
 

 

 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


Salivary gland stem cells

Lalitha Sarad Yamini Nanduri
2014



The research described in this thesis was conducted at the department of Cell Biology, University 
Medical Center Groningen, University of Groningen, The Netherlands.

The author gratefully acknowledges the financial support for the printing of this thesis by:
The University of Groningen
University Medical Center Groningen
Groningen University Institute for Drug Exploration (GUIDE)
BD Biosciences B.V.

Cover design: Lalitha S Y Nanduri. 
Cover description: Photomicrograph of a single cell-derived organoid cultured in vitro from 
self-renewing CD24hi/CD29hi salivary gland stem cells. 
Layout: Lalitha S Y Nanduri
Printing: Offpage, Netherlands
ISBN (Book): 978-90-367-7302-7
ISBN (Digital): 978-90-367-7301-0

2014 L.S.Y.Nanduri
All rights reserved. No part of this publication may be reproduced or transmitted in any form 
or by any means without the permission of the author and the publisher holding the copyrights 
of the articles.



Salivary gland stem cells

Proefschrift 

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen

op gezag van de
rector magnificus prof. dr. E. Sterken

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op 

woensdag 12 november 2014 om 11.00 uur

door 

Lalitha Sarad Yamini Nanduri 

geboren op 17 oktober 1985
te Guntur, India



Promotores                                     

Copromotor

Beoordelingscommissie

Prof. dr. R.P. Coppes
Prof. dr. G. de Haan

Dr. R.P. van Os

Prof. dr. C.L. Limoli
Prof. dr. M. Vooijs
Prof. dr. A. Vissink



It is not stolen by thieves, nor seized by kings, not divided
amongst brothers, and not heavy to carry.

The more you spend, the more it flourishes always - the wealth of   
knowledge is the most important among all kinds of wealth.



Paranymphen:

Sonja van der Veen

Mirjam Baanstra



To my parents





TABLE OF CONTENTS

Chapter 1
General introduction and aim of the thesis

Chapter 2
Regeneration of irradiated salivary glands with stem cell marker 

expressing cells

Supplementary information

Chapter 3
Salisphere derived c-Kit+ cell transplantation restores tissue 

homeostasis in the irradiated salivary gland

Supplementary information 

Chapter 4
In vitro methods to screen salivary gland stem cell candidates

Chapter 5
Purification and ex vivo expansion of fully functional salivary 

gland stem cells 

Supplementary information

Chapter 6
Retrograde intra-ductal salivary gland stem cell transplantation

Chapter 7
Summary and future perspectives

Appendices I
Nederlandse Samenvatting/Summary in Dutch

Acknowledgements

Curriculum Vitae

13

26 

35 

38 

48 

52

70 

80

86

104

119

127

132





Chapter 

    

       General introduction 
       and aim of the thesis

                                       1





1

13
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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 
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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).



1

15

General introduction and aim of the thesis

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  



1

19

General introduction and aim of the thesis

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.



20

Chapter 1

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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ABSTRACT

Stem cell therapy could be a potential way for reducing radiation-induced hyposaliva-

tion and improving the patient’s quality of life. However, the identification and purification of 

salivary gland stem cells have not been accomplished. This study aims to better characterize the 

stem/progenitor cell population with regenerative potential residing in the mouse salivary gland.

Mouse submandibular gland tissue, isolated cells and cultured 3 days old salispheres 

were tested for their expression of stem cell markers c-Kit, CD133, CD49f, and CD24 using 

immunohistochemistry for tissue and flow cytometry for cells. Mice were locally irradiated with 

a single dose of 15 Gy and transplanted with cells expressing defined markers.

Cells expressing known stem cell markers are localized in the larger ducts of the mouse 

salivary gland. Cells isolated from salivary gland tissue (day 0) and those from day 3 salispheres 

also express these markers: c-Kit (0.058% vs. 0.65%), CD133 (6% vs. 5%), CD49f (78% vs. 

51%), and CD24 (60% vs. 60%, respectively). Intra-glandular transplantation of these cells 

into irradiated salivary glands of mice resulted in stem cell marker-specific recovery of salivary 

gland function.

Different stem cell-associated markers are expressed in mouse salivary gland cells, which 

upon transplantation are able to regenerate the irradiation-damaged salivary gland.
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1. INTRODUCTION
Every year more than 500,000 new patients are diagnosed with head and neck cancer 

world-wide1. The treatment for these patients is usually radiotherapy either alone or in com-

bination with surgery and chemotherapy. Radiation-induced damage to normal tissues may 

result in organ dysfunction, and/or cause a reduction in the patient’s post-treatment quality of 

life2. Radiotherapy of head and neck cancer patients, which often involves co-irradiation of 

the salivary glands, can lead to hyposalivation. This mostly irreversible side effect can result 

in the development of xerostomia, a multi-faceted syndrome including symptoms, such as oral 

dryness and infections, dental caries, and difficulties with speech and food mastication3. Even 

with unilateral sparing4 and Intensity Modulated Radiation Therapy (IMRT) approximately 

40% of these patients develop hyposalivation and consequential life-long complaints5. To date, 

no satisfactory clinical management of xerostomia exists3. Transplantation of salivary gland 

stem cells may offer a potential treatment for radiation-induced hyposalivation6. As a model, 

radiation-induced salivary gland damage in rodents develops in a very similar way as in pa-

tients7. Salivary glands of rodents consist of several cell types, similar to humans: acinar cells 

which are responsible for water and protein secretion, myoepithelial cells surrounding the acini 

and ducts, and ductal cells which mainly modulate the composition of the saliva. The ductal 

system consists of intercalated, striated/granular convoluted tubules and excretory duct cells8, 9. 

Regeneration of the salivary gland after ductal obstruction (leading to acinar cell atrophy) has 

been attributed to putative stem cells residing in the ductal compartment. Complete recovery of 

the gland is induced within a week of ductal obstruction10-12. Increased proliferation of these 

stem/progenitor cells seems to underlie the protective effect of prophylactic pilocarpine13, 14 and 

KGF15 treatment on radiation-induced damage to the parotid gland. Interestingly, we recently 

showed that transplantation of duct derived c-Kit+ stem/ progenitor cells in mice rescued salivary 

glands from irradiation damage16. Furthermore, human salivary gland excretory ducts also contain 

c-Kit+  cells similar to rodent excretory ducts17. Other preclinical studies, however, suggest that 

CD49f and CD29 might also be used as stem cells markers for the salivary gland18, 19. In other 

glandular tissues stem cells are identified by using the markers CD49f 20, CD133 and CD117 

(c-Kit)21, and specifically CD29 and CD24 for mammary gland22. Furthermore, since we have 

observed that also some of the cells in the c-Kit- population may have regenerative potential16 

further characterization of the stem/progenitor pool is warranted. Therefore, the aim of this study 

was to better characterize stem/progenitor populations with regenerative potential residing in the 
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mouse salivary gland by using c-Kit, CD133, CD49f, and CD24/CD29 as potential stem cell 

markers. In mice, the presence of these markers was investigated in submandibular gland and 

cultured salispheres. Subsequently, cells expressing these markers were isolated by fluorescence 

activated cell sorting and transplanted into salivary glands of irradiated recipients after which 

the saliva secretion was assessed as a measure of gland function.  

2. MATERIALS AND METHODS 

2.1. Animals

8–12week old female C57BL/6 mice were purchased from Harlan (The Netherlands). 

The mice were maintained under conventional conditions and fed ad libitum with food pellets 

(RMH-B, Hope Farms B.V., Woerden, The Netherlands) and water. All experiments were ap-

proved by the Ethical Committee on animal testing of the University of Groningen.

2.2. Immunohistochemical analysis of salivary gland

Mice were desanguinized under isofluorane anesthesia and the submandibular glands 

were carefully dissected. In order to perform immunohistochemical staining extirpated mouse 

submandibular glands were incubated for 30 h at room temperature in 4% buffered formaldehyde. 

