired dis-
ease. As mentioned above, monogenetic inherited 
diseases of the salivary gland are very rare, so 
genetic medicine is by far the more important 
paradigm to consider in the near-to- intermediate 
future of salivary gland gene therapy.

The majority of genetic medicine research in 
the salivary gland has focused on radiation- 
induced xerostomia, likely due to the consistency 
and reasonably direct clinical relevance of irradi-
ated animal models. Sjögren’s syndrome (SS) 
has also attracted the interest of the salivary gland 
gene therapy community, owing to its very high 
prevalence, but the clinical relevance of the ani-
mal models is far more problematic. Animal 
models of salivary gland dysfunction, and their 
limitations, will be discussed in the following 
section. Recently, an intriguing application of 
genetic medicine involves the ectopic synthesis 
of a hormone called PYY, normally produced by 
endocrine cells of the gut epithelium, in the sali-
vary gland. This approach has been shown to 
modulate taste [20] and induce satiety [21], with 
potential applications to the treatment of obesity 
and some forms of anorexia.

Animal studies utilizing genetic medicine 
approaches to radiation-induced xerostomia have 
been impressively varied but fall into one of two 
categories: (1) protection of the gland from the 
predictable radiation insult or (2) functional res-
toration of a salivary gland where damage is 
already manifest. The latter application has here-
tofore been focused exclusively on a single trans-
gene, aquaporin-1 (AQP1) that presumably 
localizes circumferentially in the cell membrane 
of surviving ductal cells (and possibly acinar 
cells, which may survive in small numbers) and 
facilitates transmembrane flux [22] of interstitial 
fluid into the intraductal labyrinth. The first report 
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of this genetic medicine treatment paradigm uti-
lizing the archetype adenoviral type 5 vector was 
in 1997 [23], and since that time, this therapeutic 
approach has been upscaled from rodents to min-
iature swine [24], replicated with an AAV vector 
in rodents [25] and later miniswine [26], carried 
out with nonviral ultrasound-assisted gene trans-
fer in miniswine [27], and finally shown both 
safety and efficacy in a phase I dose-escalation 
human clinical trial [28]. The field-wide implica-
tions of this milestone clinical trial are discussed 
at the end of this chapter.

Radioprotective gene therapy strategies have 
been more diverse but are much less advanced 
down the clinical translational pathway. Examples 
include Tousled kinase [29, 30], human keratino-
cyte growth factor [31, 32], vascular endothelial 
growth factor and/or fibroblast growth factor [33, 
34], and heat shock protein 25 [35]. The mecha-
nisms by which these various treatments exert 
their therapeutic effect are well understood in 
some cases, less so in others. All of these biologi-
cal therapies appear to be safe and could poten-
tially be candidates for human clinical trials. 
However, the cost/benefit analysis of using an 
adenoviral vector, which is itself inflammatory, 
must be considered. Alternatives, such as AAV or 
sonoporation might be considered for clinical tri-
als but only after more work is done to optimize 
the transgene expression dynamics of each thera-
peutic candidate to maximize protection and 
minimize unintended biological consequences.

SS is the most prevalent salivary gland dis-
ease, affecting roughly 0.5–3 % of the general 
population, with a 1:9 male to female ratio. Thus, 
SS presents the greatest single opportunity for 
clinical impact using salivary gland genetic med-
icine strategies. Given the sophisticated state of 
salivary gland gene therapy relative to gene ther-
apy applications in other organs and tissues, there 
is reason to be optimistic that this hope may be 
realized in the coming decade(s). However, there 
are two principal hurdles to exploiting gene ther-
apy to disrupt and/or reverse SS: (1) since a major 
element of primary SS is inflammatory, the pros-
pects for using a virus, even AAV, to treat this 
disease locally within the salivary gland are 
doubtful, and (2) despite decades of research, the 

molecular etiology of local salivary gland dys-
function in SS is poorly understood, meaning that 
the molecular targets for a gene therapy strategy 
in humans are not at all clear. The advent of 
UAGT as a nonviral platform for salivary gland 
gene therapy may obviate the former concern, but 
the latter remains unresolved.

Gene therapy is fundamentally a method for 
altering the intracellular programming of the tar-
get cell and as such presents nearly unlimited 
versatility. However – and to extend the metaphor 
of software – since the “program” of the pathobi-
ology in SS is not understood, there is no basis 
upon which to directly act upon it with gene ther-
apy. At the highest level, it might be effective to 
simply utilize transgenes with broad anti- 
inflammatory activity, based upon what is known 
about the disease at the histological level. Even 
starting with this basic premise, a meaningful 
animal model must be engaged before a clinical 
translational strategy can approach clinical trials, 
and it is principally animal models that have hin-
dered the progress of gene therapy for SS.

In the main, it is this author’s opinion that an 
animal model with direct relevance to translating 
SS gene therapy to humans does not yet exist. 
This is not for lack of effort, as evidenced by a 
recent and very helpful review by Park et al. [36] 
that inventories more than a dozen mouse models 
of SS. Missing from the Park et al. review are 
several additional animal models where induc-
tion of SS-like disease is itself accomplished by 
viral gene transfer [37–39]. The phenotypes of 
these mouse models are variable, with respect to 
salivary and lacrimal gland manifestations, as 
well as systemic manifestations and autoantibod-
ies. Similarly, a number of gene therapy studies 
have been carried out targeting the salivary 
glands of these mouse models, in particularly the 
C57BL/6.NOD-Aec1Aec2 model [40–44]. These 
studies do suggest the potential of gene therapy 
for SS, but their relevance to the human condition 
is not clear, and at this point it is difficult to imag-
ine a successful Investigational New Drug (IND) 
application for a human gene therapy clinical 
trial based upon any of this evidence.

So what role can mouse models play in unrav-
eling the complex molecular choreography of 
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human SS and more importantly in providing the 
rationale for a human clinical trial involving gene 
transfer to the salivary gland in SS? Perhaps one 
answer lies in working backward to mouse mod-
els rather than forward. The availability of sali-
vary gland biopsies from SS patients through 
various tissue banking efforts provides a rich 
resource for genomic and transcriptomic studies 
of the molecular pathobiology of SS in the 
affected salivary gland, already yielding insights 
on the human condition [45, 46]. Since the only 
relevant targets for gene therapy are the human 
ones, it may be best to de-emphasize the impor-
tance of SS-like phenotype in mice and rather 
focus gene therapy efforts going forward on 
mouse models that allow demonstration of clear- 
cut modulation of genetic targets known to be 
relevant to the human condition.

A final potential application of salivary gland- 
based genetic medicine strategies bears mention-
ing, although it has not yet been exploited in a 
peer-reviewed research manuscript. It is theoreti-
cally possible to use gene therapy to alter the pro-
tein composition of saliva for applications 
focused on the oral cavity itself. One can envi-
sion the introduction of proteins or peptides with 
specific activity against intractable or opportunis-
tic dental pathogens, such as Candida albicans or 
Aggregatibacter actinomycetemcomitans. In this 
author’s opinion, this novel methodology for 
chronic oral disease is extremely promising and 
warrants greater attention.

12.5  Experimental Models 
of Salivary Gland Disease 
and Gene Therapy

The great promise of gene therapy is that it pres-
ents therapeutic opportunities that are simply not 
possible with traditional pharmacotherapies. 
However, with this new paradigm come addi-
tional risks, some known, and some yet unknown. 
Gene therapy is not a new field and has been an 
active area of research for more than four decades, 
with the first successful human gene therapy 
intervention now almost three decades in the past 

(1990). Despite this history of promise and 
 setbacks, gene therapy has blossomed during the 
second decade of this century, with several 
industry- sponsored approval applications now 
pending before the FDA and the EMA. Some of 
the trials and tribulations of the gene therapy 
field, such as the gradual waning of viral- 
mediated RPE65 gene repair in congenital blind-
ness [47], were perhaps predictable. Others, 
including the persistence of AQP1 expression in 
the human salivary gland following viral- 
mediated gene therapy [48], were not. As the 
field traverses this critical juncture in its history, 
it is absolutely clear that high-quality, large ani-
mal preclinical models of gene therapy are one 
key to assuring smooth clinical translation of 
candidate gene therapies. In this regard, the sali-
vary gland gene therapy field enjoys a distinct 
advantage, as discussed below.

One of the major advantages of salivary 
gland gene therapy is the accessibility of the 
organ itself, via intraoral cannulation of the sali-
vary duct (parotid or submandibular). 
Technically, the cells of the salivary gland are 
epithelium, and the tight junctions between 
these cells, combined with the encapsulation of 
the organ, make the salivary gland a cutaneous 
structure. Delivery of a vector to the salivary 
gland via cannulation avoids communication 
with the systemic circulation and avoids many 
of the complexities of systemic toxicity that 
have complicated other applications of gene 
therapy. Fundamentally, cannulating the sali-
vary duct of large animals (e.g., miniswine) or 
even that of a rodent is very similar to the actual 
situation that would be faced in humans, further 
increasing the relevance of animal models to 
clinical translation.

The first models of salivary gland gene ther-
apy were rodents, as expected, and their low cost, 
as well as the availability of transgenic modifica-
tion (in mice), makes rodents the mainstay of 
research development in this field. The primary 
drawback of these animals is the very small size 
and relative fragility of the salivary duct, making 
the technique extremely challenging from a tech-
nical standpoint and also prone to variability. A 
second issue that limits rodent models is the 
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major difference in salivary gland structure and 
function between rodents and humans. In rodents, 
the submandibular gland (SMG) is the largest 
gland and plays a much greater role in saliva pro-
duction than the parotid gland. In humans, the 
roles of the parotid and submandibular are 
reversed. Thus, caution must be exercised when 
interpreting the results of gene therapy interven-
tions in the SMG of rodents. Nevertheless, with 
the notable exception of exocrine/endocrine sort-
ing, most gene therapy insights gained in the 
SMG of rodents do faithfully upscale to larger 
animal models.

Between rodents and humans, a large ani-
mal model of gene therapy is highly desirable, 
if not essential. Whereas primates are indis-
pensable as preclinical models in other areas 
of research, they present very considerable 
challenges, primarily in ethical and cost con-
siderations. Fortunately, primates have proven 
unnecessary for translation of salivary gland 
gene therapy to clinical trials and may even be 
less informative than other animal models [49]. 
To a lesser degree, canines also present chal-
lenges as preclinical models, primarily due to 
their status as companion animals. Fortunately, 
the pig has proven to be nearly ideal as a pre-
clinical model of salivary gland gene therapy 
and has proven sufficient for clinical transla-
tion of the first-in-man salivary gland gene 
therapy [24]. The parotid glands of pigs are 
similar in overall size and location to humans 
(see Fig. 12.2), and while pigs are highly intel-
ligent animals, their status as an agricultural 
product obviates ethical concerns that plague 
canine or primate studies. The principal chal-
lenge in the use of pigs as models of salivary 
gland gene therapy is the forceful growth 
kinetics of the domestic farm swine, a trait that 
has been bred into these animals over millen-
nia but is cumbersome for chronic studies. For 
reasons of convenience, the miniature pig has 
been established as the penultimate preclini-
cal model of salivary gland gene therapy after 
an impressive body of collaborative work by 
Songlin Wang in Beijing and Bruce Baum in 
Bethesda characterized the essential elements 
of this animal model [50, 51].

12.6  Clinical Trials of Gene 
Therapy

As of the date of this writing, clinicaltrials.gov 
lists only two gene therapy studies involving the 
salivary gland, one completed, and the other 
approved but not yet recruiting. Both trials utilize 
the same therapeutic philosophy, expressing a 
water channel called aquaporin-1 (AQP1) in the 
salivary glands of patients whose salivary glands 
have been damaged by radiotherapy for head- 
and- neck cancer. Since acinar cells are known to 
be destroyed in the context of radiation-induced 
xerostomia, it is presumed that AQP1 achieves 
expression in the surviving ductal cells, driving 
transcellular fluid flux from the interstitial space 
into the intraductal labyrinth.

The first trial, NCT00372320, is usually 
referred to as the “AdAQP1” trial and involved a 
phase I dose-escalation paradigm to evaluate the 
safety of adenoviral gene therapy in the human 
salivary gland [28]. As a first-in-man study, the 
primary outcome measure was safety, but second-
ary measures included both objective (salivary 
flow) and subjective (xerostomia) metrics of thera-
peutic efficacy. It is difficult to overstate the 
importance of this successful trial as an inflection 
point for the field, as it established proof-of- 
principle for the safety and efficacy of salivary 
gland gene therapy, allowing subsequent studies to 
focus on practicality of this approach for dissemi-
nation to the oral medicine clinical community.

Two important observations from the AdAQP1 
trial are worth noting. First, the dose-escalation 
strategy demonstrated that there is an ideal dos-
ing range for efficacy, above and below which is 
ineffective and possibly harmful [28]. The sec-
ond observation, specifically addressed in a later 
report [48], was the duration of therapeutic effect 
in the human patients, which was unexpected in 
that it substantially exceeded the transient effects 
seen in preclinical large animal studies [24]. This 
issue will need to be considered in future clinical 
trials, and while it is premature to draw broad 
conclusions, this single observation gives reason 
to hope that salivary gland gene therapy in 
humans may produce therapeutic effects that last 
for at least several months.
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The second trial, NCT02446249, builds upon 
the success of the AdAQP1 clinical trial, while 
attempting to improve upon what is presumed to 
be its principal weakness, the highly immuno-

genic adenoviral vector. In this follow-up trial, 
AAV2 will be used to express the AQP1 trans-
gene, and preclinical studies suggest that the 
duration of therapeutic efficacy could be much 

Fig. 12.2 Comparison of parotid gland position and 
relative size and humans versus miniswine. Upper 
shows digital radiography reconstruction (DRR) of 
parotid glands from two de-identified patients from the 
Allegheny Cancer Center (Pittsburgh, PA). The lower 

shows (DRR) of a miniswine subject. The right parotid 
is shown in magenta. Note that human and swine 
images are not referenced to the same scale. (Upper, 
reproduced from [18], lower © 2014 Olivier Gayou, 
PhD)
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longer than that seen with adenovirus [26]. AAV 
has been used safely in other human clinical tri-
als, and this trial holds great promise for long- 
lasting palliative therapy in radiation-induced 
xerostomia.

