
 

 

 University of Groningen

Salivary gland stem cells
Nanduri, Lalitha

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Nanduri, L. (2014). Salivary gland stem cells. [Thesis fully internal (DIV), University of Groningen]. [S.n.].

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a5817c89-e642-44ec-b7e2-02cf2037e908


Chapter 

    

       General introduction 
       and aim of the thesis

                                       1





1

13

General introduction and aim of the thesis

INTRODUCTION

Hyposalivation is the condition of reduced saliva flow. Saliva is a watery mixture pro-

duced by the salivary glands. In humans, saliva constitutes for 95% of water and a combination 

of electrolytes, mucus, glycoproteins, digestive enzymes like amylases, hydrolases and antibac-

terial compounds, such as secretory IgA and lysozyme in different combination dependent on the 

type of gland of which it originates. Along with partial digestion of food, maintenance of oral 

health is the major function of saliva. Reduction in normal salivary gland function for instance, 

via damage to salivary glands results in hyposalivation. Loss of sufficient amounts of saliva is 

often accompanied by changes in electrolyte balance in saliva, thereby changing the pH, which 

disturbs the normal microbial flora within the oral cavity. This renders patients vulnerable to 

oral diseases like dental caries, oral candidiasis, oral dysesthesia, gum diseases, and bad breath. 

Hyposalivation often lead to xerostomia, which is clinically defined as a subjective feeling of 

prolonged dryness of the mouth. Xerostomia patients suffer from eating, speaking difficulties and 

dryness of the mouth that persists life-long and is irreversible. Currently there are no adequate 

treatments available for xerostomia. As an initial step the understanding of the salivary gland 

biology itself may provide insight towards finding strategies to rescue hyposalivation.

1. Salivary gland morphology and physiology

The functional units of the salivary gland are the triangular-shaped saliva producing 

acinar cells (Fig.1A) that cluster to form acini containing a lumen, into which saliva is secreted 

following nerve-stimulation1.  Acinar cells can be identified by their characteristic cytoplasm 

with granules that contain e.g. digestive enzymes and proteins. Acinar cells contain sodium, 

potassium, chloride ATPases and water channel proteins spanning their cell membranes (Fig.1B) 

that contribute to the electrolyte balance and secretion of saliva. Among these aquaporin-5, a 

water channel protein, is widely used as a marker for acinar cells (Fig.1B, AC). 

Two types of acinar cells can be distinguished that vary based on saliva content - serous 

in the parotid gland; serous and sero-mucous in the submandibular; mucous acinar cells in the 

sublingual gland2. Another major epithelial compartment of salivary glands comprises of ductal 

cells.  Connected to the lumen of acini, first the small thin, intercalated ducts (ID) (Fig.1B, insert, 

ID) appear that collect the saliva. These ducts are connected to the striated ducts (SD), which 



14

Chapter 1

further develop into bigger excretory ducts (ED) (Fig.1B, ED) that have a characteristic wide 

branching and relatively large lumen that releases saliva into oral cavity. Ductal cells can be 

identified by exclusive expression of Cytokeratins, like Cytokeratin-18 (Fig.1B, green). Parotid 

gland ducts (Stenson´s duct) open as a small microscopic orifice into the cheek of the mouth, 

whereas submandibular and sublingual ducts (Wharton´s duct) open underneath the tongue.

2. Hyposalivation

Hyposalivation is caused by a variety of etiologic factors that include aging3, autoim-

mune disease like Sjögrens syndrome, endocrine disorders (uncontrolled diabetes and hyper/

hypothyroidism) or neurological disorders. Especially radiation-damage, which is inevitable in 

Figure.1: (A) Diagram-
matic representation of 
salivary gland, showing 
triangular shaped acinar 
cells (AC) clustered to-
gether into acini. Lumen 
of acini is connected to 
intercalated (ID) ducts, 
which further join to 
form striated (SD) and 
excretory ducts (ED). 
(B) Immunofluores-
cence picture of salivary 
gland showing acinar 
cells stained positive 
for Aquaporin-5 (red) 
and duct cells stained 
positive for Cytokera-
tin 18 (green). Insert: 
Intercalated ducts con-
nected to acinar cells. 
A blue nuclear back-
ground staining (DAPI) 
was used to identify all 
cells (Scale bar 50 μm).
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some cases of head and neck cancer patients after radiotherapy, is a major cause of hyposali-

vation (Fig.2, etiologic factors).  It is estimated that worldwide about 400,000 new patients are 

diagnosed with head and neck cancer each year4 of which many undergo radiotherapy. While the 

5-year survival rate of head and neck cancer patient’s after radiotherapy alone or in combination 

with surgery and chemotherapy may reach 57%5, radiation unavoidably damages normal tissues 

surrounding the tumor. One of major side effects of the radiotherapy of head and neck cancer in 

this patient group is hyposalivation.