Following dehydration, the tissue was embedded in paraffin and sliced into 5 µm sections. The 

sections were dewaxed and labeled for the following markers: c-Kit (1:75) (R&D Systems, Min-

neapolis, MN; MAB1356), CD24 (1:100) (Santa Cruz Biotechnology, Santa Cruz, CA; SC-7034), 

CD133 (1:50) (Abcam, Cambridge, MA; ab19898), CD49f (1:50) (Santa Cruz Biotechnology, 

Santa Cruz, CA; SC-6596). Visualization for bright field microscopy was accomplished by adding 

specific sec- ondary biotin carrying antibodies (Dako, Carpinteria, CA), an avidin–biotin-horse 

radish peroxidase complex (ELITE ABC Kit, Vector Laboratories, Burlingame, CA) and the 

diaminobenzidine (DAB) chromogen. Nuclear counterstaining was performed with hematoxylin. 

Control sections without primary antibodies did not show positive immunostaining.

2.3. Isolation of salivary gland stem cells
Following submandibular gland dissection, salivary gland cells were isolated and cultured 

as published previously16, 15, 23. Cell suspensions were prepared by first mechanically disrupting 

the gland, followed by enzymatic digestion with Collagenase type II and Hyaluronidase enzymes 

and CaCl2. After filtering, the cell suspension was plated in non-coated 12 wells plates at 400,000 
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cells per well. Per gland 2–4.6 x 106 cells could be isolated. The culture medium consisted of 

DMEM/F12 (Gibco, Carlsbad, CA), penicillin, streptomycin, glutamax, EGF (20 ng/mL), FGF-2 

(20 ng/mL), N2 (1/100), insulin (10 lg/mL), and dexamethasone (1 mM). Fresh medium was 

added every 3 days. All growth factors were purchased from Sigma–Aldrich (St. Louis, MO), 

except for N2 (Gibco, Carlsbad, CA).

2.4. Flow cytometric analysis
Cultured cells growing in spheres were dissociated using 0.05% trypsin–EDTA (Gibco, 

Invitrogen). Pacific BlueTM anti-mouse CD117 (c-Kit) (Biolegend 105808, San Diego, CA), 

PE anti-human/mouse CD49f (Biolegend 313613, San Diego, CA), PE anti-mouse Prominin I 

(CD133) (eBioscience 12-1331-82, San Diego, CA), FITC anti-mouse CD24 (BD Biosciences 

101820) and FITC anti-rat CD29 (BD Biosciences BD555005, Pharmingen) antibody incuba-

tions were performed at 4°C for 20 min, followed by a wash step in PBS/0.2% bovine serum 

albumin (BSA). Finally, Propidium Iodide (PI, 1 µg/mL) was added to the cells before analysis 

using a FACS LSR-II Flow Cytometer (BD). At least 50,000 events for each measurement were 

recorded. Data were analyzed by FlowJo software (Tree Star, Ashland, OR). Gates for viable 

c-Kit+, CD24+, CD29+, CD133+, and CD49f+ were set by using isotype controls for Pacific Blue, 

PE and FITC. Due to a difference in the isotype controls for isolated and cultured c-Kit+ cells 

the gates were different (see Supplementary Figure. S1).

2.5. Irradiation and saliva collection from mouse salivary glands
Salivary glands were locally irradiated with a single dose of 15Gy (Precision X-ray 

Inc. – X-rad 320, 200kV, 20mA, 1.843 Gy/min). This dose is known to induce hyposalivation 

without compromising the general health of the animals. At 120 days post-irradiation saliva flow 

rate was determined. Animals were placed in a restraining device after pilocarpine injection (2.5 

mg/ kg, s.c.). Saliva was collected for 15 min, and the quantity was determined gravimetrically, 

assuming a density of 1g/ml for saliva. Percentage flow rate of saliva of an animal is calculated 

by denoting the pre-irradiation saliva as 100%. The principle behind this functional assay is that 

in vivo regeneration is the most rigorous test for stem cell function.

2.6. Intra-glandular injection of cultured cells
Day 3 cultured spheres were collected and dissociated by 0.05% trypsin–EDTA for trans-
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plantation studies. Cell sorting from dissociated spheres for c-Kit+, c-Kit-, CD133+ and CD49f+, 

and CD24+/ CD29+ cells was performed using MoFlo flow cytometer (Dako, Carpinteria, CA). 

After sorting the cells were suspended in an equal volumes of alpha-MEM (Gibco, Invitrogen, 

Carlsbad, CA) containing 2% of fetal calf serum (Gibco, Invitrogen, Carlsbad, CA) and Indian 

Ink (1:200 dilution) solution to visualize the injected fluid. Thirty days post-irradiation, under 

general anesthesia using a 28G needle and a microliter Syringe (Hamilton, Reno, NV), both 

submandibular glands of irradiated mice were injected with 5 µL of cell suspension with 5000 

CD133+ or 150 c-Kit+ and 67096 CD49f+ or 5000 CD24+/ CD29+ cells.

3. RESULTS 

3.1. Expression of stem cell markers in murine submandibular gland – in tissue 
and in culture

Figure.1: Stem cell-associated marker expression was 
observed in the ducts of intact mouse submandibular 
glands. Arrowheads represent DAB staining (brown) of 
c-Kit ((A) CD117), CD49f ((B) Integrin alpha-6), CD133 
((C) Prominin 1) and CD24 (D). Scale bar = 50 µm. 
Nuclei are counterstained with hematoxylin (blue).

To investigate whether mouse submandibular glands express stem cell markers, we 

performed immune-histochemical staining on mouse submandibular gland tissue for known 

stem cell markers c-Kit, CD133, CD24, 

and CD49f (Fig.1). Positive staining 

for c-Kit, CD133, CD24, CD29 (not 

shown), and CD49f was observed sole-

ly in cells within the excretory duct of 

the submandibular gland. This indi-

cates that, as expected, the major ducts 

of the mouse submandibular gland 

contain putative stem/progenitor cells 

expressing multiple stem cell markers. 

Recently, we showed that 

salispheres cultured from dispersed 

mouse submandibular gland ex-

press the stem cell marker c-Kit 

and are able to differentiate and 

self-renew in vitro16, 17. Therefore, 

we quantified the number of cells.  
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expressing other stem cell markers. 

To investigate the presence and potential enrichment of these markers in our sali-

sphere-culture, we fluorescently labeled cells from freshly dissociated mouse submandibular 

gland tissue (Fig. 2) and from 3 days old salispheres (Fig. 3)

Figure.2: Stem cell associat-
ed marker expression was ob-
served immediately after isolat-
ing murine salivary gland cells. 
Flow cytometric analysis of 
single cells obtained from sub-
mandibular glands revealed the 
presence of c-Kit ((A) CD117), 
CD49f ((B) Integrin alpha-6), 
CD133 ((C) Prominin 1) and 
CD24 (D) expressing cells. Pos-
itive populations are gated ac-
cording to isotype controls. The 
numbers in the gates represent 
percentage of viable cells posi-
tive for certain stem cell-marker.

Figure.3: Stem cell associated 
cell surface marker expression 
was observed in 3-day cultured 
salispheres. Flow cytometric 
analysis of single cells ob-
tained from salispheres revealed 
the presence of c-Kit ((A) 
CD117), CD49f ((B) Integrin 
alpha-6), CD133 ((C) Promi-
nin 1) and CD24 (D) express-
ing cells. Positive populations 
are gated according to isotype 
controls. The numbers in the 
gates represent percentage of 
viable cells positive for certain 
stem cell-associated marker.
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Analysis of flow cytometry data shows that from freshly isolated cells from mouse 

submandibular gland, approximately 6% express CD133, 78% CD49f, 60% CD24, and only 

0.058% c-Kit. Interestingly, in 3-day salisphere cultures we observed that the expression levels 

of CD133 (5.0 ± 3.8%), CD49f (51 ±1 2%) and CD24 (60 ± 13%) remained relatively stable but 

c-Kit expression increased more than 10-fold to 0.65 ± 0.93% (all n 3). Interestingly, no cells 

were found to express both CD133 and c-Kit (Supplementary Figure.S1). These data indicate 

that culturing salivary gland cells as salispheres enriches the cultures for c-Kit positive cells.