Looking into the future, it is now clear that sali-
vary gland gene therapy is a promising new modal-
ity for treating salivary gland dysfunction in 
radiation-induced xerostomia and may soon find 
widespread application in this condition [52]. 
However, this patient population represents but a 
small niche of patients suffering from xerostomia 
and hyposalivation, with age-related xerostomia 
and SS representing tens of millions in the devel-
oped world and presumably hundreds of millions 
of individuals worldwide. Since these conditions 
are chronic but not lethal, the key to effective ther-
apy will be durable transgene expression, either 
with single treatment or (more likely) with a thera-
peutic strategy that allows for serial readministra-
tion. If the latter is required, questions remain as to 
the approach that might be taken with viral vectors, 
as even AAV generates host immune response with 
repeated dosing. Nonviral alternatives, such as 
UAGT or nanoparticles, might also be considered 
but have not yet been evaluated in the salivary 
glands of humans. With clinical data demonstrating 
the safety of salivary gland gene therapy now 
firmly in hand, it is important that clinical develop-
ment of these various modalities be accelerated in 
order to mainstream salivary gland gene therapy 
into the practice of oral and dental medicine.
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Surgical Management of Salivary 
Gland Disease

Varun V. Varadarajan and Peter T. Dziegielewski

Abstract

The study of salivary gland tissue and the surgical management of salivary 
gland pathology are fundamental to the practicing otolaryngologist-head 
and neck surgeon. Traditional surgical intervention for both neoplastic and 
nonneoplastic disease of the salivary glands includes sialadenectomy, 
superficial or complete parotidectomy, minor procedures involving the 
salivary ducts, and procedural interventions for xerostomia and sialorrhea. 
Recent surgical advances of the salivary glands and ducts such as mini-
mally invasive, endoscopic, and robotic techniques have augmented the 
surgeon’s armamentarium for managing salivary gland disease. Novel 
techniques such as salivary gland transfer are also being pioneered. The 
mechanisms of salivary gland function remain an active research topic, 
and future applications may include regeneration of functional salivary 
gland tissue. This chapter briefly reviews the basic surgical anatomy and 
physiology of the major and minor salivary glands and describes tradi-
tional indications for surgical intervention. The recent advances in salivary 
gland surgery are described, and the chapter concludes by highlighting 
recent discoveries in the field of salivary gland regeneration. The implica-
tions of these advances for the head and neck surgeon and the potential 
future of surgical management of salivary gland pathology are discussed.

13.1  Introduction and Historical 
Perspective

The anatomic study of major salivary glands is 
documented as early as the second century AD 
when Galen described anatomic relationships 
of the major salivary glands [1, 2]. Detailed 
anatomic depictions were not available in the 
western world until the fifteenth to sixteenth 
centuries when anatomists including Andreas 
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Vesalius, Realdus Columbus, William Harvey, 
Bartholomaeus Eustachius, and others popular-
ized systematic human body dissection. Vesalius 
is the first anatomist to use the term “salivary 
glands” and attribute their presence to the secre-
tion of saliva in his writing De humani corporus 
fabrica in 1543. A more sophisticated anatomic 
understanding of the salivary glands was not 
attained until the seventeenth century. Nicholas 
Stenson first described the parotid gland duct in 
his writing De glandulis oris et novis earandum 
vasis in 1661. Thomas Wharton is credited with 
the discovery of the submandibular gland duct, 
which he described in his writing Adenographia 
sive glandularum totius corporis descriptio in 
1656. In this writing he also describes what we 
believe to be the sublingual gland and ducts. 
Caspar Bartholin further characterized the 
anatomy of the sublingual gland and duct sys-
tem in 1685 [1]. Anatomists further character-
ized the structural relationships, histology, and 
physiologic function over the ensuing centuries. 
Traditional surgical interventions were devel-
oped to address a range of pathologies including 
neoplastic, nonneoplastic, obstructive, inflam-
matory, infectious, and iatrogenic conditions. 
The twentieth century allowed further develop-
ment and refinement of salivary gland surgery. 
Janes was the first surgeon to describe a process 
for the intraoperative identification of the facial 
nerve during parotid surgery in 1940 [3]. The 
development and widespread availability of com-
puterized tomography and magnetic resonance 
imaging allowed the medical and surgical com-
munity to a gain a sophisticated understanding 
of the salivary gland anatomy. The structure and 
function of the salivary glands continue also to 
play an important role in regenerative medicine; 
functional salivary gland regeneration is an active 
research topic. Researchers aim to replicate and 
regenerate the complex histologic organization 
and function of the human salivary glands in an 
attempt to potentially allow salivary gland pres-
ervation and regrowth.

This chapter will begin by providing an over-
view of the anatomic and physiologic principles 
of the salivary glands. We will then review the 
indications for salivary gland surgery including 

neoplastic and nonneoplastic disease and briefly 
discuss the most commonly described surgical 
approaches to the major salivary glands. The 
recent advances in salivary gland surgery such 
as sialendoscopy, salivary gland transfer, and 
minimally invasive surgery will then be dis-
cussed. The chapter will conclude by highlight-
ing recent discoveries in the field of functional 
salivary gland regeneration and discuss the 
implications of these advances for the head and 
neck surgeon.

13.1.1  Anatomic and Physiologic 
Principles of Major and Minor 
Salivary Glands

Salivary glands are accessory digestive glands 
and begin their development during the 6th week 
of gestation. Epithelial buds invaginate from oral 
ectoderm into connective tissue mesenchyme. 
There are three paired major salivary glands 
(parotid, submandibular, and sublingual glands) 
and presumably 100s of minor salivary glands. 
The site of invagination defines the location of 
the ductal orifice. Tunnels created by ectodermal 
outpouchings proliferate and branch, creating 
tubules and acini that ultimately form the struc-
ture of the salivary glands. The parotid gland 
develops first among the major salivary glands 
followed by the submandibular and sublingual 
glands. The parotid gland develops around the 
branches of the facial nerve and is the last to 
become encapsulated by connective tissue fascia. 
The associated lymphatic vessels develop after 
the submandibular and sublingual glands become 
encapsulated but before parotid gland encapsula-
tion [2–7]. The result of this unique aspect of 
embryogenesis is the presence of lymphatic 
channels and lymph nodes within the parotid 
gland.

13.1.1.1  Parotid Gland and Facial 
Nerve Anatomy

The parotid gland is the largest of the major sali-
vary glands and is located between the external 
auditory canal and the mandibular ramus. It is 
classically described as wedge shaped and extends 
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superficially over the masseter muscle. The parotid 
tail is a posterior and inferior extension into the 
neck over the sternocleidomastoid muscle. The 
parotid gland fascia encapsulates glandular tissue, 
blood vessels, and lymphatic tissue. The parotid 
gland is bordered medially by the parapharyngeal 
space and medial pterygoid muscle, laterally by 
subcutaneous fat and dermis, superiorly by the 
zygomatic arch, inferiorly by the styloid process 
and associated muscles and ligaments, anteriorly 
by the mandibular ramus and masseter muscle, 
and posteriorly by the external auditory canal. The 
styloid process, stylohyoid muscle, and digastric 
muscle separate the gland from the vessels and 
nerves of the parapharyngeal space. The medial 
aspect of the gland, which contacts these struc-
tures, is termed the “deep lobe” of the parotid 
gland although the gland is technically unilobular. 
The facial nerve is considered by many to be the 
dividing structure between the superficial and 
deep lobes of the parotid gland [3–6, 8].

The parotid gland duct, known as the Stensen’s 
duct (named after Nicholas Stenson), is 4–6 cm 
in length and arises from the anterior aspect of 
the parotid gland [1, 5]. The Stensen’s duct trav-
els in the anterior direction lateral to the masseter 
muscle. The buccal branch of the facial nerve 
often travels parallel to the duct. The duct ulti-
mately makes a 90° medial turn (the “masseteric 
bend”) to pierce the buccinator muscle and opens 
into the buccal mucosa at the level of the second 
maxillary molar tooth. In 21 % of the human 
population, accessory parotid tissue is found in 
proximity to the duct and ductal orifice [4, 9, 10].

The connective tissue fascia that encapsulates 
the parotid gland is contiguous with the superfi-
cial layer of the deep cervical fascia. The fascia 
sends septations into the parotid tissue. The 
parotid gland is separated from the submandibu-
lar gland by the stylomandibular ligament, which 
is a continuation of the fascia of the posterior 
belly of the digastric muscle. The gland has 
fibrous attachments to the anterior wall of the 
external auditory canal, mastoid process, and the 
fascia of the sternocleidomastoid [5].

The transverse facial artery branch of the 
external carotid artery serves as the arterial sup-
ply to the parotid gland, and the transverse facial 

vein provides venous drainage into the retro-
mandibular vein. The embryological develop-
ment of the lymphatic tissues prior to parotid 
gland encapsulation leads to the presence of 
intraparotid and periparotid lymph nodes and 
lymphatic channels that drain the forehead, 
scalp, periorbital regions, auricles, and external 
auditory canals. Intraparotid lymph nodes also 
serve as lymphatic drainage to the posterior 
aspects of the nasopharynx and soft palate [2–6, 
8]. This has clinical implications in head and 
neck malignancy in the abovementioned sites 
with lymph node metastasis that may require 
parotidectomy despite no primary salivary gland 
disease.

Associated nerves are the facial nerve and its 
branches, the auriculotemporal nerve, and the 
great auricular nerve. The parasympathetic inner-
vation to the parotid gland stimulates saliva 
secretion. Preganglionic parasympathetic fibers 
originate from the inferior salivary nucleus and 
travel along the glossopharyngeal nerve to the 
otic ganglion via the lesser superficial petrosal 
nerve. The auriculotemporal nerve carries sensa-
tion from the otic ganglion to the parotid gland. 
The auriculotemporal nerve is a branch of the 
mandibular division of the trigeminal nerve; it 
exits the skull base at foramen ovale and travels 
anteriorly and laterally from the skull base and 
infratemporal fossa to the external auditory canal. 
Sympathetic stimulation originates from the 
superior cervical ganglion; postganglionic fibers 
travel to the parotid gland via the external carotid 
artery [2, 4–6].

The great auricular nerve originates from cer-
vical rootlets C2–C3 and is a branch of the cervi-
cal plexus. This nerve branches from the cervical 
plexus at Erb’s point and courses superiorly from 
the posterior aspect of the sternocleidomastoid to 
the superficial aspect of the parotid gland. The 
great auricular nerve supplies sensation to the 
skin overlying the parotid gland, the mastoid and 
mandibular angle, and the inferior and posterior 
aspects of the auricle. This nerve may be sacri-
ficed during a parotidectomy [3–6, 8].

The facial nerve is intimately associated with 
the parotid gland tissue, and a discussion of the 
surgical anatomy of the parotid gland is incom-
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plete without describing the course of the facial 
nerve. The main trunk of the nerve exits the sty-
lomastoid foramen and provides branches to the 
posterior belly of the digastric muscle, posterior 
auricular muscle, and the stylohyoid muscle 
before entering the parotid gland. The nerve 
enters the gland approximately 1 cm after exiting 
the temporal bone [4–6]. At this point, the nerve 
divides into superior temporofacial and inferior 
cervicofacial divisions at the pes anserinus; 
13.3 % of patients have three divisions [11]. The 
five terminal branches of the nerve from superior 
to inferior are the temporal, zygomatic, buccal, 
marginal mandibular, and cervical branches. 
Communicating branches between these terminal 
branches are very common, and the terminal 
branching is variable. Identification of the facial 
nerve is critical in parotidectomy. Several classic 
anatomic relationships have been used to localize 
the main trunk of the facial nerve. The “tragal 
pointer” is a deep extension of conchal cartilage 
that is an anatomic landmark; the nerve is located 
1 cm inferior and medial to the tragal pointer [4, 
9, 12]. The nerve is located posterior and lateral 
to the base of the styloid process. The main trunk 
is also located 6–8 mm deep to the tympanomas-
toid suture line of the temporal bone exiting the 
stylomastoid foramen. The nerve is also located 
superior and deep to the proximal attachment of 
the posterior belly of the digastric muscle. Facial 
nerve dissection is discussed elsewhere in this 
text. The mastoid cortex and air cells can be 
removed to identify the facial canal if the above 
methods do not allow identification of the nerve. 
Anterograde dissection and further skeletoniza-
tion of the nerve starting from the main trunk 
allow safe removal of parotid gland tissue. If a 
distal branch is found before the main trunk, ret-
rograde dissection can also be performed to trace 
the nerve to the main trunk [3, 4, 6]. Further 
description of parotidectomy is described later in 
this chapter.

13.1.1.2  Submandibular Gland 
Anatomy

The submandibular gland is the second largest 
paired major salivary gland and is located within 

the submandibular triangle in the neck. The 
gland is associated with neck level IB lymph 
nodes and extends medial and deep to the infe-
rior border of the posterior mandibular body. 
The gland curves over the posterior border of the 
mylohyoid muscle, which anatomically divides 
the gland into two lobes. The superficial lobe is 
located in the posterolateral sublingual space, 
while the larger deep lobe is located inferior to 
the mylohyoid muscle. Like the parotid gland, 
the fibrous encapsulation of the submandibular 
gland derives from the superficial layer of the 
deep cervical fascia [2–6, 13]. The submandibu-
lar duct is termed the Wharton’s duct (named 
after anatomist Thomas Wharton) [1]. The duct 
extends from the medial aspect of the gland and 
extends anteriorly to open into the oral cavity 
lateral to the lingual frenulum. The duct courses 
between the mylohyoid and hyoglossus muscles. 
The opening is at the apex or on the walls of the 
papilla on the anterior floor of mouth. The duct is 
approximately 5 cm in length and is between 0.5 
and 1.5 mm in diameter [4, 14]. The lingual 
nerve curves around the inferior border of the 
duct from a lateral to anteromedial direction to 
provide sensory innervation to the anterior 
2/3rds of the tongue. The arterial supply of the 
submandibular gland is via the glandular branch 
of the facial artery branch of the external carotid 
artery. The facial artery travels deep to the digas-
tric and stylohyoid muscle to pass into a groove 
on the posterior and deep surface of the gland. 
The artery courses both anteriorly and superiorly 
to the superior aspect of the gland until it curves 
over the facial notch of the mandibular body to 
then ascend over the lateral aspect of the man-
dibular body anterior to the masseter muscle. 
Venous drainage is provided by the facial vein 
which travels superficial to the submandibular 
gland and drains into the common facial vein [2, 
4–6]. Figure 13.1 depicts the anatomic relation-
ships of the structures to the submandibular 
gland.[4].

Like the parotid gland, the sympathetic 
 innervation to the submandibular gland is pro-
vided by postganglionic sympathetic fibers origi-
nating from the superior cervical ganglion, which 
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travel along the external carotid artery branches. 
The parasympathetic innervation originates in 
the superior salivatory nucleus, and travels down 
the facial nerve via the nervus intermedius and 
 ultimately joins the lingual nerve via the chorda 
tympani nerve to synapse in the submandibular 
ganglion. Postganglionic fibers synapse onto 
glandular cells [2, 4].