2.1. Therapies for hyposalivation

Available treatment options for hyposalivation include administration of either saliva 

substitutes and/or saliva stimulants6. Saliva substitutes include, artificial saliva (mucin-based, 

carboxymethyl cellulose-based), other substances (milk, vegetable oil) and many more water 

Figure.2: Schematic representation of etiologic fac-
tors leading to hyposalivation and resulting effects 
accompanied by hyposalivation. (The sectors do not 
represent any quantitative measurement or statistics).

As a result of radiotherapy, proliferating cells of the cancer tissue are killed by the 

radiation. However, during radiotherapy for head and neck cancer patients, salivary glands are

often in the field of irradiation due 

to their anatomical position. As a 

result, healthy proliferating cells of 

the salivary gland are affected, even-

tually resulting in loss of function-

al cells. In a normal situation, such 

loss of functional cells is balanced 

by the replenishment of new cells 

by the differentiation of tissue stem 

cells. However, radiation leads to 

the inability of resident stem cells to 

give rise to functional cells, creating 

an irreversible damage to the tissue. 

Such damage causes hypo-function 

of salivary gland in these patients, 

which may lead to hyposalivation 

and/or xerostomia and may persist 

for life (Fig.2, effects).
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based substitutes. Saliva stimulants include organic acids (citric acid, malic acid), chewing gum 

and parasympathomimetic drugs (pilocarpine, cevimeline) that act on muscarinic M3 receptor 

to induce salivary flow7.

Saliva substitutes can improve xerostomia, but typically do not improve the other problems 

associated with salivary gland dysfunction. Saliva stimulants may improve xerostomia symp-

toms and other problems associated with salivary gland dysfunction, and probably only useful 

in people with some remaining detectable salivary function. A systematic review8 on the man-

agement of radiotherapy-induced xerostomia with parasympathomimetic drugs concluded that 

there was limited evidence to support the use of pilocarpine or other para sympathomimetics in 

the treatment of radiation-induced salivary gland dysfunction. 

Reports9 showed that administration of pilocarpine could protect parotid salivary gland function 

in patients with a mean dose of 40Gy  (in total of 40Gy) during radiotherapy for head and neck 

cancer.

It is evident from the above that none of the available treatments are satisfactory for 

the general group of hyposalivation patients. Therefore, restitution of the damaged tissue seems 

to be the only potential option. Since radiation-induced damage can be irreversible due to loss 

of the tissue stem cells, replacement by undamaged autologous stem cell transplantation might 

restore tissue function.

3. OBJECTIVE

The overall objective of this thesis is to deepen our knowledge about rodent salivary 

gland stem cells.  In the interest of designing stem cell therapies to xerostomia patients, these 

findings will be extrapolated to human salivary gland stem cell research.

3.1. Adult Stem cells

Mammals are composed of various organs that perform specific function, like stomach 

for digestion, lungs for breathing, heart for blood circulation and so on. These organs consist of 

different tissues, which in turn contain different cell types. The individual cells are the functional 

and basic units of a tissue, that collectively contribute to the function of the tissue. However, at the 

end of their life span every cell will ultimately undergo cell death, requiring replacement with new 

cells by the action of specialized cells called tissue stem cells, which balance the total cell number 

and thereby ensure the function of tissue.  The rate at which old cells die and replaced with new 
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cells is called tissue turnover rate. This turnover rate is higher for proliferative tissues (shorter 

life span of functional cells) like intestine and slower for other tissues, like the salivary gland. 

In most, if not all, tissues, a relatively small stem cell population is on top of a hierarchy 

that produces progenitor cells and finally terminally differentiated tissue specific cells. Therefore, 

adult (or tissue) stem cells are the undifferentiated cells residing in a tissue that are capable of 

self-renewal and differentiation into tissue-specific cell lineages and are responsible for regen-

eration in case of tissue damage. Self-renewal of stem cells maintains their cell population in a 

tissue at a physiological level, whereas differentiation is required to obtain sufficient numbers 

of functional cells to fulfill the tissue’s function. 

3.2. Concept of stem cells in salivary gland

Duct ligation studies in salivary glands provided knowledge about the existence of cells 

with regenerative capacity in the salivary gland. In such studies, the excretory ducts (ED) are 

ligated (by a clamp) inducing degeneration of the functional tissue resulting in a cascade of 

events. Post de-ligation, proliferating BrdU labeled cells were observed near the damaged area, 

indicating the addition of new cells as a response to damage2, 10. These findings supported the 

existence of regenerative stem/progenitor cells in salivary gland. In addition, it was showed11 

that a fraction of these proliferating cells were positive for CD29, CD49f surface markers which 

are known to be stem/progenitor cell markers in other glandular tissues. 