3.2. Regenerative potential of stem cell markers expressing mouse submandibular 
gland cells

To investigate the regenerative potential of cells expressing these stem cell markers, we 

transplanted selected cells from day 3 salispheres into irradiated submandibular glands of mice, 

measured their saliva production and compared the results with irradiated, non-transplanted 

control animals (Fig.4). The number of cells transplanted was dependent on the number that 

Figure.4: Functional recovery of irradiated salivary glands fol-
lowing transplantation with marker-expressing cells is depen-
dent on cell phenotype. Percentage of control (non-irradiated) 
flow rate of saliva at 120 days post-irradiation, from 10 irradi-
ated non-transplanted mice (IR) and from 12 mice transplanted 
with 300 c-Kit+, six mice with 10,000 CD133+, four mice with 
134,000 CD49f+, and four mice with 10,000 CD24+/CD29+ cell 
populations. c-Kit data are partially taken from Lombaert et al 16.

could be isolated from one 

donor gland, varies in a 

range of 4–5 million on 

day 0. One hundred and 

twenty days post-irradia-

tion a significant increase 

in saliva production was 

observed in mice trans-

planted with as few as 300 

c-Kit+ cells and in mice 

transplanted with 10,000 

CD133+ cells. We also ob-

served an increase in the 

saliva production of mice 

transplanted with 134,000 

CD49f+ cells, and 10,000 

CD24+/CD29+ cells but 

less potently than the 
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regeneration obtained with c-Kit+ and CD133+ cells. 

One hundred and twenty days post-irradiation a significant increase in saliva production was 

observed in mice transplanted with as few as 300 c-Kit+ cells and in mice transplanted with 10,000 

CD133+ cells. We also observed an increase in the saliva production of mice transplanted with 

134,000 CD49f+ cells, and 10,000 CD24+/CD29+ cells but less potently than the regeneration 

obtained with c-Kit+ and CD133+ cells. These results suggest that mouse submandibular cells 

expressing multiple stem cell markers are capable of regenerating the submandibular gland after 

local transplantation in the irradiated gland.

4. DISCUSSION
Salivary glands of head and neck cancer patients undergoing radiotherapy might be 

damaged as a side effect of irradiation, resulting in impairment of saliva production. To these 

patients stem cell therapy is an attractive option for restoring the irradiation-damaged salivary 

gland. The aim of the present study is to further characterize putative stem/progenitor cells with 

regenerative potential present in the salivary gland, using a mouse model. 

From previous studies16 we know that there might be a population of stem/progenitor 

cells, negative for c-Kit, but which can contribute to gland restoration. Interestingly, we found 

expression of multiple stem cell markers in mouse salivary gland, such as CD24, CD49f, and 

CD133. These immuno-histochemical findings reveal that cells expressing these stem cell mark-

ers are located in the ducts of the salivary gland, where it has been suggested that tissue stem 

cells reside16.

Interestingly, we observed a variable intensity of immunohistochemical staining which indicates 

that some cells express these markers to a greater extent than others. This high expression might 

reflect their stem cell potential, and is supported by the fact that cells with greatest expression of 

stem cell markers are the most potent stem cell population in mammary gland22.

By flow cytometry, we found that mouse submandibular cells on day 0 express high levels 

of CD24 and CD49f, but low levels of CD133 and c-Kit. The c-Kit marker and to a lesser extent 

CD133 are enriched during culture under high growth factor conditions, which may indicate 

positive selection for cells with stem cell characteristics.

Day 3 salispheres express high levels of CD49f, which were shown in another study to 

be co-expressed with Thy-1 in stem/progenitor cells of salivary glands of mouse24, rat18, and 

human19. CD49f was also expressed in stem cells of other glands like mouse prostate gland20. 
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CD24 expressed in day 3 spheres could also be a potential stem cell marker in salivary gland, 

as it is reported that CD24 contributes to stem cell activity, when co-expressed with CD29 in 

mammary gland22. However, the high frequency of CD24+ cells in salispheres makes it unlikely 

that CD24 can be used as a single stem cell marker, but CD24 may be more usefully employed 

in combination with other markers. We found that CD24+ /CD29+ cells represent a subpopula-

tion of cells, which contributed to regeneration in some mice transplanted with this population. 

Other combinations of marker expression with CD24 may also be worthwhile testing, in terms 

of defining the optimal cell phenotype for stem or progenitor cells in the mouse salivary gland. 

Our in vivo transplantation results indicate that c-Kit+ cells show more stem cell like character-

istics than CD133+, CD49f+, and CD24+, as they were able to rescue salivary gland dysfunction 

with as few as 300 cells. Our previous studies using serial transplantations with c-Kit+ cells 

definitively established it as stem cell marker in the salivary gland, making further studies with 

combinations of other markers with c-Kit a high priority. Moreover, c-Kit cells were shown to 

be able to rescue the irradiated salivary gland in a serial transplantation experiment16, indicating 

self-renewal ability, an essential characteristic of stem cells. This potential still has to be deter-

mined for the other stem cell marker expressing cells.

The aim of our studies on salivary gland stem cells is to rescue irradiation damaged 

salivary gland in head and neck cancer patients. Therefore, it would be very desirable to be able 

to obtain maximum regeneration with the most efficient combination of stem and progenitor 

cells, especially when a low amount of donor tissue is available. In this respect, it is interesting 

to mention that we could not find c-Kit/CD133 double positive cells in the mouse salivary gland 

culture system, indicating that salispheres may contain different subpopulations Therefore, it 

might be a better option to combine c-Kit+ cells with CD133+ (or CD49f+) progenitor like cells, 

facilitating early and prolonged restoration of irradiation damaged salivary gland.

In conclusion, this study showed that different stem cell markers are expressed in mouse 

salivary gland. Combinations of these putative stem cell populations from mouse salivary gland 

may provide the best regeneration of the irradiation damaged salivary gland, since transplanta-

tion of a mixture of progenitor and stem cells may be clinically the most promising treatment.
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ABSTRACT

During radiotherapy salivary glands of head and neck cancer patients are unavoidably 

co-irradiated, potentially resulting in life-long impairment. Recently we showed that transplan-

tation of salisphere-derived c-Kit expressing cells can functionally regenerate irradiated salivary 

glands. This study aims to select a more potent subpopulation of c-Kit+ cells, co-expressing stem 

cell markers and to investigate whether long-term tissue homeostasis is restored after stem cell 

transplantation.

Salisphere derived c-Kit+ cells that co-expressed CD24 and/or CD49f markers were 

intra-glandularly injected into 15Gy irradiated submandibular glands of mice. Particularly, 

c-Kit+/CD24+/CD49f+ cells transplanted mice improved saliva production (54.59 ± 11.1%) 

versus the irradiated control group (21.5 ± 8.7%). Increase in expression of cells with differen-

tiated duct cell markers like, cytokeratins (CK8, 18, 7 and 14) indicated functional recovery of 

this compartment. Moreover, ductal stem cell marker expression like c-Kit, CD133, CD24 and 

CD49f reappeared after transplantation indicating long-term functional maintenance potential 

of the gland. Furthermore, a normalization of vascularization as indicated by CD31 expression 

and reduction of fibrosis was observed, indicative of normalization of the microenvironment. 

Our results show that stem cell transplantation not only rescue hyposalivation, but also 

restores tissue homeostasis of the irradiated gland, necessary for long-term maintenance of 

adult tissue.
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1. INTRODUCTION

It is estimated that yearly about 500,000 new patients are diagnosed with head and neck 

cancer worldwide1 of which many undergo radiotherapy. While the patient’s 5-year survival 

rate after radiotherapy alone or in combination with surgery and chemotherapy may reach 

57%2, radiation unavoidably damages normal tissues surrounding the tumor. Salivary glands 

are sensitive to radiation3, as patients rapidly develop hyposalivation during radiotherapy, even 

with uni-lateral sparing4 and state of the art Intensity Modulatd Radiation Therapy (IMRT)5,6.  

Hyposalivation may subsequently lead to xerostomia or dry mouth syndrome, of which the related 

problems such as oral discomforts, hampered speech and swallowing, dental caries, and oral 

infection, severely compromise the patient’s quality of life7. Clinical management of xerostomia 

is currently unsatisfactory and therefore there is need of alternative treatments. 

Late radiation-induced salivary gland damage is pathologically characterized by a loss of 

epithelial saliva-producing acinar cells8, dilated vasculature9, altered neuronal innervation10, all 

or not combined with various grades of fibrosis11. Moreover, the depletion of the tissue’s stem/

progenitor cells hinders spontaneous gland regeneration8. Accordingly, a strategy to regenerate 

damaged glands may be achieved by transplantation of stem/progenitor cells ensuring self-main-

tenance and continuous replenishment of differentiated cells, such as saliva-producing acini. 