The marginal mandibular branch of the facial 
nerve is closely associated with the submandibu-
lar gland and is often found coursing anteriorly 
within 1–2 cm of the angle of the mandible [3–6]. 
The nerve loops below the mandible and has a 
variable course and superior-inferior position to 
the inferior border of the mandible. The facial 
vein is deep to this nerve; the vein can be ligated 
and reflected superiorly from the gland dur-
ing submandibular gland surgery to protect the 
nerve. This maneuver has been termed the Hayes- 
Martin maneuver after the well-known head and 
neck surgeon [3, 13]. Several surgical approaches 
have been described for submandibular gland 
surgery including transcervical, submental, retro-
auricular, or intraoral approaches [3]. The lateral 
cervical approach is most often described and 
allows direct access to the gland; this technique 
is again described later in this chapter.

13.1.1.3  Sublingual Gland Anatomy
The sublingual gland is the smallest of the paired 
major salivary glands. This gland is located in the 
sublingual space in between the mylohyoid mus-
cle and the oral cavity floor mucosa. The genio-
glossus muscle is medial to the gland, while the 
mandible is lateral to the gland. The Wharton’s 
duct also travels within this space along with the 
terminal branches of the lingual and hypoglossal 
nerves. The sublingual gland is located laterally 
to these structures. This gland is approximately 
3 cm in length and oval in shape and has no 
fibrous capsule. The sublingual gland may have a 
major drainage duct (Bartholin duct) and minor 
drainage duct but drains into the oral cavity along 
the sublingual fold via 8–20 small ducts termed 
the ducts of Rivinus [3–6].

The arterial supply of the sublingual gland is 
mainly from the sublingual branches from the lin-
gual branch of the external carotid artery. There 
are also branches from the submental branch of 
the facial artery. The lingual and facial veins pro-
vide venous drainage to the sublingual gland. The 
sympathetic and parasympathetic innervation to 
the gland is similar to the submandibular gland as 
described above. Postganglionic parasympathetic 
nerves originate in the submandibular ganglion. 

Lingual nerve

Submandibular
ganglion

Inferior alveolar
nerve

Parotid gland

Submandibular
gland

Mylohyoid muscle

Submandibular duct

Sublingual gland

Fig. 13.1 Anatomic relationships of the submandibular gland to its adjacent structures (Reprinted from Ref. 4)
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The lingual gland can be surgically approached in 
a transoral fashion with direct incision into floor 
of mouth into the sublingual space [3, 5, 6].

13.1.1.4  Minor Salivary Glands
There are 100–1000 minor salivary glands that 
are distributed throughout the oral cavity, oro-
pharynx, larynx, tracheobronchial tree, and nasal 
cavity. The arterial supply, venous and lymphatic 
drainage, and innervation depend on the ana-
tomic location of the minor salivary glands. 
Postganglionic fibers from the submandibular 
gland innervate the minor salivary glands of the 
inferior oral cavity and oropharynx. Palatine 
nerves supply postganglionic fibers from the 
pterygopalatine ganglion to the superior oral cav-
ity and palate [2, 4].

13.1.2  Salivary Gland Physiology

The basic histologic architecture of all salivary 
glands consists of a branching duct system that 
terminates at the salivary acini. The acinus is the 
site of production of saliva and is surrounded and 
supported by myoepithelial cells which contract 
to express saliva into the ducts, myofibroblasts, 
extracellular matrix and stromal cells, immune 
cells, vascular endothelial cells, and nerve cells. 
The acinus contains many acinar cells that pro-
duce saliva into the acinar lumen [2, 4, 7]. Acinar 
cells are bipolar, pyramidal shaped cells which 
secrete fluid and proteins from their apical sur-

face. The acinus expresses saliva into the secre-
tory duct, which consists of intercalated and 
striated duct. Myoepithelial cells also surround 
the intercalated ducts. The intercalated ducts 
consist of cuboidal shaped cells and continue as 
striated ducts, which contain columnar cells with 
microvilli on their luminal surface. The acinus 
and these proximal ductal components are 
together considered the secretory end piece and 
are organized into lobules [2]. These ducts drain 
into excretory and collecting ducts, which con-
sist of a bicellular layer (apical flat epithelial 
cells and basal columnar cells) and lie outside of 
the lobules. This structural organization varies 
between glands. Figure 13.2 depicts the basic 
salivary gland unit [8].

The ducts of Rivinus are the collecting ducts 
of the sublingual gland, while the Stenson and 
Wharton’s ducts are the terminal collecting ducts 
of the parotid and submandibular glands, respec-
tively. The ducts serve as transport conduits 
while also modifying saliva composition. The 
medullary brainstem salivary center is a major 
central neural control center for salivation; how-
ever, there are multiple other stimuli for saliva 
secretion including taste and olfaction and the 
mechanical act of mastication. Salivation can be 
increased or decreased as a side effect of medi-
cations and can be affected by systemic medical 
conditions [2, 4].

The average human produces between 1 and 
1.5 L of saliva daily. The minimal human sali-
vary flow rate is at least 0.1 mL per min when 

Acinus

Myoepithelial cell

Intercalated
duct

Striated
duct

Excretory
duct

Fig. 13.2 Basic 
salivary gland unit 
(Reprinted from Ref. 8)
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unstimulated and at least 0.2 mL/min when 
stimulated although the average range of salivary 
flow rates are 0.3 mL/min when unstimulated to 
7 mL/min as the maximum stimulated flow rate 
[2, 4, 15, 16]. The salivary glands have differ-
ent viscosity of saliva that reflects the histologic 
subtype of acinar cells within its lobules. The 
parotid gland consists of mostly serous subtype 
acini and secretes watery saliva. ~25 % of the 
daily saliva production is from the parotid gland. 
The sublingual gland and minor salivary glands 
consist of mostly mucous acini and secrete vis-
cous saliva. These glands together comprise of 
2–4 % of the daily saliva production. The sub-
mandibular gland acini are a mixture of serous 
and mucous types, and therefore, the gland 
secretes an intermediate viscosity saliva which 
contributes ~70 % of the daily saliva production 
[2, 17]. Mucinous cells are found surrounding 
the lumen of the acini while serous acinar cells 
are organized at the end of the acinus to form 
a serous demilune [2]. Viscosity is also affected 
by the stimulating factor for saliva production. 
Parasympathetic innervation stimulates a less 
viscous and watery type of saliva while sympa-
thetic stimulation produces a thick, low volume, 
viscous saliva. Parasympathetic innervation 
uses the neurotransmitter acetylcholine binding 
to muscarinic receptors to stimulate salivation. 
Sympathetic stimulation uses the neurotransmit-
ter norepinephrine binding to adrenergic recep-
tors [4, 8, 15].

Saliva consists of electrolytes, proteins, and 
other molecules. The acinus generates the fluid 
component of saliva in the form of an isotonic 
solution. Sodium and chloride ions are resorbed 
in the proximal ductal network, while potas-
sium and bicarbonate ions are secreted. 
Electrolyte reabsorption and secretion involves 
active transport processes. The majority of the 
protein  component is secreted at the level of the 
acinus; however, the secretory duct also con-
tributes protein molecules. The end product is a 
hypotonic solution with pH 6–7. Salivary flow 
rates also affect electrolyte composition as 
slower flow rates allow more time for sodium 
and chloride resorption. However, increased 
flow rates stimulate increased bicarbonate 

secretion. Potassium is unaffected by flow rates 
[2, 4, 15, 17].

13.2  Traditional Surgical 
Interventions

13.2.1  Nonneoplastic 
and Inflammatory Salivary 
Gland Disease

Nonneoplastic salivary gland diseases include 
wide differential diagnosis including infectious, 
inflammatory, obstructive, traumatic, and 
radiation- induced etiologies. These disease pro-
cesses more commonly involve the major sali-
vary glands and may involve either the salivary 
gland parenchyma or the ducts. Some conditions 
may be a condition of a systemic disease process. 
Presentation may be acute, chronic, or recurrent 
and may be present in both adult and pediatric 
populations.

13.2.1.1  Acute Suppurative 
Sialadenitis

Acute suppurative sialadenitis is a condition in 
which retrograde bacterial contamination of the 
salivary ducts from the microflora of the oral 
cavity causes an acute infection of the ducts and 
salivary gland. The submandibular gland is the 
most common (the original description is correct 
as far as I know. In addition, the following sen-
tences make more sense if the parotid gland is 
listed as the most common gland) salivary gland 
affected by bacterial sialadenitis due to increased 
viscosity and the decreased  concentration of 
the antibacterial lysosomes, IgA antibodies, 
and sialic acid in parotid gland vs. the subman-
dibular, sublingual, and minor salivary glands. 
Submandibular and sublingual gland saliva also 
contains glycoproteins that have been shown to 
competitively inhibit bacterial attachment on the 
epithelium of salivary ducts [18–21]. Suppurative 
bacterial sialadenitis has been  associated with 
patients undergoing major abdominal or hip sur-
gery in their postoperative hospital course. These 
infections may also be associated with a preexist-
ing malignancy or head and neck infection [19, 
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22]. The inciting events to a bacterial infection of 
the salivary glands are reduced flow and salivary 
stasis due to obstruction due to a sialolith, foreign 
body, injury, or other factors that reduce flow. 
Predisposing conditions include dehydration, 
periodontal disease, immunodeficiency, diabetes 
mellitus, neurodegenerative disease, systemic 
autoimmune conditions, cystic fibrosis, radiation 
injury, chemotherapy, and medications that cause 
reduced salivary flow as a side effect [18–20].

The clinical presentation begins with pain and 
rapid, diffuse enlargement of the salivary gland. 
Palpation reveals tenderness, warmth, and indu-
ration. A stone may be identified with bimanual 
palpation and may be the predisposing factor for 
recurrent infections. Purulence may be expressed 
from the papilla of the involved by pressing on the 
gland and sent for culture. Polymicrobial infections 
are common; however, Staphylococcus aureus 
is reported to be the most causative organism. 
Streptococcus pneumonia, Streptococcus pyogenes, 
Streptococcus viridans, Haemophilus influenzae, 
and Escherichia coli are other aerobic organisms 
that have been cultured. Anaerobic organisms 
responsible for infections include Bacteroides 
species, Peptostreptococcus, Prevotella species, 
Fusobacterium species, and Burkholderia pseudo-
mallei [18, 19, 21]. Computerized tomography (CT) 
and ultrasound are used to evaluate for an abscess 
or a sialolith. Sialography is contraindicated due to 
the risk of exacerbation of the infection.

The treatment of acute bacterial sialadenitis 
consists of antibiotics, frequent gland massage, 
sialogogues, hydration, electrolyte repletion, and 
the application of heat packs. The causative fac-
tor must be addressed if identified. Medications 
that reduce salivary flow must be discontinued. 
Broad-spectrum antibiotic therapy directed 
against gram-positive organisms and anaerobes 
can be narrowed once culture results are avail-
able. Sialendoscopy is contraindicated during an 
acute infection but can address sialoliths or other 
obstructive etiologies after the infection is 
treated; this technique is discussed in another 
section of this chapter. If treatment does not 
improve symptoms within 2–3 days, an abscess 
or antibiotic resistance must be considered [18–
20, 23]. In the event of an abscess, diagnostic 

imaging (e.g. CT scan) is helpful to confirm loca-
tion and extent of the purulence collection before 
an incision and drainage is performed. Image- 
guided drainage with CT or ultrasound is a mini-
mally invasive method but may not be an option 
in some institutions. If surgical drainage is 
required for a parotid abscess, a modified Blair 
incision can be used for exposure, and blunt dis-
section toward the abscess is oriented in the 
direction of the facial nerve branches to avoid 
injury. The parotid fascia must be incised parallel 
to the facial nerve branches. For a submandibular 
abscess, the transcervical approach is the most 
direct method; the marginal mandibular nerve 
must either be protected with the Hayes-Martin 
maneuver or identified and protected. A surgical 
drain may be placed [18].

13.2.1.2  Viral Sialadenitis
Viral sialadenitis is similar to bacterial sialad-
enitis and is thought to develop more commonly 
by the hematogenous route more often than ret-
rograde ductal migration. Mumps is the most 
common form of viral sialadenitis. The infec-
tious agent is paramyxovirus which typically 
affects the parotid gland. The infection histori-
cally occurred most frequently in children and 
the incidence has decreased after routine vacci-
nation. Recently, an increasing number of young 
adults are being diagnosed with the infection [18, 
19]. Viral sialadenitis is nonsuppurative unless a 
bacterial superinfection occurs. After infection 
via the respiratory tract, the virus enters an incu-
bation period of several weeks. The clinical pre-
sentation includes a nonspecific viral prodrome 
of fever, myalgia, and malaise. Salivary gland 
enlargement presents within the first week and 
is often bilateral. Other manifestations of mumps 
include orchitis, myocarditis, and aseptic men-
ingitis. The virus may rarely cause sensorineu-
ral hearing loss. Acute viral sialadenitis (usually 
parotitis) can also be caused by cytomegalovirus, 
coxsackie viruses A and B, lymphocytic cho-
riomeningitis virus, enteric cytopathic human 
orphan virus, and influenza virus. The subman-
dibular gland is rarely involved. Diagnosis can be 
made with viral serology or isolation of the virus 
through cerebrospinal fluid. Symptomatic treat-
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ment is usually sufficient for acute viral sialad-
enitis, and surgery is rarely indicated [18, 19]..

Human immunodeficiency virus (HIV) can 
cause diffuse enlargement of the salivary glands 
(most often the parotid gland), which is referred 
to as HIV-associated salivary gland disease (HIV- 
SGD). Associated symptoms can include xerosto-
mia and lymphadenopathy. Treatment includes 
antiviral drugs, sialogogues, and oral hygiene. 
HIV can also predispose patients to benign 
lymphoepithelial cysts, Kaposi sarcoma, and 
lymphoma of the salivary glands. The lympho-
epithelial cysts can usually be managemed with 
needle aspiration for symptomatic but temporary 
relief, or sclerotherapy. Surgical intervention with 
extracapsular dissection or superficial parotidec-
tomy is reserved for refractory disease [18, 19].

13.2.1.3  Sialadenitis in the Pediatric 
Population

Neonatal suppurative parotitis is an uncommon 
but reported condition that occurs most often in 
male and preterm neonates; dehydration appears 
to be the inciting factor. Clinical presentation 
consists of fever, irritability, anorexia, failure to 
thrive, gland swelling, and erythema of the over-
lying skin. Bilateral glands may be involved. 
Infection may originate from oral flora or hema-
togenous dissemination of bacteria. A number of 
pathogens can be responsible, S. aureus being the 
most common. E. coli, Pseudomonas aerugi-
nosa, and group B Streptococcus species have 
been reported. Antibiotics are the mainstay of 
therapy with drainage or surgical intervention for 
refractory cases [18, 19, 24].