Regenerative therapy builds on the transplantation of tissue stem cells to restore dam-

aged tissues and organs in a variety of diseases. The ability of adult stem cells to differentiate 

into multiple cell lineages and their ability to regenerate/repair has been clinically shown in 

bone marrow12. Experimentally, the regenerative capacity of adult tissue stem cells has been 

reported in various tissues. Some of them include intestinal stem cells13 and liver stem cells14, 

and to a limited extent in cardiac stem/progenitor cells15. In the salivary gland, adult stem cell 

transplantation has been shown as a proof-of-principle16.  

3.3. Identification of tissue stem cells

In situ identification of tissue stem cells has come a long way and typically employ 

methods that are based on functional properties of stem cells. One of these is the long-term 

retention of DNA (the so-called “label-retaining method”), which is a commonly used marker 
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of stemness. The principle behind this is that at a certain time all the cells of a tissue are treated 

with a label (for example like, BrdU injection to the test animal) that is incorporated into the 

DNA upon a first division and competes with thymine. When the cells proliferate the label is 

diluted over time, due to the redistribution of DNA between the newly formed daughter cells. 

The cells that remain quiescent retain the label and are considered to be potential stem cells. A 

rather sophisticated label-retaining method is Histone-GFP marking, in which transgenic mice 

were designed that express histone H2B-green florescent protein (GFP) controlled by a tetracy-

cline-responsive regulatory element. When embryos are administered (pulsed) with tetracycline, 

(that induces GFP expression) GFP is expressed. After some time the administration of drug is 

stopped then the GFP positive cells can be followed (chased) further. When the cells divide, one 

of the daughter cells retains parent histone-GFP DNA while the other receives the newly synthe-

sized DNA without label. Therefore, cells that did not or less frequently divide (quiescent) retain 

the histone-GFP DNA. At different post-natal days the tissues from the mice can be analyzed for 

the GFP positive cells, which identifies the label-retaining cells, the most quiescent stem cells.  

Using Histone-GFP reporter mice, the label-retaining (GFP positive) skin stem cells 

were traced in the bulge of the hair follicle bulge (niche). It was observed that these cells divide 

less frequently but can be altered by change of signals, such as Wnt. Next, these cells were 

characterized further by co-staining for various markers17. This model can be used to quantify 

the number of label-retaining cells in a tissue and can be used to sort potential GFP expressing 

stem cells for further functional analyses. 

Another approach is to mark candidate stem cells genetically, allowing visualization of 

the labeled stem cell and its descendants in vitro and in vivo. Using such lineage-tracing (using 

Lgr5-eGFP reporter mice) Lgr5+ cells were identified as the stem cells of intestine18 and hair 

follicle19. Obviously, thorough prior knowledge of a strong candidate stem cell marker is a 

prerequisite for such lineage-tracing studies.

Though existence of stem cells is evident in salivary gland, it has not been feasible to use 

lineage-tracing method due to the fact that a strong candidate stem cell/marker in this organ has 

not yet been identified. In such cases, a cell surface maker based approach can be used, similar 

to the ones used for hematopoietic stem cells or the mammary gland20. In mammary gland, cells 

expressing different surface markers such as CD24 and CD29 were tested for their stemness 

using in vitro colony-forming ability. The Lin- CD29hi/CD24+ cells, showing the highest colony 

forming efficiency, were further tested in vivo for their regeneration potential. In vivo a single  
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Lin- CD29hi/CD24+ cell was able to generate all the cell types of mammary gland, establishing 

these cells as stem cells of mammary gland. In this thesis we have adopted this cell surface 

marker based method to identify murine salivary gland stem cells.

3.4. Challenges with salivary gland stem cells and their therapeutic potential              

Understanding the properties of candidate stem cells, such as self-renewal, differen-

tiation in vitro, and/or regeneration/repair in vivo, is required to identify and characterize the 

actual stem cell of a tissue. To be able to do this, in vitro assays and/or in vivo animal models 

are needed. Development of such assays for the salivary gland is the biggest challenge for better 

understanding salivary gland stem cells. 

Hence, as a first step in unraveling the ability of candidate stem cells to rescue hypos-

alivation, we have developed a murine animal model of hyposalivation. In mice, the resident 

stem cells of salivary gland were damaged with irradiation (15Gy of X-rays) that results in 

hyposalivation (Fig.3) comparable to the situation in patients. Using this model we performed 

multiple studies that reveal the potential of putative salivary gland stem cells to functionally 

rescue the saliva from hyposalivation. 