Epithelial stem/progenitor cells communicate with the surrounding niche, or microenvironment, 

that consists of vascular, stromal and neuronal cells, to balance stem cell processes and ensure 

tissue homeostasis. Therefore, long-term preservation of both epithelial stem/progenitor cells 

and their niches become pivotal in future glandular regenerative strategies. 

Recently, our group showed the potential of such a therapy in an irradiated mouse model 

using salivary gland epithelial stem/progenitor cell transplantation to restore long-term saliva 

production12, 13. It is currently proposed that stem/progenitors cells reside in the ducts of salivary 

glands14. Putative markers that can be used to isolate stem/progenitor cells include CD29 (Itga1), 

CD24, CD49f (Itga6), CD133 (Prom1), Sca1, CD44, CD34, CD90 (Thy1), CD105, CD9, CD81 

and c-Kit (CD117), but only few populations were proven to actively restore mouse irradiated 

glands12, 13. To date, in mice the c-Kit+ cell population appears to have the highest stem/progen-

itor-like potential, since recurrent transplantations of as few as 100 to 300 c-Kit+ cells clearly 

improved post-irradiation saliva production12. Transplanted c-Kit+ cells formed both acini and 

saliva-transporting ductal structures, making regenerated glands morphologically appear normal. 
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Interestingly, c-Kit+ cells are also present in human salivary glands, and can be isolated from 

cultured salispheres15, highlighting their great potential for upcoming clinical usage. 

Despite these promising results, several important questions need to be addressed prior 

to clinical application. Despite the formation of differentiated cell types are c-Kit+ cells able 

to; 1) restore the pool of stem/progenitor cells, 2) prevent damage to the microenvironment 3) 

increase functional regeneration using co-expression with other cell surface markers? Here we 

describe that transplantation of enriched c-Kit+ stem/progenitor cells improves functional res-

toration. Moreover, we show normalization of the stem/progenitor pool and microenvironment 

indicative for regained tissue homeostasis.

2. MATERIALS AND METHODS
 

2.1. Animals

8–12week old female C57BL/6 mice were purchased from Harlan (The Netherlands). 

The mice were maintained under conventional conditions and fed ad libitum with food pellets 

(RMH-B, Hope Farms B.V., Woerden, The Netherlands) and water. All experiments were ap-

proved by the Ethical Committee on animal testing of the University of Groningen.

2.2. Culturing of murine salivary glands and flow cytometrical analysis

After extirpation, murine submandibular glands were subjected to mechanical and enzy-

matic digestion, as described16. The resulting single cell suspension was cultured into salispheres. 

After 3 days they were dissociated to single cells using 0.05% trypsin-EDTA (Gibco, Invitrogen) 

for FACS analysis.  Further, the cells were stained with antibodies specific for stem cell markers 

like Pacific Blue™ anti-mouse CD117 (c-Kit) (Biolegend 105808, San Diego, CA), CD133 

(eBioscience 12-1331-82), PE anti-human/mouse CD49f (Biolegend 313613, San Diego, CA), 

FITC anti-mouse CD24 (BD Biosciences 101820) at 4°C for 20 minutes, followed by a wash 

step in PBS/0.2% bovine serum albumin (BSA). 

2.3. Intra-glandular injection of cultured cells
Cell sorting from dissociated spheres for c-Kit+, c-Kit+/CD24+, c-Kit+/CD49f+ and  

c-Kit+/CD24+/CD49f+ cells was performed using MoFlo flow cytometer (Dako, Carpinteria, 
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CA). After sorting the cells were suspended in equal volumes of α-MEM (Gibco, Invitrogen, 

Carlsbad, CA) containing 2% of fetal calf serum (Gibco, Invitrogen, Carlsbad, CA). Thirty days 

post-irradiation, under general anaesthesia using a 28G needle and a Microliter Syringe (Ham-

ilton, Reno, NV), both submandibular glands of irradiated mice were injected with a total 10 μl 

of cell suspension with 400 c-Ki+ cells, 1000 c-Kit+/CD24+ or 400 c-Kit+/CD24+/CD49f+ cells.

2.4. Irradiation and saliva collection from mouse salivary glands
Salivary glands were locally irradiated with a single dose of 15 Gy (Precision X-ray 

Inc. - X-rad 320, 200kV, 20mA, 1.8 Gy/minute) that is known to induce hyposalivation without 

compromising the general health of the animals. At 120 days post-irradiation saliva flow rate 

was determined. Animals were placed in a restraining device17 after pilocarpine injection (2.5 

mg/kg, s.c.). Quantity of saliva collected for 15 minutes was determined gravimetrically, assum-

ing a density of 1 g/mL for saliva.  Percentage flow rate of saliva of an animal is calculated by 

denoting the pre-irradiation saliva as 100%. 

2.5. Immunohistochemical analysis of salivary gland 
Dissected mouse submandibular glands were immediately embedded in cryopreservation 

medium, frozen in liquid nitrogen and sliced into 5-25µm sections for cryosectioning. For par-

affin embedding, glands were fixed in 4% buffered formaldehyde, following dehydration were 

embedded in paraffin and sliced into 5 µm sections. The sections were dewaxed and labelled for 

the following markers: c-Kit (1:50, R&D Systems; MAB1356), CD133 (1:50, Abcam; ab19898), 

CD24 (1:100, Santa Cruz Biotechnology; SC7034), CD49f (1:50, Santa Cruz Biotechnology; 

SC6596), CD31 (1:100, BD550274), CK8 (DSHB, IA, TROMA-1), CK18 (1:600, Abcam, 

ab668), CK7 (1:10) (Monosan, MON3007), CK14 (1:20Abcam, ab7800) and Anti-GFP (1:100, 

Chemicon, MAB3580). Secondary biotin carrying antibodies (Dako, Carpinteria, CA), an avi-

din-biotin-horse radish peroxidase complex (ELITE ABC Kit, Vector Laboratories, Burlingame, 

CA) and the diaminobenzidine (DAB) chromogen were added for visualisation under bright field 

microscopy. Nuclear counterstaining was performed with haematoxylin. Control sections with-

out primary antibodies did not show positive immunostaining.  To visualise interstitial fibrosis 

Masson Trichome staining was performed on paraffin sections. 
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3. RESULTS 

3.1. Selection of stem/progenitor cells within c-Kit+ population
First, the presence of a sub-population of stem cells within salisphere derived c-Kit+ 

population was investigated by selecting for co-expression with other stem cells markers.

Flow cytometric analysis of salisphere derived cells showed that 0.35% ± 0.88 cells 

co-express c-Kit+/CD24+ and 0.14% ± 0.09 are c-kit+/CD49f+ (Fig.1A) whereas no overlap was 

Figure.1: Selection of 
stem/progenitor cells 
within c-Kit+ popula-
tion. (A) Flow cyto-
metric analysis of sal-
isphere-derived cells 
showing co-expression 
of c-Kit cells with CD24 
and CD49f. (B) Saliva 
flow as % of pre-irra-
diation (100%) in rela-
tion to the transplant-
ed sub-populations of 
c-Kit+/CD24+, c-Kit+/
CD49f+ and c-Kit+/
CD24+/CD49f+. Each 
marker is an individual 
mouse. The dotted line 
represents average sali-
va from irradiated (IR), 
non-transplanted mice. 
(C) GFP control mouse 
tissue showing posi-
tive (brown) staining 
with anti-GFP antibody, 
IR+SCT tissue showing 
GFP positive duct cells 
stained with same anti-
body (Scale bar 50 µm).



43

Salisphere derived c-Kit+ cells transplantation restores tissue homeostasis 

3

observed with CD133 cells (data not shown). Interestingly, a subpopulation of 0.03% ± 0.02 

c-Kit+/CD24+/CD49f+ triple positive cells could be observed. 

Next, the in vivo regeneration potential of these cells to ameliorate radiation-induced 

hyposalivation was evaluated after transplantation into 15 Gy irradiated murine submandibular 

glands. 90 days later animals transplanted with 400 c-Kit+ cells showed a significantly improved 

saliva flow to an average of 40.7% ± 3.47 (% of pre-irradiation, p<0.05) in comparison to 

non-transplanted irradiated mice (21.5% ± 8.7), similar to what was observed in our previous 

studies12. Transplantation of 600 c-Kit+/CD49f+ did not further increase salivary flow (Fig.1B). 