Juvenile recurrent parotitis is a nonsuppurative 
inflammatory condition in which the parotid 
gland periodically enlarges with associated ten-
derness, fever, and malaise. It is the most common 
salivary gland disease of childhood after mumps. 
The condition may be unilateral or less commonly 
bilateral. The peak incidence is between 3 and 
6 years of age. Episodes occur every 3–4 months. 
The etiology of juvenile  recurrent parotitis is 
unclear, and multiple etiologies have been pro-
posed, including congenital duct malformation 
(ectasia), immunologic deficiencies, and infec-
tious causes (Staphylococcus and Streptococcus 

species). Strictures and ductal abnormalities caus-
ing obstruction can develop [18, 19, 25, 26]. 
Treatment is similar to acute sialadenitis and con-
sists of gland massage, sialogogues, hydration, 
and application of heat. Antistaphylococcal anti-
biotic therapy can be started after a culture is 
obtained from the parotid duct. Conservative 
treatment is almost always sufficient although 
parotidectomy can be considered in refractory 
cases. Ductal ligation and tympanic neurectomy 
have also been described; however, these are 
rarely performed [19, 25, 26]. Angioplasty bal-
loon catheters have also been used for stricture 
dilations by interventional radiology under fluo-
roscopic control [25, 27–29]. Sialendoscopic 
techniques may be used to address strictures; this 
technique is discussed later in this chapter.

13.2.1.4  Chronic Sialadenitis
Chronic sialadenitis is a condition in which there 
are recurrent episodes of inflammation and pain 
in the major salivary glands; the parotid gland is 
the most commonly involved gland. Symptoms 
are worse with eating. Similar to acute sialadeni-
tis, salivary stasis, reduced salivary flow rates, 
ductal obstruction (with a sialolith or other for-
eign body), systemic disease, or dehydration are 
possible predisposing factors. Sialolithiasis is the 
most common cause [18, 19]. Repeated episodes 
of acute sialadenitis cause permanent structural 
changes including acinar destruction, ductal ecta-
sia, and fibrosis. the gland becomes enlarged 
exacerbations, and saliva is difficult to express 
from the duct. Xerostomia and change in salivary 
content (altered electrolyte composition, 
increased immunoglobulins with IgG predomi-
nance, albumin, transferrin, increased lysozyme 
concentrations) develop in long-standing disease 
[18, 19]. Gland atrophy can occur, and firm, 
fibrotic areas of the gland may be palpated. These 
firm areas must be ruled out for malignancy. 
Ductal strictures can form and cause obstruction. 
CT and ultrasound can help to further character-
ize gland structure and identify non-palpable 
sialoliths, while sialography (traditional and MRI 
sialography) can characterize ductal architecture. 
Treatment includes massage, sialogogues, heat, 
and hydration. Several procedural interventions 
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have been described for symptomatic manage-
ment including ductal papilla dilation, sialo-
dochoplasty, ductal steroid injection, ductal 
ligation, and tympanic neurectomy [18, 19]. 
Interventional radiology techniques to dilate duc-
tal strictures under fluoroscopy have been 
reported [27–29]. Surgical extirpation of the 
gland can be considered when all other treatment 
modalities fail to sufficiently relieve symptoms. 
Sialendoscopy (described below) is a developing 
treatment modality that can delay or prevent the 
need for open surgical intervention.

Benign lymphoepithelial lesions (LE lesions) 
can develop in the setting of long-standing chronic 
disease. LE lesions are characterized by a lympho-
plasmacytic infiltrate, acinar atrophy, and ductal 
metaplasia leading to the development of epimyo-
epithelial islands [19, 30]. This condition is well 
described in patients with Sjögren’s syndrome and 
has been termed Mikulicz’s disease. LE lesions are 
usually asymptomatic enlargements unless they 
become infected which may require drainage or 
surgical removal. Kuttner’s tumor (chronic scle-
rosing sialadenitis) is a similar process occurring 
in the submandibular gland characterized by a 
firm, painless swelling associated with areas of 
gland atrophy. Kuttner’s tumor differs histologi-
cally (lymphoid infiltrate and discrete tubular 
structures with regularly aligned nuclei) from LE 
lesions. Patients with benign LE lesions and 
Kuttner’s tumor must be monitored for develop-
ment of ductal carcinoma [18, 19, 30, 31].

13.2.1.5  Sialolithiasis
Sialolithiasis is the development of calculi in the 
salivary gland ductal system. Sialolithiasis 
accounts for 50 % of major salivary gland diseases 
[27, 32]. They occur most frequently in the sub-
mandibular gland (80 %) followed by the parotid 
gland (20 %) and sublingual gland (1 %) [18, 19, 
33]. Minor salivary gland stones are rare and are 
most often in the upper lip or buccal mucosal 
glands. Sialolithiasis occurs more frequently in 
men. The calculi are composed of  calcium phos-
phate and calcium carbonate and are mixed with 
organic molecules including glycoproteins, muco-
polysaccharides, and cellular debris [19, 33]. The 
nidus for calculi development is believed to be an 

inorganic substance that allows salt precipitation 
in the setting of salivary stasis or reduced flow [18, 
19, 34]. Due to the more alkaline and viscous 
properties of the submandibular gland saliva, the 
submandibular duct is reported to be the most sus-
ceptible to sialolith formation. The duct is also 
long and saliva flows against the force of gravity. 
Calculi occur in chronic sialadenitis patients as 
well as patients with gout. Calculi may be the pre-
disposing factor in acute suppurative sialadenitis. 
Symptoms include postprandial pain and swelling 
as well as a history of acute suppurative sialadeni-
tis [18, 19].

Sialography, CT, and ultrasound and MRI sia-
lography can be used for diagnosis although cal-
culi less than 2 mm may be missed by imaging 
[18]. Plain films are more useful for submandibu-
lar stones, which are usually radio-opaque unlike 
parotid stones. Virtual MRI endoscopy is a new 
modification of MRI that allows a three- 
dimensional endoscopic view of the ductal sys-
tem. Treatment may be conservative and consists 
of gland massage, sialogogues, hydration, and 
observation for spontaneous passage. This is 
often successful for small (<2 mm) sialoliths [18, 
19, 34, 35]. Procedural interventions are consid-
ered for refractory cases; the best approach 
depends on the location, size, and shape of the 
sialolith. Transoral sialolith removal can be 
attempted; however, gland extirpation may be 
required. Stenson’s duct calculi can be approached 
transorally if the calculus is medial to the masse-
ter muscle. Shockwave lithotripsy and sialendos-
copy (discussed below) are being increasingly 
used. Combined approaches with endoscopy and 
either transoral or external approaches have been 
shown to be successful [18, 19]. Interventional 
radiology techniques under fluoroscopy have 
been described as well; the first sialolith removed 
via basket under fluoroscopy was reported by 
Kelly in 1991 [29]. Coronary angioplasty bal-
loon, embolectomy catheters, and wire loop 
snares have also been used to remove stones. 
Capaccio’s literature review revealed that fluoro-
scopic guided sialolith removal was reasonable 
for mobile stones in proximal and middle sub-
mandibular ductal system as well as parotid 
stones [27–29] .
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13.2.1.6  Granulomatous Diseases
Granulomatous diseases of the head and neck 
may involve the salivary glands and the lym-
phatic networks associated with the glands. 
Granulomatous infections can invade salivary 
gland parenchyma in advanced cases. The most 
commonly discussed granulomatous infectious 
diseases of the head and neck are tuberculous and 
nontuberculous mycobacterial disease, cat 
scratch disease, toxoplasmosis, and actinomyco-
sis. Noninfectious granulomatous disease 
includes sarcoidosis and Sjögren’s syndrome.

Mycobacterium tuberculosis is the pathogen 
associated with tuberculosis, which can manifest 
as cervicofacial lymphadenopathy. Although sali-
vary gland involvement is rare, it is reported in 
immigrants from underdeveloped countries as 
well as immunocompromised patients. Infection 
can be primary by way of ductal migration from 
the oral or oropharyngeal saliva or lymphoid tis-
sue or can be secondary with either lymphatic or 
hematogenous spread. The intraglandular lymph 
nodes of the parotid gland may become sites of 
latent infection. The parotid gland is the most 
common gland affected. Submandibular gland 
infection is more common in systemic and dis-
seminated tuberculosis. The infection can present 
as an inflammatory lesion that mimics sialadeni-
tis or can present as a mass that masquerades as a 
neoplasm. Diagnosis involves purified protein 
derivative (PPD) skin test, chest x-ray, and fine 
needle aspiration (FNA) of lesions. FNA cytol-
ogy may reveal characteristic granulomatous 
inflammation with epithelioid histiocytes. 
Samples may be sent for acid fast staining. In 
cases in which the diagnosis is uncertain or is 
resistant to antibacterial therapy, the involved 
glands are excised [18–20].

PPD skin test may be negative in non- 
tuberculosis mycobacterium (NTM) infections 
that more commonly present with cervicofacial 
lymphadenopathy. These infections are usually 
localized without systemic signs or symptoms. 
The most common NTM infections are caused by 
M. kansasii, M. scrofulaceum, M. avium- 
intracellulare, and M. bovis. These infections are 
encountered in children less than 5 years of age, 
and the pathogens are carried in soil, water, and 

food products (including milk) and domestic or 
wild animals. Clinical presentation is classically 
described as a neck mass with rapid enlargement, 
violaceous overlying skin changes, and resis-
tance to initial antibiotic therapy. Cervical lymph-
adenopathy is common. The infection may 
progress to an abscess that may spontaneously 
drain and form a sinus tract. Diagnosis with FNA 
biopsy is controversial and carries the risk of fis-
tula tract formation. Cultures take up to 6 weeks 
to result and may be negative. Antibiotic therapy 
may also require weeks to months of treatment 
and may not be effective. Complete gland exci-
sion is therefore considered and can serve as 
definitive treatment. If the parotid gland is 
involved, superficial and/or deep parotidectomy 
with facial nerve preservation must be performed 
[18, 19].

Cat scratch disease is a local infection that 
originates at the scratch site with ensuing granu-
lomatous lymphadenitis in the draining lymph 
nodes. Bartonella henselae is the pathogen and is 
a gram-negative bacillus that is usually spread to 
the skin laceration from the scratch or bite of a 
household cat. The upper extremity is the most 
common site of infection followed by the head 
and neck. Head and neck infection can involve 
the lymph nodes associated with the parotid 
gland or the submandibular gland. The infection 
starts as a pustule at the site of scratch or bite and 
progresses to local and regional  lymphadenopathy 
over 1–2 weeks. Erythema and lymphadenitis 
frequently develops and may progress to abscess 
formation with spontaneous drainage. Antibody 
detection for B. henselae or PCR detection is 
used for diagnosis. Bacilli may be visible in tis-
sue specimens with Warthin-Starry silver stain-
ing. Culture requires 6 weeks due to the slow 
growth of the organism. The infection is usually 
self-limiting, and antibiotic therapy is reserved 
for patients with advanced or systemic spread of 
disease. Surgical excision, like tuberculous disease, 
is reserved for infections that fail to resolve. 
Resolution may take several months. Parinaud’s 
oculoglandular syndrome is an atypical presenta-
tion of cat scratch disease characterized by uni-
lateral granulomatous conjunctivitis with 
ipsilateral cervicofacial or salivary gland lymph 
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node involvement. Parotid involvement with 
facial nerve palsy has been reported [18, 19].

Toxoplasmosis is caused by the organism 
Toxoplasma gondii and rarely involves the sali-
vary glands. Domestic cats are the host for this 
organism. The pathogen is transferred through 
ingestion of infected meat or through cat feces. 
Hematogenous dissemination can spread the dis-
ease to the intraparotid lymph nodes or the perip-
arotid lymph nodes. Antibiotic therapy is usually 
sufficient even in advanced cases; surgery is 
reserved for large suppurative lesions [18, 19].

Actinomycosis is caused by the organism 
Actinomycosis species (A. israelii, A. bovis, and A. 
naeslundii), a gram-positive, nonacid fast bacilli. 
The microscopic appearance is similar to mycobac-
teria and fungi given the branching, filamentous 
appearance. A. israelii is commonly found as part of 
the oropharyngeal lymphoid tissue flora and in cari-
ous dentition [19]. Cervicofacial infection is the 
most common presentation and is caused by inva-
sion of the organism after trauma or poor oral 
hygiene. Retrograde ductal migration may explain 
salivary gland infection although direct invasion 
into parotid or submandibular gland tissue is also 
possible. Infection of the salivary gland is character-
ized by painless enlargement of the gland with 
chronic purulent drainage. The disease can progress 
to form cutaneous drainage tracts. Fibrotic changes 
and soft tissue destruction cause induration of the 
gland upon palpation. Microscopic examination of 
tissue samples or swabs reveals the characteristic 
sulfur granules in the presence of branching fila-
mentous, gram-positive rods. Long term (minimum 
6 weeks) antibiotic therapy is sufficient for limited 
disease, but surgical extirpation is required in the 
presence of fistulous tracts and for cases refractory 
to antibiotics [18–20].

13.2.1.7  Noninfectious Inflammatory 
Disease

Sjögren’s syndrome (SS) is an autoimmune disor-
der characterized by autoimmune destruction of 
exocrine glands. B- and T-cell-mediated damage 
causes symptoms including xerostomia, dry eyes 
(foreign body sensation in the eye), dysphagia, and 
enlargement of the salivary glands. Sjögren’s syn-
drome can be primary or secondary (associated 

with another autoimmune disorder). The disease is 
more commonly seen in women during the fourth 
and fifth decade of life. Exam reveals xerostomia, 
dental caries, and possible oral candidiasis. 
Systemic manifestations include arthritis, pneumo-
nitis, skin rash, myositis, and other complaints. 
Ocular exam may reveal decreased tear secretion 
(may be evaluated with Schirmer test), lacrimal 
gland enlargement, enlarged conjunctival vessels, 
corneal damage, and pericorneal injection. These 
findings are characteristic of keratoconjunctivitis 
sicca. The Imaging by CT or MRI can reveal calci-
fication in involved salivary glands. Sialography 
may reveal sialectasis. Histopathology reveals lym-
phocytic infiltration of gland tissue starting with 
the ducts and progressing to destroy and replace 
acinar tissue, which in turn reduces the salivary 
gland function. Laboratory tests include the detec-
tion of autoantibodies against RNA/protein com-
plexes Ro (SS-A) and La (SS-B) in addition to 
rheumatoid factor (RF) and ANA (antinuclear anti-
body). SS patients are also at increased risk for 
developing lymphoma. Diagnosis is aided by 
biopsy of a minor salivary gland of the labial 
mucosa. Biopsy may be performed in the clinic set-
ting: several lobes of minor salivary gland tissue 
must be sampled (collected, or biopsied, if authors 
like) and examined. Diagnostic criteria have been 
established and involve the presence of signs and 
symptoms of keratoconjunctivitis sicca, symptoms 
of xerostomia and signs of decreased salivary gland 
function, salivary gland biopsy results, and pres-
ence of Ro and La antibodies. The presence of 
another autoimmune disorder such as systemic 
lupus erythematous or rheumatoid arthritis sug-
gests secondary SS. Treatment includes symptom-
atic treatment to protect the eyes and the teeth with 
eye lubricants, eye patches, saliva substitutes, den-
tal care and oral hygiene, and pilocarpine [18, 19, 
30, 36].