Studies form Lombaert et al 200821 showed that stem/progenitor cells of murine salivary 

gland could be cultured in vitro into salispheres (primary spheres). In addition, we reported

Figure.3: Graph showing drop in the saliva (% 
of pre-irradiation, y-axis) production in mice of 
which the salivary glands are locally irradiat-
ed (IRR) with 15Gy. Controls (non-IRR) with-
out irradiation show normal saliva production.

 proof-of-principle that intra-glandular in-

jection of salisphere-derived c-Kit+ cells 

(c-kit is the receptor for Stem Cell Fac-

tor, and a well-known stem cell marker 

in many other tissues) can rescue murine 

radiation-damaged salivary glands to some 

extent. 

Although regeneration was observed with 

transplantation of c-Kit+ cells, some mice 

did not respond. This could either indicate 

that c-Kit+ cells are not potent enough, or 

alternatively that the intra-glandular deliv-

ery of cells needs to be optimized.
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translatable stem cell therapy. Salivary gland stem cell research involving human biopsy material 

faces the problem of scarce availability of tissue, which contain a limited amount of potential 

stem cells like c-Kit22, thereby impeding research and clinical options in this direction. Hence, 

scaling up and expansion of potential stem cells to meet the future demand of a clinical therapy 

is an absolute requirement and a key objective in the field of adult stem cell biology. 

5. AIM:
The primary goal of this thesis is to identify, isolate, and expand the most potent stem cells of 

the murine salivary gland with the purpose to rescue radiation-induced hyposalivation. 

6. OUTLINE OF THIS THESIS

Chapter 2: This chapter describes experimental work aimed to identify salivary gland 

stem cell markers. As a first step, using immunohistochemistry and flow-cytometry we investi-

gated the existence of cells expressing stem cell markers known from other adult tissues. Further, 

we tested whether culturing of salivary glands into primary spheres will enrich for these stem 

cell marker-expressing cells. In order to assess their regenerative (or repair) potential, these 

Figure.4: (A-D) steps showing procedure of intra-glandular 
injection of cells into the irradiated murine salivary glands. 

Therefore, we first opti-

mized an intra-glandular meth-

od of injection of putative stem 

cells (Fig.4, A-D), where a small 

suture is made in the ventral 

neck region of mice that expos-

es the salivary gland. A micro 

needle with 5-10µl of putative 

stem cell suspension is injected 

into the salivary glands from the 

lower side either by single or 

multiple injections (Fig.4 A-D).

The ultimate goal of the 

studies performed in our group 

is to establish a clinically 
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cells were transplanted intra-glandularly into the radiation-damaged salivary glands of mice 

and tested for their potential to contribute to gland recovery, using saliva production as a read 

out of transplantation.

Chapter 3: Stem cell transplantation not only would need to ensure rapid functional 

rescue of the damaged tissue, but also should establish recovery of long-term tissue homeostasis. 

Therefore, we first tested the extent of damage in the radiation-damaged salivary glands of mice 

using immunohistochemistry. Further, to understand whether transplantation of c-Kit+ stem cells 

could recover the tissue from the effects of radiation, transplanted tissues were analyzed using 

immunohistochemistry for both the radiation-induced damage and signs of recovery of tissue 

homeostasis. 

Chapter 4: In this chapter we describe studies in which we investigated the possibilities 

of establishing single cell based in vitro assays that can distinguish subpopulations of cells based 

on their ability to self-renew and differentiate.

Chapter 5: This chapter describes experiments aimed to identify the most potent stem 

cell of the mouse salivary gland. Implementing the in vitro assays developed in Chapter 4, we 

have tested for the existence of subsets within CD24/CD29 cell populations that differed in their 

self-renewal and differentiation properties in vitro and regeneration in vivo. 

There will always be a limited availability of patient-derived salivary gland tissue needed 

to establish successful future stem cell therapy for xerostomia patients. Expansion of potential 

stem cells can be a strategy to circumvent this problem. Therefore, we tested the possibilities of 

expansion of salivary gland stem cells in vitro using CD24/CD29 subsets. In addition, we tested 

whether the expanded cells remained functional. We also focused on identifying the signaling 

pathways or genes that could possibly regulate the expansion of salivary gland stem cells.

Chapter 6: The method of transplantation and delivery of cells in vivo plays a critical 

role in treatment outcome. Clinically feasible intra-ductal injection of stem cells into salivary 

gland ducts might deliver cells into the bigger excretory and striated ducts, which are most likely 

close to the niche of salivary gland stem cells. To investigate this hypothesis, we established a 

large animal model, a rat model of hyposalivation. First, we tested whether stem/progenitor cells 
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obtained from rat salivary glands (submandibular and parotid) could be cultured into spheres, 

similar to murine primary spheres. In addition, we have focused on intra-ductal delivery of stem 

cells into irradiated salivary gland ducts and tested the outcome of transplantation in comparison 

to the conventional intra-glandular injection of stem cells (described earlier chapters in this thesis). 
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