However, injection of 1000 c-Kit+/CD24+, or 400 c-Kit+/CD24+/CD49f + cells showed a larger 

increase in saliva flow rate to 50.1% ± 9.06 and 54.59% ± 11.1, respectively (both p<0.05).  

Transplantation of a large (90,000 cells) population of c-Kit- cells, which comprise the c-kit-/

CD24-/CD49f - population was published to rescue gland function to a lower extent and only 

temporarily12.

To further investigate the effect of transplantation of putative stem cells on morphology 

of irradiated salivary glands we performed immuno-histochemistry for several parameters. No 

large difference in general morphology (Fig.S1A) was observed between glands receiving dif-

ferent subpopulations of c-Kit+ cells. The number of acinar cells clearly increased as previously 

published. Therefore, we focused on the ductal compartment known to be important for long-term 

tissue homeostasis potential. From here on all data will be depicted as irradiated with stem cell 

transplanted (IR+SCT), irradiated, non-transplanted (IR) and non-irradiated (Control) tissues.

Donor derived cells from transgenic GFP mice were used for the transplantation to visu-

alize the cells using anti-GFP staining. Fig.1C shows duct cells of the recipient salivary glands 

staining positive for GFP indicating formation of donor-derived cells in transplanted tissue, 

similar to what has be published before12. These results show that transplanted cells can regen-

erate radiation damaged salivary gland and form new ducts that may contribute to regeneration.

3.2. Restoration of tissue homeostasis post-stem cell transplantation
Healthy murine submandibular glands contain saliva-producing acinar cells and the 

saliva is transported via three different ductal cells namely, smaller intercalated ducts (ID) that 

collect saliva from acini and striated ducts and bigger excretory ducts (ED) that further release 

it into oral cavity. Each ductal cell type has distinct expression of cytoskeletal cytokeratins 

(CK) that regulate cell shape, cell motion and cell division. Expression of CK 8 and CK18 was 
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observed in acinar and duct cells (Fig.2A & B, control). CK7 is expressed in three different duct 

cell types, whereas expression of CK 14 is restricted to excretory and striated duct cells and to 

myoepithelial cells (Fig.2C &2D, control). 

Immuno-histochemical analysis of IR tissue showed a profound decrease in the overall 

expression of cytokeratins in striated and intercalated duct cells (Fig.2,rowIR), whereas the ex-

pression of these markers reappeared in the IR+SCT tissue (Fig.2, row, IR+SCT). Interestingly, 

clusters of newly formed ducts can be observed at various places in the transplanted tissue.

Figure.2: Restoration of tissue homeostasis post-stem cell trans-
plantation. Control, IR and IR+SCT tissues stained for duct cell 
markers CK8 (A), CK18 (B), CK7 (C) and CK14 (D). Arrows 
indicate positive DAB (brown) staining in excretory (ED), stri-
ated (SD) and intercalated duct (ID) cells (Scale bar 50µm).

Proper vascu-

larization is of the up-

most importance for 

salivary gland func-

tioning. Immuno-his-

tochemical staining 

for endothelial cell 

marker, CD31 (Fig.

S1A, row, Control) in 

control tissue showed 

CD31+ cells lining 

small blood vessels, 

whereas in IR tissue 

the blood vessels 

are dilated, enlarged 

(Fig.S1A, row, IR). 

However post-trans-

plantation in IR+SCT 

tissue structure of 

blood vessels seem to 

be normal (Fig.S1A, 

row, IR+SCT). In 

control tissue, neural 

filament-H staining 

localizes very limited 
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number of nerve cells between the epithelial cells (data not shown). In IR tissue due to loss of 

epithelial tissue, slightly more nerve cells are observed in the spaces, whereas in IR+SCT tissue 

this is normalized. Masson Trichome staining showed large fibrotic regions (stained blue- Fig.

S1C, IR) in the irradiated submandibular glands whereas in IR+SCT tissue little or no fibrosis 

could be observed similar to that of non-irradiated tissue (Fig.S1B, IR+SCT and Control). From 

these results it can be concluded that stem cell transplantation regains tissue integrity homeostasis 

not only by replacing the functional cell loss, but also by preventing the loss of vascularity and 

preventing fibrosis. 

 

Figure.3: Stem/progenitor cells reappear post-transplantation. Control, IR and IR+SCT 
tissues stained for Stem cell markers c-Kit (A), CD133 (B), CD49f (C) and CD24 (D). 
Arrows indicate positive DAB (brown) staining in the duct cells (Scale bar 50µm).
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3.2. Stem/progenitor cells reappear post-transplantation 
For long-term homeostasis, however, viable stem/progenitor cells are needed. Therefore, 

we investigated expression of stem cell markers such as c-Kit, CD133, CD24 and CD49f in the 

tissues. In control tissue (page 45, Fig.3, Control) bigger excretory duct cells and striated duct cells 

show the expression of c-Kit, CD133, CD24 and CD49f, which confirms that major ducts of 

salivary gland contain the tissues’ stem/progenitor cells. 

Post-irradiation a virtual disappearance of all marker expressing cells was observed 

(Fig.3 row, IR) whereas in IR+SCT tissue a larger number of ducts that appeared as clusters 

stained strongly positive for c-Kit, CD49f, CD24 and CD133 (Fig.3, row IR+SCT).  Together, 

these results indicate that stem cells reappear in the entire ductal system, indicative of potential 

long-term recovery.

4. DISCUSSION
Head and neck cancer patients at risk for hyposalivation, as a consequence of therapeutic 

co-irradiation of salivary glands, may benefit from future stem cell therapies. The aim of this 

study is to select for enriched stem/progenitor cells within c-Kit cells that enhance functional 

recovery and to demonstrate whether such stem cell transplantation can recover tissue homeosta-

sis. From previous studies we know that c-Kit cells can contribute to gland regeneration. Since 

the c-Kit+ cell population is fairly heterogeneous, functional regeneration by transplanting ~400 

cells relies on the inclusion of salivary gland stem cells. Our proposed selection of c-Kit+ cells 

co-expressing CD24 and CD49f, showed enhanced functional recovery compared to as few as 

400 general c-Kit+ cells. This concludes that this subpopulation of c-Kit+ cells is enriched for 

salivary gland stem/progenitor cells . A consequent step is to demonstrate whether human c-Kit+/

CD24+/CD49f+ cells hold similar stem/progenitor-like functions. Since the human salispheres 

contain c-Kit+ cells15, it is clinically interesting to study if c-Kit+/CD24+/CD49f+ cells exist, 

with any regeneration potential.

Tissue homeostasis is balanced not only by reestablishment of both differentiated and 

stem/progenitor cells but also by extracellular processes that allow the transport of nutrients 

and serves reciprocal communication between different compartments. For example, epithelial 

cells secrete neurotransmitters to stimulate neuronal innervation10, which is essential to maintain 

epithelial progenitor cells18. 

Maintenance of epithelial stem/progenitor cells19 and their differentiation20 also relies 
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on the presence of endothelial cells, which are recruited by epithelia21. Similar processes occur 

between epithelia and stroma through the exchange of extracellular matrix proteins and growth 

factors during tissue growth and homeostasis22. Radiation alters many of these interaction path-

ways, whereby changes in the niche may induce an altered environment11 caused by apoptosis 

of surrounding cells23. Our data suggest that c-Kit+ cells survive in an irradiated environment 

and are able to create pools of differentiated acinar cells and putative stem/progenitor cells. 

Additionally, they improve, at least in part, the morphology of irradiation-compromised niches 

by enhancing reciprocal communication within niches to establish repair and homeostasis of the 

tissue. The processes by which these epithelial-niche signaling pathways are restored, however, 

is still unclear. One possible factor may include neurotransmitters produced by epithelial cells, 

such as Neurturin, which in in vitro settings rescued neuronal innervation after irradiation10. The 

release of cytokines and/or growth factors such as FGF or VEGF may protect blood vessels9, 24 

from further damage as well as restore their ability to migrate and elongate25. Similarly, poten-

tial candidates for altering fibrosis are the release of MMPs26 and changes in milieu that reduce 

reactive oxygen species27. 

In conclusion, we propose that selecting for stem/progenitor cells within the c-Kit+ 

population holds clinical promises for increased regeneration of irradiated salivary glands. 