Sarcoidosis is a granulomatous disorder with a 
wide range of systemic manifestations involving 
multiple organ systems. Common presenting 
symptoms include cough, dyspnea, weight loss, 
erythema nodosum, arthralgias, and myalgias. 
Salivary gland involvement is rare but presents as 
gland swelling. Uveoparotid fever is a manifesta-
tion of sarcoidosis characterized by uveitis, parotid 
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gland enlargement, and facial paralysis. The 
parotid gland enlargement can last months but is 
self-limited. Minor salivary gland biopsy, as in SS, 
may aid diagnosis. Corticosteroids are used for 
treatment in uveoparotid fever and are effective for 
resolution of the facial paralysis [18, 19, 37].

13.2.1.8  Radiation-Induced 
Sialadenitis

Radiation-induced xerostomia is a well-known 
complication of radiotherapy for head and neck 
cancer. Radiation dosages greater than 20–30 Gy 
predispose glands to lipid peroxidase injury, 
enzyme spillage, and cell lysis [38]. Injury begins 
with an acute inflammatory reaction that leads to 
acinus destruction with continued irradiation. 
Strictures and kinks can form in the ducts and can 
cause duct obstruction. Increased incidence of 
pleomorphic adenomas and malignant salivary 
gland neoplasms have been reported in patients 
with radiation exposure.

Iodine-131 treatment for thyroid malignancy 
may cause dose-dependent sialadenitis. The 
sodium-potassium-chloride transporter in salivary 
gland tissue concentrates radioactive iodine to lev-
els that can cause parenchymal damage. The 
parotid glands are most commonly affected fol-
lowed by the submandibular glands. Sialendoscopy 
(described below) has revealed ductal stenosis, 
mucous plugs, and other findings of chronic 
inflammation. Sialendoscopy has been used to 
provide symptomatic relief by allowing ductal irri-
gation and/or steroid instillation [18, 39, 40].

13.2.1.9  Trauma
Traumatic injury to the salivary glands, ducts, or 
associated nerves requires surgical exploration 
and repair. Penetrating or laceration injuries to 
the parotid gland place the duct and facial nerve 
at risk. Blunt trauma may cause hematomas that 
require drainage to prevent fibrosis or superinfec-
tion. Penetrating injuries posterior to the anterior 
border of the masseter muscle must be evaluated 
for ductal injury due to the proximity of the duct 
to the skin. A probe may be placed transorally 
and the duct may be assessed through the wound. 
The proximal end of a lacerated duct may be 
identified by gland massage, which should dem-

onstrate secretion of saliva in the wound. If the 
duct is transected, a salivary stent or catheter is 
placed in the duct, and primary end-to-end anas-
tomosis is performed. The catheter or stent is left 
in place to allow healing for 2 weeks [18]. The 
duct may also be rerouted and sutured into the 
oral cavity. Serial dilations may be required after 
repair to prevent strictures and stenosis. Salivary 
gland parenchyma lacerations can be closed pri-
marily with interrupted sutures. Sialoceles or a 
salivary cutaneous fistula may develop shortly 
after the repair. Serial drainage and a pressure 
dressing can conservatively manage these condi-
tions. Botox injections have been used to decrease 
the salivary production and allow fistula resolu-
tion. If the fistula fails to resolve, ductal injury 
must be suspected [41]. The ductal system can be 
evaluated with sialography or MRI sialography. 
If the above management fails to resolve the fis-
tula, gland excision can be considered [18, 42]. 
Ductal injuries are less common in the subman-
dibular and sublingual glands; however, the 
approach to repair is similar as described above.

Patients with penetrating facial trauma must 
also be assessed for facial nerve injury. Physical 
exam may reveal weakness or complete paraly-
sis. Nerve stimulation can further characterize 
the injury. Facial nerve injuries that lie posterior 
to a line drawn from the lateral canthus to the 
mental foramen must be repaired immediately. If 
the injury lies anterior to this line, the injury can 
likely be observed for recovery [18].

13.2.1.10  Cysts and Ranula
Cystic lesions of the salivary glands occur most 
often in the parotid gland and may be congenital or 
acquired. Congenital cysts include dermoid cysts, 
branchial cleft cysts (typically first branchial cleft 
cyst), and congenital duct cysts. Dermoid cysts 
consist of keratinizing squamous epithelium with 
associated dermal appendages; these cysts must be 
completely excised [18, 43]. First branchial cleft 
cysts are rare and typically present within the 
parotid gland. They are classified as type I (ecto-
dermal derived duplication of the external auditory 
canal) or type II (ectoderm and mesoderm derived 
cyst or fistula). These lesions may become repeat-
edly infected in which case they must be excised 
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when there is no active infection to allow clear dis-
section of the cyst and its tract [44]. The tracts are 
always intimately associated with the facial nerve 
and superficial parotidectomy with facial nerve 
monitoring, and preservation is often required. 
Congenital duct cysts can be diagnosed and further 
characterized by sialography. Intervention is not 
warranted unless the cyst becomes infected [18].

Acquired cysts of the salivary glands include 
posttraumatic cysts, postinfectious cysts, neo-
plasms, benign LE cysts (described above), 
mucoceles, and sialectasis with duct obstruction 
(due to sialoliths vs. other etiology). Unless the 
cyst is associated with a neoplasm or becomes 
infected, no intervention is warranted as long as 
the cyst is asymptomatic.

Mucoceles form due to extravasation of 
mucous; mucous retention cysts are true cysts and 
are lined by epithelium. Both of these phenomena 
usually occur in minor salivary glands on the labial 
mucosa, buccal mucosa, and ventral tongue. 
Treatment for symptomatic mucoceles or retention 
cysts is accomplished by complete excision or 
marsupialization [18]. A ranula is a large muco-
cele that arises from the sublingual gland from a 
ruptured duct or acinus. It presents as a cystic mass 
on the floor of the mouth. If the ranula continues to 
increase in size, it can dissect through a congenital 
dehiscence of the mylohyoid muscle or in between 
the mylohyoid and hyoglossus muscles into the 
submandibular space and present as a neck mass 
[45–47]. This is referred to as a “plunging ranula.” 
Surgical intervention involves either marsupializa-
tion of a small ranula, surgical excision of the 
ranula, or attempts at inducing fibrosis that would 
prevent reformation. Methods to induce fibrosis 
include laser vaporization and sclerosing agents 
[18, 45, 46, 48]. An outpatient method of inducing 
fibrosis involves placing several sutures into the 
ranula to allow drainage with subsequent suture 
removal once adequate fibrosis has been achieved 
(Fig. 13.3). This  relatively new  technique has been 
termed “micro-marsupialization.” The concept was 
introduced in 1995; however, its safety and effi-
cacy have been under recent investigation [49, 50].

An imperforate submandibular or sublingual 
duct orifice may also present as an intraoral cystic 
swelling. These congenital sialoceles may mimic 

ranulas but have a true epithelial lining. Although 
marsupialization is the classic treatment for sialo-
celes, simple sialodochostomy has been reported 
as a safe and effective method of treatment for 
congenital sialocele associated with an imperfo-
rate submandibular or sublingual duct [51].

13.2.2  Neoplasm

The major salivary glands originate from 
 epithelial invaginations from oral ectoderm dur-
ing the 6th week of gestation, as described above. 
The ingrowths develop into the ductal system. 
The acinus drains into the intercalated duct, 
which in turn drains into the striated duct fol-
lowed by the excretory duct [2].

There are two theories of tumorigenesis for 
neoplasms of the salivary glands: the multicellu-
lar theory and the bicellular reserve theory [8, 
52]. The multicellular theory states that each type 
of neoplasm is derived from a differentiated cell 
of origin within the salivary gland (Warthin’s 
tumors and oncocytic tumors arise from striated 
duct, acinic cell tumors arise from acinic cells, 
etc.). The bicellular theory states that all primary 
salivary gland neoplasms originate from the basal 
or stem cell of either the excretory duct or the 
intercalated duct cells (adenomatous tumors such 
as pleomorphic adenomas and oncocytic tumors 
originate from the intercalated duct, while tumors 
with an epidermoid component such as squa-
mous cell carcinoma and mucoepidermoid carci-
noma originate from the excretory duct) [8, 52]. 
Several etiologic factors have been linked with 
salivary gland neoplasms including environmen-
tal factors such as radiation exposure (Warthin’s 
tumor), viruses (EBV and lymphoepithelial car-
cinoma), tobacco use (Warthin’s tumor), expo-
sure to silica dust and nitrosamines, diet, and 
genetic factors [8, 13].

The majority of salivary gland tumors 
(approximately 70 %) arise in the parotid and the 
majority of parotid gland tumors are benign 
(approximately 80 %). Ten percent of tumors 
arise in the submandibular gland, and the ratio of 
benign to malignant tumors is similar to the 
parotid gland. Twenty percent of salivary gland 
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tumors arise in minor salivary glands, and 
50–75 % of these tumors are malignant [13, 53]. 
Most salivary gland tumors in adults are benign. 
Salivary gland tumors in the pediatric population 
are far less common than in adults; however, the 
majority of pediatric salivary gland tumors are 
malignant. Other lesions that may present in the 
salivary glands of the pediatric population include 
hemangiomas, vascular malformations, and lym-
phatic malformations [8, 13, 24].

Tumors of the parotid gland present as painless 
swelling; the rate of enlargement is often slow for 

benign tumors. Obstruction of the duct may cause 
rapid swelling or predispose the gland to sialadeni-
tis. Cutaneous malignancy of the scalp or facial 
skin may also metastasize to the intraparotid or 
periparotid lymph nodes. Benign tumors are typi-
cally mobile and well defined. Tumors may origi-
nate from the superficial or deep lobe of the parotid 
and may present on the face or in the neck or may 
occupy the parapharyngeal space and present as 
intraoral swelling. Malignant tumors are more 
likely to be fixed to surrounding tissues and cause 
facial nerve paresis. Malignant tumors are more 

a b

c d

Fig. 13.3 Photographs depicting suture marsupialization 
of a right-sided intraoral ranula. In image (a), the lesion is 
depicted in the right floor of the mouth; this lesion was 
masupialized with suture but recurred. Image (b) depicts 
the recurrent intraoral ranula located posterior to the ini-

tial lesion. In image (c), repeat suture marsupialization 
has been performed. Image (d) demonstrates the resolu-
tion of the lesion; the sutures have been removed 2 weeks 
after placement (Reprinted from Ref. 50)
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likely to be associated with regional and cervical 
lymphadenopathy [8, 13, 54, 55].

Tumors of the submandibular gland are less com-
mon but present as a mobile mass in the subman-
dibular triangle of the neck. Malignant lesions may 
be fixed to surrounding structures and may cause 
tongue weakness or numbness from perineural 
spread. Lower lip weakness may suggest involve-
ment of the marginal mandibular branch of the facial 
nerve. Tumors of the sublingual gland are rare and 
may present as a floor of mouth mass. Clinical pre-
sentations of minor salivary gland tumors depend on 
the location of the gland; the most common sites of 
presentation are the palate and the parapharyngeal 
space [8, 13, 54, 55].

Diagnosis of a parotid or submandibular gland 
tumor can be obtained by fine needle aspiration 
(FNA) biopsy. This may be guided by ultrasound 
if the mass is indiscrete or difficult to visualize. 
Complications of FNA biopsy include local 
infection, hemorrhage, infarction, fibrosis, and 
tumor seeding. Mukunyadzi et al. noted that FNA 
biopsy with a 25 G needle is not only safe but 
also allowed the surgeon to obtain an adequate 
diagnosis without tumor seeding [8, 56].

The extent and type of imaging of salivary gland 
tumors depends on the size, location, and suspicion 
for malignancy. Small and well-defined and palpa-
ble tumors may require ultrasound evaluation or 
may not require any imaging; however, larger tumors 
and suspicion for malignancy require workup with 
CT, ultrasound with color Doppler, positron emis-
sion topography, or even MRI in advanced tumors 
with perineural invasion [8, 13, 54, 55].

13.2.2.1  Benign Salivary Gland 
Neoplasms

Pleomorphic Adenoma
Pleomorphic adenoma, which is also known as 
“benign mixed tumor,” is the most common 
(65–75 %) salivary gland tumor. It is most often 
found in the parotid gland followed by the sub-
mandibular gland and the minor salivary glands. 
Pleomorphic adenoma is a slow-growing and 
painless tumor that contains both mesenchymal 
and epithelial components; the mesenchymal 
stroma varies between tumors [8, 13, 55]. These 
tumors may originate in the superficial lobe of 

the parotid and can extend to the deep lobe into 
the parapharyngeal space. Pleomorphic ade-
noma of the minor salivary glands can occur on 
the palate, the labial mucosa (more commonly 
the upper lip), or parapharyngeal space. The 
consistency of the tumor is typically smooth and 
rubbery in texture. Encapsulation is present; 
however, it may be incomplete with “pseudo-
pod” extensions of the tumor [8, 13]. Due to the 
risk of recurrence and the presence of pseudo-
pod extensions, complete surgical resection 
with a margin of normal tissue is performed. 
This may entail partial or superficial parotidec-
tomy with facial nerve preservation. Rarely, 
pleomorphic adenoma has been reported to 
metastasize to the bone, lungs, skin, and other 
regions of the head and neck. Recurrence or 
metastasis is attributed to either leaving residual 
tumor in the surgical bed or rupture of the tumor 
during excision. Malignant transformation is 
rare and is termed “carcinoma ex pleomorphic 
adenoma” [8, 13].

Warthin’s Tumor
Warthin tumor, also known as papillary cystade-
noma lymphomatosum, is the second most com-
mon (5–10 %) benign neoplasm of the salivary 
glands. The most common site for Warthin’s 
tumor is the parotid gland. Smoking is a known 
risk factor and the tumor is more common in men. 
The tumor may be multicentric; it may present 
bilaterally in up to 12 % of patients [57]. The 
tumor is slow growing, painless, and smooth in 
appearance with a well-defined capsule. A cross- 
section often reveals multiple cystic spaces with 
brown mucoid fluid. Histology is characteristic of 
a projection of a double-layered papillary epithe-
lium with lymphoid stroma into cystic spaces. 
Treatment of Warthin’s tumor is complete surgi-
cal excision. Recurrence may be attributed to 
undiagnosed multicentricity [8, 13, 55].