Proper stem cell engraftment will also enable the tissue to regain homeostasis by restoring both 

parenchymal and niche compartments.
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6. SUPPLEMENTARY INFORMATION

Figure.S1: Vasculature and fibrosis are normalized post-transplanta-
tion in irradiated tissue. (A) Haematoxylin and Eosin staining show-
ing general morphology of Control, IR and IR+SCT tissues. (B) Con-
trol, IR and IR+SCT tissues stained for CD31 and (C) Masson Trichome. 
Endothelial marker, CD31 staining shows blood vessels in Control, and di-
lated, enlarged blood vessels in IR tissue, whereas IR+SCT shows normal-
ized vasculature. Fibrotic tissue stains blue in Masson Trichome staining, in 
Control no fibrotic tissue can be observed, however IR tissue shows lot of 
fibrotic tissue (blue), in IR+SCT this is very much reduced (Scale bar 50µm).
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ABSTRACT

Stem cell therapy provides an option to rescue patients from life-long salivary gland 

impairment, which leads to hyposalivation and xerostomia. We have previously shown that 

murine primary salisphere-derived c-Kit+, CD133+, CD24+, and CD49f+ cells all can rescue 

hyposalivation albeit with different potencies. Therefore, our aim here is to identify the most 

potent stem cell in the salivary gland by assessing self-renewal and differentiation into mature 

salivary gland cell types of various stem cell candidates.

To test self-renewal, primary salisphere-derived single cells were FACS sorted based on 

expression of the cell surface markers such as c-Kit, CD133, CD24, CD49f, and were seeded as 

single cells in a 3D matrix to allow secondary-sphere formation. Spheres were serially passaged 

to test the proliferative capacity of each population. To assess their differentiation capacity, single 

cell-derived secondary spheres were subjected to salivary gland organoid inducing conditions. 

Our results revealed that primary salisphere cells that are c-Kit+, CD133+, CD24+, and CD49f+ 

can be self-renew for up to >7 passages. The highest sphere-forming potential was found for 

CD24+ (5.95±1.12%) and CD49f+ (10.35±1.36%) cells at the end of passage-1. 

Among the unfractionated cells, 18.9 ± 13.0% of the cells were able to form organoids. 

This is higher than the organoid forming ability of purified populations, which may indicate that 

unfractionated cells contain more committed/progenitor cells. Collectively, these results imply 

that CD24+ and CD49f+ cells showed relatively high self-renewal and low differentiation ability, 

suggesting an enrichment of stem/progenitor cells. Therefore, CD24+ and CD49f+ cells are best 

candidates to be studied further to fully understand their stem cell potential.
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1. INTRODUCTION
Hyposalivation may lead to xerostomia with symptoms such as dry mouth, dry nasal 

passages, sore throat, loss of oral hygiene, dental caries, oral candidiasis, loss of taste, and diffi-

culties with swallowing and speaking. These symptoms drastically reduce the patient’s quality 

of life and no sufficient treatments are currently available. Therefore, autologous adult stem cell 

transplantation could be an option to mitigate the suffering of these patients.

The ability to self-renew, differentiate and regenerate damaged tissues are the properties 

that distinguish stem cells from more committed cells of a tissue and are the driving force of 

life-long tissue homeostasis. In the search for the salivary gland stem cell, in vitro self-renewal 

and differentiation assays for salivary gland stem cell populations can be very instrumental. 

In other tissues such as blood1, intestine2, and liver3, in vitro assays have been reported that 

monitor long-term growth (self-renewal) and differentiation of adult stem cells. The report by 

Barker et al. 20102 showed for the first time that in murine intestine, single Lgr5+ cells are able 

to differentiate into organoids that can be maintained (i.e. they self-renew) under Wnt-pathway 

stimulated conditions and suggest that these cells represent a genuine stem cell population. 

Other in vitro stem cell studies have been reported for liver (from Lgr5+ cells)3 and brain (from 

unfractionated cells, cerebral organoids)4. In addition to characterizing stem cells, these in 

vitro self-renewal and differentiation assays have been used to study tissue regeneration and to 

model disease conditions4. Although actual in vivo proof of function of these stem cells is rare, 

the short-term in vitro studies provide preliminary evidence to support their role as potential 

candidate stem cell populations. 

In the salivary gland, mesenchymal and epithelial cells5, have been shown to exhibit 

signs of differentiation in vitro by the expression of duct markers, but no morphological devel-

opment or gene expression analysis confirming differentiation were performed.  These studies 

did not provide concrete evidence of differentiation as reported in other tissues such as intestinal 

organoids2. Therefore, in this study we aimed to develop single cell based self-renewal and 

differentiation assays in vitro, to select putative stem cell populations that can be further tested 

to functional rescue salivary glands in vivo.



54

Chapter 4

2. MATERIALS AND METHODS
 

2.1. Animals

8-12 week old female C57BL/6 mice were purchased from Harlan (The Netherlands). 

Transgenic mice C57BL/6-Tg(CAG-EGFP)1Osb/J (GFP), B6.Cg-Tg(CAG-DsRed*M-

ST)1Nagy/J (DsRed) both containing beta actin promoter (Jackson laboratories) were bred in 

house and used as source of DsRed and GFP salivary glands. The mice were maintained under 

conventional conditions and fed ad libitum with food pellets (RMH-B,Hope farms B.V.,Wo-

erden, The Netherlands) and water. The Ethical Committee on animal testing of the University 
of Groningen approved all experiments.

2.2.  Primary sphere culture 
Primary salispheres were cultured from mouse salivary glands in DMEM:F12 medium 

with growth factors (referred to as minimal medium, MM from here on) as described in Chapter 

2, this thesis. To make single cells, these spheres were dissociated using 0.05% trypsin-EDTA 

(Gibco, Invitrogen). To perform flow-cytometry, single cells were incubated with fluorescently 

labelled antibodies for c-Kit/CD117 (Biolegend 105808), CD133 (eBioscience 12-1331-82), 

CD49f (Biolegend 313613), CD24 (Biolegend 101820) or CD29 (BD555005) at 4°C for 20-30 

min followed by a washing step with PBS/0.2% bovine serum albumin. Finally, stained cells 

were suspended in Propidium Iodide (PI, 1 µg/ml) and were either analyzed on a FACS LSR-II 

Flow Cytometer (BD) or sorted using a Moflow Astrios (BD). All gates were set based on isotype 

controls and single stain controls. Propidium Iodide negative cells were used as “unfractionated” 

cells in our experiments.

2.3. in vitro secondary sphere-formation and self-renewal assay 
Single unselected cells (live, unstained cells) and those positive for stem cell markers 

were sorted. 10000 cells were plated in 75 µl gel/well (50 µl matrigel (BD356235) + 25µl cells 

in MM) in a 12-well plate and were solidified for 10-15min at 37°C. After solidification 1ml 

of MM or enriched medium, EM (MM + Rho-inhibitor, Y-27632) was added gently on top of 

the gels and incubated for 5-7 days in a 37°C incubator. Spheres appeared (in 4-7days) were 

counted per well and percentage of sphere-forming cells per group was calculated. To test long-

term self-renewal ability, these secondary spheres are passaged every 5-7 days. First, medium 
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on top of gel is gently removed and 1ml of Dispase (1 mg/ml) was added directly to the gels to 

dissociate the matrigel and incubated for 1hour at 37°C. This was followed by a washing step 

with PBS/0.2% bovine serum albumin and centrifuged at 400 G for 5 min. Pelleted spheres were 

dissociated with 0.05% trypsin-EDTA and passed through 40 µm filter to filter out clumps to 

obtain single cells. Single cells obtained were counted and re-plated (10000 cells/well) for the 

next passage and this procedure is repeated at the end of every passage.

2.4. in vitro differentiation/organoid-formation assay 
To test differentiation/organoid-formation ability of spheres, at the end of any/some pas-

sages in self-renewal, medium on top of gels is removed and the matrigel is pipetted with P1000 

to release spheres from the gel (No dispase and No trypsin is used in this step) and were collected 

and pelleted by centrifugation. Pelleted spheres are suspended into 10X DMEM (1/10th of total 

collagen) with 1M NaOH and collagen (BD354236) (40 collagen:60 matrigel). Later matrigel 

(BD354230) (at 4°C) was added and gently mixed for uniform distribution of spheres and plated 

immediately as 100 µl/well into a flat bottomed 96-well plate and allowed to solidify for 15-20 

min at 37°C. After solidification 150 µl of minimal medium (MM) with 10% Fetal Calf Serum 

(FCS) was added on top of each gel and incubated at 37°C. Spheres in each well were counted 

and observed every 2-3 days for the development of organoids, that were pictured and quantified.

2.5. Immunohistochemistry
Mice were exsanguinated under isoflurane anesthesia and the submandibular glands 

were carefully dissected. In order to perform immuno-histochemical staining extirpated mouse 

submandibular glands were incubated for 30 h at room temperature in 4% buffered formalde-

hyde. Following dehydration, the tissue was embedded in paraffin and sliced into 5 µm sections. 

The sections were dewaxed and labeled for the following markers: Cytokeratin 7 (Millipore 

MAB3226), Aquaporin 5 (Alomone, AQP5), Cytokeratin 18 (Abcam ab668)

Visualization for bright field microscopy was accomplished by adding specific second-

ary biotin carrying antibodies (DAKO cytomation) an avidin-biotin-horse radish peroxidase 

complex and the diaminobenzidine (DAB) chromogen. Nuclear counterstaining was performed 

with hematoxylin. Control sections without primary antibodies did not show positive immu-

nostaining. For confocal imaging, organoids were scooped out from the differentiation gel and 

digested with collagenase I (5min at 37°C) followed by washing with PBS 1% bovine serum 
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albumin and centrifugation. Pelleted organoids were fixed with 4% formaldehyde and stained 

with primary antibodies overnight in 0.05% triton at 4°C. For confocal imaging fluorescently 

labeled secondary antibodies were used to visualize the staining and imaged with either Leica 

SP8 or Zeiss 780 microscope.

2.6. in vivo model of salivary gland regeneration
To enable reconstitution of endogenous salivary gland cells, recipient mice were locally 

irradiated. Irradiation of salivary glands was done with a single dose of 15 Gy (Precision X-ray 

Inc. – X-rad 320, 200kV, 20mA, 1.843Gy/min). This dose is known to induce hyposalivation 

without compromising the general health of the animals. Saliva flow rate was determined every 

30days post-irradiation. Pilocarpine injection (2.5 mg/kg, s.c.) was given to animal and placed 

in a restraining device. Saliva was collected for 15 min and the quantity was determined grav-

imetrically, assuming density of 1g/ml for saliva. Percentage flow rate of saliva of an animal is 

calculated by denoting the pre-irradiation saliva as 100%. The principle behind this functional 

assay is that the in vivo regeneration is the most rigorous test for stem cell function. 

To test for regenerative capacity of various cell populations, primary-salisphere derived 

cells were sorted for c-Kit+/ CD24+/CD29+ and c-Kit-/CD24+/CD29+, and dissociated cells from 

Passage-2 and Passage-13 spheres were suspended in α-mem with 2% FCS so that 1400 - 5000 

cells/5µl could be transplanted into each gland of a recipient mouse. Thirty days post-irradiation 

mice with irradiated salivary glands were anaesthetized under isoflurane and a small incision 

is made in the neck region to visualize the submandibular glands. 5 µl of cell suspension was 

injected intra-glandular into each gland with a micro syringe and needles (Hamilton 7803-02) 

and the skin was sutured. Animals were administered with analgesic with in 24 hours of surgery.

2.7. Microarray expression profiling and analysis
RNA was extracted from all the samples used in the array using Qiagen RNAeasy micro 

kit. Highly pure total RNA (300 ng/sample) was used for expression profiling on Illumina WG-6 

v2.0 expression bead chip kit. The data was normalized using the R version 3.0.1 neqc function 

of the BioConductor version 2.12 library limma 3.16.56 by control background correction, 

quantile normalization and log2 transformation and batch effects between arrays. Differential 

expression analysis was performed using eBayes function of the BioConductor library limma 

and an adjustment method BH (Benjamini Hochberg) was used with a pvalue of 0.05. Gene 
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ontology analysis was performed using Amigo labs (http://amigo.geneontology.org/cgi-bin/

amigo/term_enrichment?session_id=). Heat maps were made by R library heatmap.plus 1.3 

and RcolorBrewe 1.0-5.

3. RESULTS 

3.1. Single cell self-renewal in vitro
To assess self-renewal and differentiation potential of salivary gland stem/progenitor 

cells, in vitro single cell based assays were developed. First, to test self-renewal, dispersed mu-

rine salivary gland cells were cultured into floating primary spheres  (Fig. 1A) containing stem/

progenitor cells, as published previously7, 8. PI negative primary sphere derived single cells were 

FACS sorted cells and seeded intomatrigel-based matrix (10,000 cells/well), supplemented with 

Figure.1: Single cell self-renewal in vitro. (A) Diagrammatic representation of pri-
mary-sphere culture from murine SG after enzymatic digestion of a gland, followed 
by steps for secondary-sphere-formation using trypsin, self-renewal by continuous 
re-plating into matrigel based matrix. (B) Graph showing the percentage of sphere-for-
mation (y-axis) of FACS sorted single unfractionated cells under minimal and enriched 
(with Rho-inhibitor) culture medium conditions (t-test ***p<0.001).  (C) Pictures 
showing individual wells with DsRed and GFP primary-sphere derived single cells 
(Scale bars 50µm). Picture of well showing predominantly (99.2%) single cell derived 
spheres from murine DsRed and GFP SG cells individually and co-seeded in culture. 
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minimal culture medium (MM) (Fig.1A).

Quantification of secondary spheres within 5-7 days showed that 0.44 ± 0.03% of the 

single cells formed secondary spheres (Fig.1B, MM). To minimize dissociation-induced stress, 

the Rho-inhibitor Y-27632, known to protect against dissociation-induced cell stress9 was added 

in enriched medium (EM). This enhanced the initial secondary sphere-formation percentage of 

unfractionated cells almost 3-fold to 1.15 ± 0.08% (Fig.1B, EM). To establish that the secondary 

spheres were indeed single cell-derived, unfractionated single cells sorted individually from 

DsRed and eGFP transgenic mice were mixed and co-seeded. More than 99% of all secondary 

spheres were from cells of only a single color (Fig.1C), indicating that the spheres were not 

formed by clumping of cells, but rather due to the outgrowth from single cells. 

es the percentage of spheres formed increased and further stabilized between 10 and 40%, indic-

ative of enrichment for sphere-forming stem/progenitor cells. During passaging of unfractionated 

Figure.2: (A) Graph showing the percentage of sphere-formation 
(y-axis) of FACS sorted single unfractionated cells under enriched 
medium (EM) culture conditions passaged for 28 passages (x-ax-
is) showing enrichment of stem/progenitor cells indicated by in-
crease in sphere-formation percentage. (B) Expansion of single 
unfractionated cells at different passages (x-axis) in self-renewal 
conditions indicated by the calculated fold increase in number 
of cells (y-axis) from initial 20000 cells that started the culture.

To test  the 

long-term self-renewal 

of the unfractionated 

cells, secondary spheres 

were dissociated and 

the resulting single cells 

were re-seeded (Fig.1A, 

Self-renewal). Similar-

ly, tertiary, quaternary 

etc. spheres could con-

sistently be established, 

indicating extensive 

in vitro self-renew-

al. Serial replating of 

these secondary sphere 

cells showed that they 

could self-renew for 

more than 20 passages 

(Fig.2A). Surprisingly, 

during early passa-
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cells, a striking 1,442 ± 529 fold (passage-7), 13,889 ± 5450 fold (passage-16) and 53,147 ± 

937 fold (passage-28) increased number of cells were generated from 20,000 cells (Fig.2B). 

Thus, a pronounced expansion of putative SG stem cells can be obtained with in vitro cultures.

3.2. Single cell derived-organoids in vitro
To test their differentiation potential, single cell-derived secondary spheres from un-

fractionated cells were removed from the 3D matrix with only matrigel and seeded into another 

3D matrix with matrigel and collagen (40:60), supplemented with minimal medium containing 

10% fetal calf serum (Fig 3A). Careful analysis of this culture for multiple consecutive days 

showed that within 1-2 weeks after inducing differentiation, the single cell-derived secondary

Figure.3: Single cell derived-organoids in vitro. (A) Diagrammatic representation of 
secondary-sphere-formation and steps following differentiation assay in matrigel/col-
lagen. (B) Pictures showing gradual growth of two organoids during different days in 
culture, indicating the growth and diversity of the organoids. Scale bars 50µm. Images 
showing lobular organoids (C) and ductal organoids (D) in culture and with confocal 
imaging after staining for actin (with phalloidin) and nuclei (DAPI). Scale bars 50µm.
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spheres underwent major morphological changes into organoids resembling salivary glands 

(Fig.3B). Based on the morphology of the organoids, they could be categorized into two types. 