Oncocytoma
Oncocytomas represent 1 % of salivary gland 
tumors that present almost exclusively in the 
parotid gland. It presents as a painless mass and 
is firm, encapsulated, and rubbery in consistency. 
Histologically, the tumor contains granular 
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eosinophilic cells with abundant, hyperplastic 
mitochondria and indented nuclei [13]. Complete 
resection in an extracapsular fashion is sufficient 
treatment. Oncocytomas of the minor salivary 
glands may be locally invasive and have potential 
to destroy adjacent tissues despite their benign 
nature. Surgical excision is the preferred treat-
ment [8, 13, 55].

Basal Cell Adenoma
Basal cell adenoma represents 2–3 % of salivary 
gland tumors and occurs most often in the parotid 
gland but has been reported in the submandibular 
and minor salivary glands. It typically affects patients 
in their seventh to eighth decade of life and affects 
women more commonly than men. Basal cell ade-
nomas are encapsulated and can present in four dis-
tinct histological patterns (solid, tubular, trabecular, 
and membranous). Minor salivary gland basal cell 
adenomas may lack a capsule. Surgical resection is 
the treatment of choice. The membranous subtype is 
nodular in appearance and can display multicentric-
ity, which increases the risk of recurrence after surgi-
cal resection. Basal cell adenomas appear similar 
histologically to adenoid cystic carcinoma; however, 
they do not invade surrounding tissues or adjacent 
nerves [8, 13, 55].

Other Benign Neoplasms
There are a number of other benign tumors of the 
salivary glands such as canalicular adenomas 
(presents in minor salivary glands), oncocytic pap-
illary cystadenoma (most often in larynx), myo-
epithelioma, sialadenoma papilliferum, inverted 
ductal papilloma, and others that are outside the 
scope of this chapter. The treatment of the majority 
of these tumors is surgical resection [8, 13, 55].

13.2.2.2  Malignant Salivary Gland 
Tumors

Mucoepidermoid Carcinoma
Mucoepidermoid carcinoma is the most com-
mon malignant salivary gland neoplasm 
(approximately 30–35 % of all malignant sali-
vary gland neoplasms) [13]. The most common 
site for mucoepidermoid carcinoma is the 
parotid gland. Although the most common 

malignant tumor of the parotid gland is muco-
epidermoid carcinoma, it is the second most 
common malignant neoplasm of the subman-
dibular gland after adenoid cystic carcinoma. 
Mucoepidermoid carcinoma usually occurs 
after the third decade of life with a female pre-
dominance [13]. These tumors are classified as 
either high grade or low grade based on histo-
logical findings. Low-grade tumors contain 
mucoid as well as epidermal cell components 
and rarely metastasize, while high-grade 
tumors are predominated by epidermoid cells 
and have a high propensity to metastasize. 
Low-grade tumors are usually small, can be 
encapsulated, and contain mucinous fluid. 
High-grade tumors are usually solid and may 
have no encapsulation. The prognosis is worse 
for high-grade mucoepidermoid carcinoma. 
Surgical resection is recommended for low-
grade tumors; the neck is not treated in the clin-
ically N0 neck due to the low incidence of 
nodal metastasis [13, 54]. High- grade tumors 
are treated with complete surgical resection, 
and elective neck dissection is usually per-
formed due to the higher rate (21 %) of occult 
nodal metastasis [58]; this is often followed by 
adjuvant radiation therapy.

Adenoid Cystic Carcinoma
Adenoid cystic carcinoma is the second most 
common parotid gland malignancy but is the 
most common malignancy of the submandibular 
gland and the minor salivary glands. The tumor 
may be partially encapsulated (or without a cap-
sule) and appears histologically as basaloid epi-
thelium arranged in cribriform, solid (worst 
prognosis), and tubular patterns with an eosino-
philic stroma. Although adenoid cystic carci-
noma is a slow-growing tumor, the tumor 
infiltrates surrounding tissue and demonstrates 
perineural invasion with resultant facial nerve 
palsy. Local recurrences after resection and dis-
tant metastasis to the lung are not uncommon. 
Surgical resection with postoperative radiation is 
typically recommended. Occult metastasis is rare 
and elective neck dissection for the N0 neck is 
not performed. If the neck is clinically positive, 
the overall survival is lower [13, 54].
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Acinic Cell Carcinoma
Acinic cell carcinoma most commonly affects 
women after the fourth decade of life and most 
often presents in the parotid masses. The tumor 
can be multicentric and can present bilaterally in 
the parotid masses. The tumor is well encapsu-
lated and contains both serous acinar cells and 
acinar cells with a clear appearing cytoplasm. 
Several histologic patterns are possible (cystic, 
papillary, vacuolated, follicular), and the cells 
stain positive on periodic acid-Schiff (PAS) stain. 
Treatment is surgical resection; adjuvant radiation 
is performed with facial nerve involvement, neck 
metastasis, skin involvement, or other poor prog-
nostic indicators. For histologically high-grade 
lesions, elective neck dissection is performed. 
Local recurrences can present years after treat-
ment [13, 54, 55].

Other Malignant Neoplasms
Other malignant salivary gland neoplasms include 
adenocarcinoma (minor salivary glands and 
parotid gland), polymorphous low-grade adeno-
carcinoma, carcinoma ex-pleomorphic adenoma 
(derived from pleomorphic adenoma), primary 
squamous cell carcinoma (most often in subman-
dibular gland), undifferentiated carcinomas, sali-
vary duct carcinomas, sarcomas, lymphomas, and 
others. The treatment of these lesions is complete 
surgical resection with neck dissection for high 
grade lesions [13, 54, 55].

13.2.2.3  Surgery of the Parotid Gland
The facial nerve branches divide the parotid into 
arbitrary superficial and deep “lobes” as it 
courses through the parotid gland parenchyma. 
Benign neoplasms and low-grade, well-encap-
sulated malignancies in the superficial lobe are 
treated with a superficial parotidectomy with 
preservation of the facial nerve branches. A total 
parotidectomy involves resecting the deep 
parotid tissue as well; this is reserved for malig-
nancies of the deep lobe, high- grade tumors, or 
tumors with nodal metastasis. Cutaneous malig-
nancies of the scalp or the face with nodal 
metastasis to the parotid gland or high risk for 
nodal metastasis also require parotidectomy [3, 
6, 13, 54].

The facial nerve can be preserved if the tumor 
has not invaded the neural tissue; intraoperative 
frozen sections can assess for tumor margins in 
the nerve tissue. Nerve grafting should be per-
formed for sacrificed nerves. Neck dissections 
are performed in the clinically positive neck, and 
elective neck dissections are performed in the 
clinically N0 neck for high-grade tumors [13, 
54]. The extent and specific indications for neck 
dissections are outside the scope of this chapter.

The most common approach to the parotid 
gland is via a modified facelift (modified Blair) 
incision or a preauricular incision that curves 
along a skin crease into the neck approximately 
2 cm below the angle and border of the mandible. 
A skin flap is raised anteriorly in a level superfi-
cial to the parotid fascia until the masseter muscle 
is encountered. The greater auricular nerve is 
identified and preserved if possible in the event 
that nerve grafting is required. The posterior 
branch of the nerve can usually be preserved to 
mainatin sensation to the ear lobe; the anterior 
branch is often sacrificed. The tail of the parotid is 
dissected from the sternocleidomastoid muscle. 
The posterior belly of the digastric muscle can be 
identified here and can serve as a landmark for 
facial nerve identification. Blunt dissection is then 
performed to separate the tragal cartilage from the 
parotid gland tissue. This reveals the tragal 
pointer, which guides the surgeon in localizing 
the facial nerve (1 cm medial). If the tumor inter-
feres with identifying the nerve, a distal branch 
may be traced in a retrograde fashion to find the 
main nerve trunk [3, 5, 6, 13, 54]. Fibrosis from 
prior surgery, radiation, or other anatomic distor-
tion may prevent adequate identification of the 
nerve; the mastoid cavity may then be drilled to 
find the intratemporal facial nerve, which is then 
followed to its extratemporal course. The nerve is 
identified and traced anteriorly to its main 
branches, separating the superficial and deep 
lobes of the gland [3, 13, 54]. Janes was the first 
surgeon to describe the identification process for 
the facial nerve trunk in 1940 [3, 59]. The nerve 
may then be mobilized if the deep lobe of the 
gland is to be removed. The posterior auricular 
artery, external carotid artery, and retromandibu-
lar vein may be encountered during superficial 
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parotidectomy, and the internal carotid artery and 
internal jugular vein are likely encountered during 
deep lobe removal [3, 13]. Figure 13.4 depicts the 
surgical approach to the facial nerve during a 
parotid gland dissection [54].

Intraoperative frozen sections may be sent to 
assess for extent of disease. If the tumor invades 
the facial nerve, the nerve may need to be traced 
proximally into the temporal bone to obtain nega-
tive margins. Nerve reconstruction after nerve 
sacrifice is performed by primary repair or with 
nerve grafting using the great auricular nerve or 
the sural nerve from the lower extremity [13, 54].

Large parotid tumors may extend into the para-
pharyngeal space. Tumors described as “dumbbell 
tumors” may involve both the superficial and deep 
lobes as they straddle the mandibular ramus and 
stylomandibular ligament. Parapharyngeal space 
tumors can be removed either through a transoral 
approach or via transcervical approach, which 
may require division of the styloid process, stylo-
mandibular ligament, stylohyoid ligament, and 
associated muscles, or even mandibulotomy for 
increased access. The transoral approach is usually 
reserved for well-encapsulated benign tumors due 
to the limited access and exposure [3, 13, 54, 60].

Complications of parotid gland surgery can be 
classified as early and late complications. Early 
complications include bleeding, hematoma or 

seroma, infection, skin flap necrosis, trismus due 
to inflammation or fibrosis of the masseter mus-
cle, development of a sialocele, and facial nerve 
paralysis. Facial nerve paralysis is usually tem-
porary, and permanent facial nerve paralysis 
occurs in less than 4 % of parotidectomies for 
benign disease in which the nerve was identified 
and preserved [13, 61, 62]. The nerve may be 
stretched, compressed, or injured due to thermal 
energy from electrocautery, or ischemia from 
extensive dissection. Postoperative edema of the 
nerve may contribute to paresis and some sur-
geons administer postoperative steroids to reduce 
edema. Continuous facial nerve monitoring with 
EMG is used to allow intraoperative nerve stimu-
lation and to warn the surgeon when the nerve is 
in close proximity [3, 13].

Late complications include Frey’s syndrome, 
tumor recurrence, and poor cosmesis due to 
either scarring or loss of tissue bulk. Frey’s 
syndrome is a well-known complication and 
is also referred to as “gustatory sweating” or 
“auriculotemporal nerve syndrome” [3, 8, 13, 
62, 63]. Frey’s syndrome was first described 
in 1853 by Baillarger, and the pathophysiol-
ogy was described by Frey in 1923 [64, 65]. 
This complication is thought to occur due to 
aberrant reinnervation of nerve fibers from 
postganglionic parasympathetic fibers of the 

“Pointer” tragal
cartilage

Facial nerve

Digastric muscle

Sternocleidomastoid

Masseter

Fig. 13.4 Surgical 
anatomy of the parotid 
gland and relationship 
to facial nerve 
(Reprinted from  
Ref. 54)
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parotid gland (which use acetylcholine as a 
neurotransmitter) to the sweat glands and tran-
sected postganglionic sympathetic fibers to the 
sweat glands (which also use acetylcholine as 
a neurotransmitter). This causes sweating and 
flushing of the cheek skin as a parasympathetic 
response during salivation. Using a thicker skin 
flap and less extensive parotid dissection may 
reduce the incidence of Frey’s syndrome. Using 
fascial flaps, muscle flaps, or synthetic material 
as a barrier has also been described [3, 13, 63]. 
10 % of patients have symptomatic Frey’s syn-
drome [13]. Symptomatic treatments include; 
botox injections, topical antiperspirants, topi-
cal anticholinergics, or tympanic neurectomy. 
Postoperative radiation has decreased the inci-
dence of Frey’s syndrome [3]. Sialoceles are 
subcutaneous saliva collections that can be 
managed with observation, needle aspiration, 
or a pressure dressing [3]. Botox injections may 
decrease salivation to promote resolution [3]. 
Frey’s syndrome was first described in 1853 
by Baillarger, and the pathophysiology was 
described by Frey in 1923 [64, 65].

13.2.2.4  Surgery of the Submandibular 
Gland

Surgical resection of the submandibular gland 
is typically confined to the submandibular tri-
angle unless an extensive malignant neoplasm 
extends to surrounding structures. The subman-
dibular gland is typically approached in a trans-
cervical fashion, although submental, transoral, 
retroauricular, and endoscopic-assisted/endo-
scopic robot-assisted approaches have been 
described. The transcervical approach improves 
direct access to the gland. An incision is made 
1.5–2 cm below the inferior border of the man-
dible along a neck skin crease. A subplatysmal 
flap is raised superiorly, and the marginal man-
dibular nerve is identified and preserved or sim-
ply preserved with the Hayes-Martin maneuver 
as described previously. The fascia investing 
the submandibular gland is incised to expose 
the gland. The facial artery is encountered and 
ligated. The mylohyoid muscle is then retracted 
anteriorly to expose the anterior aspect of the 
gland. The nerve to the mylohyoid may be 

encountered and can be preserved. The lin-
gual nerve is identified and mobilized from the 
gland. The hypoglossal nerve is often identified 
at this point and preserved. Wharton’s duct is 
identified and ligated [3, 8, 13]. Figure 13.5 
depicts the classic lateral cervical approach to 
the submandibular gland [13].

Complications of submandibular gland sur-
gery include bleeding or hematoma, seroma, 
infection, scarring, injury to the marginal man-
dibular branch of the facial nerve, injury to the 
lingual nerve, or injury to the hypoglossal nerve. 
Temporary lower lip paresis can occur with sim-
ilar injury mechanisms to the facial nerve dur-
ing parotid surgery. Tongue weakness and 
tongue hypesthesias can occur from hypoglos-
sal nerve and lingual nerve injury, respectively 
[3, 8, 13].

13.2.2.5  Surgical Approach 
to the Sublingual Gland

The sub lingual gland is approached in a transoral 
fashion. A linear incision can be made parallel to 
the ipsilateral mandible. The gland can be bluntly 
dissected from adjacent structures such as the 
Wharton’s duct and the lingual nerve. The supe-
rior and medial aspects of the gland can be dis-
sected such that the gland can be peeled from the 
sublingual space with blunt dissection. Injuries to 
the lingual nerve and Wharton’s duct may occur 
when attempting gland removal. A floor of mouth 
hematoma may occur and compromise the 
patient’s airway if hemostasis is not adequately 
acquired at the time of surgery [3].

13.3  Advances in Salivary Gland 
Surgery

13.3.1  Sialendoscopy

Sialendoscopy is a relatively novel technique that 
provides visualization into the salivary ducts via 
a small-caliber endoscope. The technology was 
originally invented for the purpose of diagnosis 
but is currently used to treat a variety of nonneo-
plastic salivary gland pathologies while allowing 
gland preservation [66, 67]. The endoscope is 
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passed into the Stenson’s duct or Wharton’s duct, 
and saline is irrigated through the endoscope to 
fill the lumen and distend the salivary ductal tree. 
Katz was the first to describe salivary endoscopy 
and endoscopic anatomy in 1991 [10]. The mas-
seteric bend of Stensen’s duct was characterized 
by endoscopic anatomy. The optical resolu-
tion has since improved; the sialendoscopists of 
today can perform procedures to treat a variety of 
conditions.

The endoscopes can range in size from 0.8 to 
1.6 mm in diameter although some studies recom-
mend limiting the caliber to 1.2 mm to avoid iatro-
genic injury [67]. The endoscopes most commonly 
used today are semirigid although Katz first 
described the use of a flexible endoscope [35]. 
Atienza and López-Cedrún recently performed a 
systematic review of the management of obstruc-
tive salivary disorders with sialendoscopy and 
concluded that sialendoscopy is both safe and 
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Fig. 13.5 Surgical approach to the submandibular gland depicting the Hayes-Martin maneuver (Reprinted from Ref. 13)
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effective for the treatment of obstructive salivary 
gland disorders. Four thousand one hundred thirty-
four sialendoscopic procedures were performed in 
Atienza’s review [67]. Figure 13.6 depicts typical 
instruments used for sialendoscopy [68].

Sialendoscopy and sialendoscopic interven-
tions are typically outpatient procedures and can 
be performed either under local or general anes-
thesia. The sialendoscope is introduced into the 
duct although serial dilation of the papilla and 
duct with lacrimal probes may be required for 
insertion. The lumen is irrigated with normal 
saline which distends the ductal tree and allows 
both visualization and room for the endoscope 
and instruments to pass. One port is required for 
saline irrigation. Larger endoscopes contain an 
instrumentation port for forceps, wire baskets, 
micro-drills, balloons, stents, or laser interven-
tions. Medications such as steroids may also be 
instilled into the lumen. Patients are instructed to 
massage their glands postoperatively. Stents are 
typically removed several weeks after the proce-
dure [35, 66, 67].

Atienza’s review revealed that sialolithiasis is 
involved in 66 % of the patients that undergo inter-
ventional sialendoscopy [67]. Marchal recom-
mends that sialoliths less than 3 mm in the parotid 
gland and less than 4 mm for the submandibular 
gland can safely be removed endoscopically [34]. 
Laser lithotripsy or combined endoscopic and 
transoral maneuvers such as papillotomy, sialoli-

thotomy, or ductal dissection can be performed for 
larger stones. Stones that are 8 mm or greater typi-
cally require a combined surgical approach [27, 
34, 67]. Figure 13.7 depicts endoscopic images 
during endoscopic sialolith removal [35].

Inflammatory disorders such as radiation- and 
radioiodine-induced sialadenitis and autoim-
mune sialadenitis may also be treated with sialen-
doscopy irrigation with instillation of steroids 
[67]. Strictures can be found in diseases such as 
Sjögren’s syndrome, radiation-induced sialadeni-
tis, and juvenile recurrent parotitis; balloon dila-
tion and steroid instillation may be performed for 
these conditions. 1 mm balloons that dilate to 
3 mm are available for stricture dilation. Acute 
sialadenitis is a contraindication for sialendos-
copy as the risk for ductal perforation increases 
in this setting [34, 35, 66, 67]. Sialendoscopy has 
also been used in the pediatric population for 
juvenile recurrent parotitis, Sjögren’s syndrome, 
and other acquired or congenital strictures [69]. 
Atienza’s review of sialendoscopy for treatment 
of obstructive disorders reports a success rate of 
76 % for all sources of obstruction. In this sys-
tematic review, success was defined by resolution 
of obstruction with no symptoms upon patient 
follow-up. The success rate increases to 96 % 
when sialendoscopic intervention was combined 
with another surgical approach (papillotomy, 
transoral incisions, incisions through parotid fas-
cia, external incisions) [67].

Fig. 13.6 Instruments 
used in Sialendoscopy. 
(a) sialendoscope, 
modular;  
(b) sialendoscope, all in 
one; (c) biopsy and 
grasping forceps;  
(d) forceps; (e) bougies; 
(f) probes; (g) dilatator; 
(h) stone extractor;  
(i) microdrill; (j) balloon 
catheter (Courtesy of 
Karl Storz Ref. [68])
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The most common complication of sialendos-
copy is post-procedural glandular swelling (typi-
cally resolves within 48 h), perforation of the 
duct, and injuries to adjacent blood vessels and 
nerves. Other complications reported have been 
postoperative stenosis due to structural failure of 
the duct or papilla; the studies in Atienza’s review 
often cited the use of a stent to compensate for 
this complication. Failure to remove stones or 
failure of equipment (such as the wire basket 
for stone retrieval) was also reported. 4.6 % of 
glands were excised after a sialendoscopic proce-
dure in Atienza’s review [67].

13.3.2  Minimally Invasive 
and Robotic Surgery

Endoscopic surgery has had limited use in neck 
surgery due to the lack of anatomic space for 
instrumentation and the need for high insufflation 
pressures for the neck [70]. Multiple minimally 
invasive approaches to the submandibular gland 
have been reported, and several authors report the 
benefits of minimal scarring with an endoscopic- 
assisted submandibular sialadenectomy through a 
number of different incisions in the neck, hairline, 
retroauricular, facelift incision, and modified 
facelift approaches [71–78]. A video-assisted 
approach to submandibular gland sialadenectomy 
may yield excellent results with minimal scarring; 
this approach has yet to become a widely accepted 
and routinely practiced technique at most major 
institutions. Figure 13.8 depicts an endoscopic 

view during an endoscopic- assisted transoral sub-
mandibular sialadenectomy [75].

In contrast, the role of robotic surgery has 
become increasingly significant since its first 
application in the field of otolaryngology in 
2002 at the Medical College of Georgia [70, 79]. 
Advantages of surgical robotics include increased 
precision, three-dimensional magnification, 
improved articulation, and possibly improved 
surgical ergonomics [80]. Transoral robotic sur-
gery is becoming an established part of the head 
and neck oncologic surgeon’s armamentarium. 
Robotic capabilities in head and neck surgery are 
continuing to be developed, and the robotic surgi-
cal procedures have been well documented in the 
oral cavity, oropharynx, larynx, skull base and 
otologic procedures, thyroidectomy, and salivary 
gland excision [70, 80, 81].

Robotic surgery has been described for sali-
vary gland excision, sialolith excision, and ranula 
excision [81]. Terris et al. used a cadaver model 
to perform endorobotic submandibular gland 
excision in 6 cadavers and 11 total glands; they 
reported faster procedure times compared to neck 
endoscopic surgery alone (Fig. 13.9) [82].

Lee et al. performed a prospective study com-
paring robot-assisted and endoscopic-assisted 
submandibular sialadenectomy [83]. They con-
cluded that the early postoperative outcomes 
were comparable and that patients in both cohorts 
were satisfied with their cosmesis. Although 
more convenient for the surgeon, the robot did 
not give the surgeon any clinical advantage over 
the endoscope.

a b c

Fig. 13.7 Endoscopic sialolith removal using a wire basket. (a) Sialendoscopic view of sialolith in Wharton’s duct; (b) 
sialolith engaged in wire basket; (c) view of duct after sialolith removal (Reprinted from Ref. 35)
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Walvekar reported the first case in which a 
submandibular gland megalith (19 × 11 mm) 
was removed using a combination approach with 
sialendoscopy to localize and trap the sialolith 
while transoral robotic surgery was used to 
remove the sialolith [84]. Razavi published a 

case series in 2015 describing robot-assisted 
sialolithotomy with sialendoscopy (RASS) for 
the management of large (>5 mm) hilar subman-
dibular gland sialoliths [85]. Twenty-two 
patients underwent this procedure, and success 
(defined as gland preservation with absence of 
symptom recurrence) was reported in 100 % of 
the subjects. This cohort was compared to a his-
torical cohort in Razavi’s study that consisted of 
patients that underwent sialolithotomy via a 
combined sialendoscopy/traditional transoral 
approach for which the success rate was 75 %. 
Although further investigation and prospective 
studies are warranted, these results suggest that 
the safety and efficacy of robot-assisted sialoli-
thotomy is excellent. Surgical robotics may 
eventually become an important adjunct to 
sialendoscopy. Walvekar et al. also reported the 
first removal of a floor of mouth ranula using the 
surgical robot [86].

Fig. 13.8 Intra-
operative photograph 
of endoscopic-assisted 
approach to transoral 
left submandibular 
sialadenectomy. D 
submandibular duct, L 
lingual nerve, SLG 
sublingual gland 
(Reprinted from  
Ref. 75)

Fig. 13.9 Photograph depicting trochar placement for 
endorobotic submandibular gland excision (Reprinted 
from Ref. 82)
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13.3.3  Procedural Interventions 
for Xerostomia

Xerostomia affects the majority of patients who 
undergo primary or adjuvant radiation therapy 
for head and neck cancer. Salivary glands are 
radiosensitive and gland destruction leads to 
hyposalivation [87, 88]. Decreased saliva causes 
the patient to experience xerostomia, dysphagia, 
and dysarthria while also predisposing the patient 
to dental caries and local oral and dental infec-
tions. Traditional therapy for postradiation xero-
stomia is a combination of strict oral hygiene, 
saliva substitutes, fluoride agents, pilocarpine, 
and sialogogues. Amifostine has been used as a 
cytoprotectant [89].

13.3.3.1  Acupuncture
Acupuncture is an adjuvant alternative medicine 
modality extensively described in the treatment 
of xerostomia due to radiation as well as 
Sjögren’s syndrome. Although the mechanisms 
are not clearly elucidated, acupuncture has been 
shown to increase salivary flow in patients with 
Sjögren’s syndrome as well as radiation xerosto-
mia [88, 90, 91]. Acupuncture does not appear to 
be a widely available or accepted treatment given 
the lack of standardization in its technique as 
well as prospective randomized trials evaluating 
its efficacy. The existing studies consist of small 
sample sizes with a variety of technical varia-
tions including needle location, needle stimula-
tion, needle depth, number of treatments, and 
frequency of treatments [88]. Li et al. acknowl-
edged the lack of standardization and proposed 
an acupuncture protocol for patients with radia-
tion-induced xerostomia [91]. Zhuang et al. per-
formed a systematic review of the literature 
depicting acupuncture as a treatment modality 
for radiation-induced xerostomia and acknowl-
edged that there is insufficient evidence to deter-
mine its safety or efficacy [88]. Furness et al.’s 
Cochrane review concluded that there is low 
quality evidence that acupuncture affects xero-
stomia symptoms greater than placebo [92]. 
Therefore, routine use of acupuncture for radia-
tion-induced xerostomia is not recommended at 
this time.

13.3.3.2  Salivary Gland Transfer
Salivary gland transfer is a relatively new tech-
nique that has been developed to address postra-
diation xerostomia as well as dry eyes and 
keratoconjunctivitis sicca [93–95]. Autologous 
transplantation of both major and minor salivary 
glands has been described for these indications 
[96, 97]. In patients undergoing radiotherapy for 
head and neck cancer, salivary gland transfer may 
be performed at the time of surgical intervention 
in anticipation of postoperative radiation. Jha 
et al. reported the first submandibular gland 
transfer to the submental space for shielding prior 
to radiotherapy [98]. Wu et al. performed a sys-
tematic review of the literature containing 369 
patients who underwent submandibular gland 
transfer before radiotherapy in the included stud-
ies [99]. Both stimulated and unstimulated sali-
vary flow rates were noted to be much higher in 
patients who underwent the intervention vs. 
patients who either received pilocarpine or no 
other intervention. They concluded that subman-
dibular gland transfer is highly effective in the 
prevention of postradiation xerostomia without 
serious adverse effects.

Major and minor salivary gland transfer tech-
niques have also been performed for the purposes 
of eye lubrication in the setting of dry eyes and 
keratoconjunctivitis sicca [96, 97, 100]. Figure 
13.10 depicts a schematic diagram of the four 
possible salivary gland transfers for xerophthal-
mia [101]. The composition of saliva and tears is 
fairly similar, and the digestive component of 
saliva and presence of amylase have not been 
found to be destructive to the ocular surface [96]. 
Mucosal grafts containing salivary gland tissue 
for dry eyes were first described by Murube in 
1998 [102]; labial minor salivary glands were 
described to significantly reduce dry eye symp-
toms despite the minor differences in composi-
tion and increased viscosity. The graft is sutured 
to the undersurface of the eyelid. The grafts 
appear to be 90 % viable although further pro-
spective studies are warranted [97].

Limitations noted in major gland transfer 
include potential gland necrosis, hypersecretion, 
and donor site morbidity such as facial nerve 
injury. Surgical options described in animal and 
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human studies include transposition of Stenson’s 
duct to the inferior fornix, free transplantation of 
the sublingual gland to the conjunctival fornix 
without microvascular anastomosis, and free trans-
plantation of the submandibular gland with or 
without microvascular anastomosis and implanta-
tion of Wharton’s duct into the upper temporal for-
nix [96, 97]. Parotid gland transfer or Stensen’s 
duct transposition has been reported to produce 
copious amounts of tearing (saliva) and epiphora 
as a gustatory response. Complications include 

blepharitis, corneal calcifications, and increased 
bacterial load in the conjunctival sac in canine 
studies [96, 103]. Epiphora may lead to increased 
eye wiping and subsequent keratitis. Sublingual 
gland transplantation is not performed due to the 
high rate of necrosis given that the gland is trans-
planted as a free graft without vascular supply [96].

Submandibular gland transplantation with 
microvascular anastomosis appears to have the 
most advantages to the ophthalmologic surgeon. 
This procedure was first described by Murube- del 

a b

c d

Fig. 13.10 Diagrammatic illustration depicting three dif-
ferent surgical techniques of major salivary gland transfer 
for xerophthalmia. (a) Transplantation of the minor sali-

vary glands; (b) Transposition of the parotid gland duct; 
(c) sublingual gland transplantation; (d) submandibular 
gland transplantation. (Reprinted from Ref. 102)
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Castillo in 1986, and several other authors have 
replicated this technique [94, 96, 102, 104–108]. 
The seromucinous nature of submandibular gland 
secretions simulate the seromucinous lacrimal 
secretions. The gustatory reflex of epiphora is not 
present due to intraoperative denervation during 
the procedure [96]. Major salivary gland trans-
plantation to the ocular tissues requires a team of 
ophthalmologists as well as head and neck sur-
geons. After resection of the submandibular gland 
along with the duct, a surrounding cuff of mucosa 
at the papilla, and facial artery and vein glandular 
branches, the vessels are anastomosed to branches 
of the superficial temporal artery or preauricular 
vessels. The gland is placed in a pocket created in 
the temporalis muscle, and the duct is tunneled 
subcutaneously to the conjunctival fornix. 
Prospective studies have revealed improved 
Schirmer’s test, fluorescein break-up time, use of 
artificial tears, and discomfort. Epiphora and epi-
thelial edema were common complications for 
successful transplantations [96]. Geerling and 
Sieg note that of the three major salivary glands, 
autologous submandibular gland transplantation 
is the only procedure that can currently be recom-
mended in humans [96].

13.3.4  Procedural Interventions 
for Sialorrhea

Sialorrhea is the term for excessive salivation in 
both children and adults with neurologic impair-
ment. Patients with neurologic impairment suffer 
from a defect in their oral and oropharyngeal 
phases of swallowing which causes pooling of 
saliva. Other causes for sialorrhea include oral 
inflammation, gastroesophageal reflux, medica-
tion side effects and toxins, or anatomic abnor-
malities of the oral cavity and oropharynx 
(tonsillar hypertrophy, macroglossia) [109]. 
Hypersecretion of saliva in combination with 
poor oropharyngeal and facial muscle control 
and dysphagia leads to pooling of saliva in the 
oral cavity, oropharynx, and larynx. Patients with 
sialorrhea often suffer from dehydration, chapped 
lips, and are socially marginalized due to the odor 
and appearance of excess saliva. Nonsurgical 

options include physical therapy, medications 
(glycopyrrolate, scopolamine), botox injection, 
treatment of gastroesophageal reflux, and radia-
tion to the glands [109, 110]. Surgical options 
include gland excision, tympanic neurectomy, 
and duct ligation. A combination of the above 
procedures involving multiple glands may be 
performed. Salivary duct repositioning or 
 rerouting is also a well-known technique to 
address sialorrhea. The parotid or submandibular 
ducts are rerouted to the posterior oropharynx or 
elsewhere in the oral cavity mucosa to avoid 
more definitive procedures such as gland exci-
sion. Duct rerouting has allowed preservation of 
salivation with reduction of drooling [110]. 
Hockstein states that the most definitive surgical 
therapy is bilateral parotid duct ligation with 
bilateral submandibular gland excision [109]. 
Reed et al. performed a meta-analysis of the sur-
gical management of drooling and noted that 
there is no single procedure that is agreed upon as 
the most effective [110]. Large, directly compar-
ative studies depicting the safety and efficacy of 
the above procedures are required to identify a 
procedure that may be universally performed by 
otolaryngologists and maxillofacial surgeons.

13.3.4.1  Salivary Duct Repositioning
Salivary duct repositioning is used to address 
sialorrhea and xerophthalmia and to prevent post-
operative salivary duct obstruction from oral can-
cer resection or salivary calculi. Parotid salivary 
duct repositioning is described often in the litera-
ture as a surgical procedure to address sialorrhea. 
The procedure is most often described in pediat-
ric populations, and submandibular duct reposi-
tioning is the most commonly described. 
Puraviappan et al. performed a prospective study 
in which the efficacy of submandibular duct relo-
cation was assessed in eight children with cere-
bral palsy using a visual analogue score by the 
patient’s parents. They reported that seven of 
eight patients had significant reduction in drool-
ing and reported parent satisfaction in all patients 
[111]. De et al. reported outcomes for subman-
dibular duct relocation for 56 pediatric patients; 
drooling was significantly reduced in 49 cases, 
and parental satisfaction was noted to be high. 
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The main complication reported was ranula for-
mation in five cases. They conclude that duct 
repositioning is a significant means to improve 
quality of life in pediatric patients with sialorrhea 
[112]. Panarese et al. reported outcomes for 37 
pediatric patients and noted that 76.5 % of 
patients had long-term control of sialorrhea, and 
the authors also concluded that the procedure is 
safe and successful and improves quality of life 
in the majority of patients [113]. Uppal et al. per-
formed a retrospective review of 23 neurologi-
cally impaired children and noted an overall 
improvement in drooling in 20 patients (13 
patients with complete cessation of drooling); 
reported complications were ranula, submandib-
ular gland swelling (three transient, two which 
required gland excision). Three patients were 
reported to have a poor outcome, and they noted 
that these patients had the most severe oral-motor 
dysfunction [114]. Katona et al. performed sub-
mandibular duct relocations on 14 young adults 
and children using high-frequency radiosurgery 
techniques; 79 % of patients achieved a satisfac-
tory decrease in sialorrhea. Katona et al. also 
reported decreased operative time with high-fre-
quency radiosurgery and endorsed its safety and 
efficacy [115].

Salivary Duct Repositioning for 
Xerophthalmia
Parotid duct relocation, as described in the previ-
ous section, has also been used to treat xeroph-
thalmia due to several etiologies (autoimmune, 
inflammatory). The duct is rerouted either tran-
sorally or extraorally to the conjunctival fornix; 
an external approach was first described by 
Filatov and Chevaljev in 1951 [96, 116–118]. 
Zhang et al. reported outcomes on 40 cases in 
which parotid duct transposition was performed 
for xerophthalmia, 82.5 % of patients had tearing 
postoperatively, and vision was improved in 
72.5 % of patients [119]. The etiologies for dry 
eye in this studies included Stevens-Johnson syn-
drome, ocular pemphigoid, and alkali eye burn. 
They concluded that parotid duct transplantation 
is a simple and easy procedure that should be 
considered in patients with dry eyes caused by 

Stevens-Johnsons syndrome but not in ocular 
pemphigoid (these patients failed to improve). 
Complications reported may include duct 
obstruction, dislocation, and ductal contraction, 
which have the potential to cause entropion or 
ectropion. Gustatory epiphora is a manifestation 
due to the nature of the parasympathetic 
 innervation as described previously. Prospective 
studies are warranted to further evaluate the effi-
cacy and rate of complications.

Salivary Duct Repositioning for Head and 
Neck Cancer
Salivary duct repositioning has also been used in 
the setting of oral cancer. Salivary gland swelling 
and pain may occur in the postoperative period, 
which may be confused for a tumor recurrence. 
Duct relocation may prevent this potential false-
positive diagnosis and decrease postoperative sali-
vary gland colic. Stenson’s duct rerouting has been 
reported as a means for gland preservation without 
compromising cancer resection [120, 121]. The 
salivary duct can be repositioned even in the setting 
of oral cancer reconstruction with a free flap by 
routing the duct through the free flap [122]. 
Sakakibara reported that repositioning of 
Wharton’s duct could lower the likelihood of post-
operative obstructive complications. Mehta et al. 
performed parotid duct relocation in buccal mucosa 
cancer resection in 562 patients and reported a 
markedly reduced incidence of postoperative sialo-
cele and parotitis [121].

13.4  The Future: Salivary Gland 
Regeneration

The minimally invasive and gland-sparing proce-
dures described above are relatively recent inno-
vations in the history of head and neck surgery. 
The future of salivary gland surgery is promising 
and may build on the principles of gland sparing 
techniques. Regenerative medicine is a rapidly 
emerging field of research and will certainly 
impact the surgical management of salivary gland 
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disease. The molecular and genetic mechanisms 
of salivary gland biogenesis and development are 
becoming increasingly elucidated to allow for 
experimentation with human salivary gland 
regeneration. Salivary gland stem cells are being 
characterized and will play a large role in thera-
peutic salivary gland regeneration.

Salivary gland regeneration for the purposes 
of restoring function in xerostomia and irradiated 
salivary glands is a major focus of research. 
Mouse models have allowed researchers to 
 propose several methods of salivary gland regen-
eration [7]. Approaches to regeneration are gene 
therapy with viral vectors, stem cell therapy, and 
replacement of native gland tissue with bioengi-
neered salivary glands [7, 123]. Viral vectors 
have been used to express water channels (aqua-
porins) into the ductal epithelium via intraductal 
injection of the vector [124]. Bone marrow stem 
cells have been transplanted into irradiated mouse 
salivary glands; the cells secreted a factor which, 
acted in a paracrine fashion to regenerate epithe-
lia and increased salivary secretions, provided 
cell protection, increased vascularity, and induced 
the upregulation of biomarkers responsible for 
cell regeneration [125–127]. The Coppes lab has 
demonstrated that the transplantation of cells 
expressing Kit (a tyrosine kinase growth factor 
receptor) into mouse salivary glands induced the 
functional regeneration of gland epithelium. 
Autologous gland transplantation in humans with 
Kit+ salivary gland cells biopsied prior to irradia-
tion, and then reimplantation postradiation may 
be a therapeutic implication of these findings [7, 
128, 129].

Stem cells (including embryonic and other 
types) have complex interaction patterns with 
their microenvironment, also termed “stem cell 
niche”; stem cells affect the microenvironment 
and differentiate under the influence of extrinsic 
factors. Stem cells have been proposed to reside 
outside the ducts of salivary glands. The respec-
tive salivary gland niche likely impacts the differ-
entiation of salivary gland stem cells [130]. Ono 
et al. attempted to regenerate salivary gland cells 
by coculturing embryonic salivary glands and 
induced pluripotent stem cells [131]. They dem-

onstrated that coculture of embryonic mouse sub-
mandibular gland cells resulted in better- developed 
epithelial structures (acinar-like aggregations) 
than monoculture of embryonic mouse salivary 
gland cells. This highlights the significance of the 
stem cell niche and suggests that induced pluripo-
tent stem cells may be able to accelerate to regen-
eration and development of salivary glands. These 
studies provide hope that the functional regenera-
tion of salivary glands will soon be possible in 
patients. It is unclear at this time how the stem cell 
microenvironment in human salivary glands is 
affected after radiation, surgery, or in the setting 
of both mild and severe autoimmune disease. 
Future studies may further investigate the impact 
of these variables on stem cell niche and the 
potential for human application.

There is also active research interest in the use 
of bioengineered cells and tissue for functional 
organ restoration. Ogawa et al. performed ortho-
topic transplantation of bioengineered salivary 
gland germ cells into gland-deficient mice and 
demonstrated functional regeneration of mature 
salivary glands that produced saliva in response to 
pilocarpine and gustatory stimulation, protected 
against bacterial infection, and improved swallow-
ing [132]. Synthetic extracellular matrix has been 
proposed to serve as a scaffold for implanted cells 
to form epithelium and other glandular compo-
nents. Molecular components of the extracellular 
matrix regulate cell proliferation and develop-
ment; a variety of synthetic extracellular matrix 
scaffolds may one day be designed to customize 
cellular polarity and function. In vitro regeneration 
of human salivary gland tissue by culturing human 
salivary gland cells in three dimensions in a colla-
gen and matrigel construct has been described. 
Single human gland cells are proliferated and 
assembled into both acinar and ductal structures 
[133]. Cells may be cultured in this fashion for 
ultimate implantation into in vivo salivary gland 
tissue [134, 135].

Three-dimensional printing in resin has been 
used in murid models to replicate the anatomic 
shape of soft tissue organs such as the salivary 
gland based on three-dimensional MRI recon-
structions [136]. 3D printing of functional salivary 
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glands has yet to be developed; however, this tech-
nology could help shape synthetic matrices for 
cellular growth and biogenesis of functional sali-
vary glands. These methods will be further 
explored and validated in nonhuman models; 
human clinical trials may one day incorporate sev-
eral of these techniques for salivary gland 
regeneration.

13.4.1  Implications for the Head 
and Neck Surgeon

The study of functional restoration of human sali-
vary gland tissue is in its infancy; it has yet to 
directly translate into the routine care for patients 
with xerostomia. Discoveries in regenerative 
medicine may one day allow partial or complete 
regeneration of atrophic glands by implantation of 
salivary gland cells or implantation of entire sali-
vary glands generated in vitro. The head and neck 
surgeon will need to be aware of the implications 
of these potential treatments. Studies that success-
fully describe the regeneration of salivary gland 
tissue are carried out in a controlled and favorable 
environment. Head and neck surgeons often per-
form salivary gland surgery on patients with 
altered anatomy, infected salivary glands, glands 
containing neoplasms, atrophic glands, and 
fibrotic salivary glands. Each of these conditions 
affects the procedural technique and level of dif-
ficulty for the surgeon. Regeneration after stem 
cell or bioengineered tissue implantation may not 
be successful in human salivary glands that were 
irradiated in vivo or atrophied after an inflamma-
tory or obstructive process. The irradiated or atro-
phic gland’s blood supply may be scant due to 
dense fibrosis. This may prevent the proliferation 
of regenerative cells in humans. Fibrosis also pre-
vents the expansion of tissue, which may limit the 
growth of regenerating salivary glands. Patients 
with poor nutritional status and wound healing 
capabilities may also benefit to varying degrees 
compared with healthy patients. The stem cell 
niche may also vary depending on the location 
within the histologic architecture of the gland; 
this is important when deciding the anatomic 
location for cell or tissue implantation. Duct stric-

tures and kinks will continue to require interven-
tion; parenchymal regeneration may be of no use 
without a functioning collecting duct and drain-
age system. Adjunctive procedures such as sialen-
doscopic dilation of ducts or instillation of 
anti-inflammatory or growth factors may one day 
support gland regeneration. Sialoceles and sali-
vary fistulas may develop in cases of aberrant 
repair or regeneration, as in the setting of trauma. 
The ability to replicate the three-dimensional 
anatomy of salivary glands in humans is also 
unclear. The malignant potential of newly gener-
ated or bioengineered tissue is also unknown. 
Future studies will need to evaluate the feasibility 
of salivary gland regeneration of human salivary 
gland tissue in the setting of prior surgery and the 
abovementioned conditions.

 Conclusion

The salivary glands may harbor a variety of 
conditions including obstructive, inflamma-
tory, infectious, and neoplastic disorders. 
Surgical management of salivary gland dis-
ease requires an in-depth understanding of the 
anatomy, physiology, and common disease 
processes involving salivary gland tissue. The 
history of surgical intervention for salivary 
gland disorders in otolaryngology and maxil-
lofacial surgery features an evolution of tech-
niques from definitive and invasive procedures 
such as gland extirpation to minimally inva-
sive procedures that may preserve the glands 
such as salivary gland duct surgery and sialen-
doscopy. Salivary duct repositioning has 
allowed gland preservation in patients with 
sialorrhea and can provide symptomatic relief 
to patients with xerostomia. An increasing 
number of surgical approaches to salivary 
gland extirpation have also developed with a 
trend toward smaller skin incisions and the 
pioneering of endoscopic and robotic tech-
niques. It is difficult to predict how the expand-
ing applications of regenerative medicine will 
impact the future of salivary gland surgery. 
Head and neck surgeons must be aware of the 
technological and procedural advances in sali-
vary gland treatment in order to efficiently 
incorporate new techniques into practice.
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