1) Lobular organoids that are almost exclusively spherical, with compact cellular ar-

rangement resembling salivary gland acini (Fig.3C). 

2) Ductal organoids that contain long-tubular extensions connected to form 3-dimensional 

structures, resembling the duct cells of the salivary gland (Fig.3D). 

In order to confirm the existence of differentiated salivary gland cell types, these or-

ganoids were embedded in paraffin, sectioned and stained for salivary gland signature markers. 

3.3. Gene expression analysis of in vitro derived organoids
To further provide insight into their differentiation state, a genome-wide gene expression 

Figure.4: Single cell derived-organoids in vitro.  (A) Pic-
tures of organoids in culture and stained with HE (for general 
morphology), Cytokeratins (CK18 and CK7), duct cell mark-
ers; and (B) Aquaporin5 (AQP5). Inset showing higher mag-
nification of the positive (brown) staining. Scale bars 50µm.

HE staining on or-

ganoids showed the general 

morphology and compact/

organized arrangement of 

cells in organoids (Fig.4A). 

Some of the structures re-

sembled acini or ducts that 

can be found in the normal 

salivary gland. Furthermore, 

immunostaining with an-

tibodies specific for ductal 

cell markers showed that or-

ganoids contained cells that 

expressed ductal cell markers 

like Cytokeratins 18 and 7 

(Fig.4A, Cytokeratin), indi-

cating duct cell differentia-

tion. The acinar cell marker 

Aquaporin-5 was also de-

tectable in some, but not all, 

organoids (Fig.4B, AQP5). 



61

An in vitro screen for putative salivary gland  stem cell populations 

4

analysis was performed comparing expression profiles in organoids with that of primary spheres. 

A total of 302 probes were differentially expressed between organoids and primary spheres 

(Fig.5A) with a threshold p<0.0001. Among these, 102 probes were up regulated (>logFc2.0) in 

organoids (Fig.5B) compared to primary spheres. These probes were tested for genre ontology

protein-VAMP412, STRA613   known to be expressed in salivary gland, salivary gland branching 

morphogenesis related (TGM2, NTN4), embryonic salivary gland end bud differentiation marker 

(FGF1)14. Collectively, these findings show that single-cell-derived spheres that are capable of 

secondary sphere-formation in vitro can form differentiated salivary gland lineages. 

Figure.5: Characterization of in 
vitro organoids. (A) Venn-dia-
gram showing 302 differentially 
expressed genes in organoids 
compared to undifferentiated pri-
mary spheres among which 102 
probes show higher expression 
(>logFC 2.0) level in organoids. 
(B) Heat map showing expression 
of genes (minimum, 4.5 to max-
imum, 14.3) in primary spheres 
(SPH) and organoids (ORG) 
that are involved in gene ontol-
ogy annotations as described 
in the text in results section.

classifiers. This analy-

sis revealed significant 

enrichment in biolog-

ical processes includ-

ing gland morphogen-

esis (GO:0022612), 

gland development 

(GO:0048732) and 

many others listed in 

Table 1. At the indi-

vidual gene level these 

102 genes include, cal-

cium-channel related 

proteins (CPNE8), se-

cretin (SCT) (role in 

pancreatic duct secre-

tion)10;  cranio-facial 

development related 

RBMS3 gene11, vita-

min-K-dependent pro-

tein (PROS1), vesicle 

associated membrane
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CD49f expressing cells had the highest self-renewal potential in this assay. 

To further test the long-term self-renewing potential of these purified cells, secondary 

spheres were enzymatically dissociated into single cells and re-plated with EM to allow tertiary 

and quaternary sphere formation. The results show that secondary spheres, derived from c-Kit, 

CD133, CD24 or CD49f expressing cells, were able to maintain at least 7 passages (Fig.6C) 

indicating their self-renewing potential. No apparent differences between the various purified 

cell populations were detected.  

To test their differentiation potential, single cell-derived passage-5 spheres from multiple 

populations were subjected to differentiation. Results showed that passage-5 derived spheres 

from CD133+, CD24+ and CD49+ cells all were able to differentiate into organoids (Fig. 6D) 

albeit with different potencies. Quantification of differentiation revealed that 18.86 ± 13.01% 

of unfractionated, 12.27 ± 6.21% of CD133+, 10.81 ± 9.83% of CD24+ and 3.14 ± 4.06% of 

Table 1: Gene ontology results. Table showing 
the results of gene ontology analysis performed 
on the 102 genes that are highly (>logFc 2.0) ex-
pressed in organoids compared to primary spheres.

3.4. in vitro self-renewal and 
differentiation of stem cell 
marker expressing cells

Next, we tested whether 

enrichment for stem cells from the 

salisphere-derived population using 

specific cell surface markers would 

improve in vitro self-renewal and 

differentiation potential. Prima-

ry-sphere-derived single cells ex-

pressing c-Kit, CD133, CD24 or 

CD49f were FACS-sorted and plat-

ed into matrigel (Fig.1A) to allow 

secondary-sphere-formation. Re-

sults showed that 1.175 ± 0.29% 

of unfractionated, 2.12 ± 0.47% of 

c-Kit+, 1.54 ± 0.46% of  CD133+, 

5.95 ± 1.12% of CD24+ and 10.35 

± 1.36% of CD49f+ cells formed 

secondary spheres (Fig.6A and 6 B).
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CD49f+ cells formed organoids (Fig.6E). 

These results show that unfractionated cells showed higher organoid-forming ability, 

CD49f+ cells showed higher sphere-forming cells, whereas CD24+ cells showed both self-renewal 

and differentiation properties. 

3.5. Presence and functional activity of CD24+/CD29+ cells in the salivary gland
Studies of other glandular tissues, such as the mammary gland, have identified  Lin- 

CD29hi/CD24+ expressing cells as potential stem cells15. Hence, we tested for the presence of 

CD24+ and CD29+ cells in murine salivary gland tissue using immunohistochemistry. 

Figure.6: In vitro self-renewal and differentiation of stem cell marker expressing cells. 
(A) Graph showing the percentage of secondary sphere-formation (y-axis) of FACS 
sorted single unfractionated, c-Kit, CD133, CD24 and CD49f positive cells under en-
riched (with Rho-inhibitor) culture medium conditions (one-way ANOVA, *=p<0.05, 
***p<0.001). (B) Pictures of secondary spheres in culture from different stem cell mark-
er expressing cells. Scale bars 50µm. (C) Graph showing the percentage of sphere-forma-
tion (y-axis) of unfractionated, c-Kit, CD133, CD24 and CD49f positive cells cultured for 
up to 7 passages (x-axis) in self-renewal assay. (D) Images showing organoids in culture 
that were derived from secondary-spheres from unfractionated, CD133, CD24 and CD49f 
positive cells. (E) Graph showing the percentage of organoid-formation (y-axis) of un-
fractionated, CD133, CD24 and CD49f positive cells under differentiation conditions.
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Our results showed that both CD24+ and CD29+ cells were exclusively located in the 

larger excretory ducts (ED) and striated ducts (SD), while the acinar cells (AC) were com-

pletely devoid of these cells (Fig.7A). Also, CD24+/CD29+ cells are enriched in the primary 

spheres obtained from culturing salivary glands (Fig. 7B). These cells can self-renew for more 

than 7 passages in the newly developed self-renewal assay (data not shown). Next, to test the 

in vivo regeneration potential of primary sphere-derived CD24+/CD29+ cells, these cells were 

transplanted into the irradiated salivary glands of mice. Transplanted CD24+/CD29+ cells were 

able to ameliorate radiation-induced hyposalivation to 63.30±15.89% of pre-irradiation saliva 

levels (Fig.7C, data from Chapter 2 8). However, recipient mice showed variable responses after 

transplantation. This could be due to the existence of sub-populations within the CD24+/CD29+ 

Figure.7: CD24/CD29 in murine salivary gland. (A)Immunohistochemical staining on mouse 
salivary gland tissue showing positive (brown) staining for CD24 and CD29 markers. (B)Flow 
cytometric analysis of c-Kit positive cells (black) overlapping with CD24/CD29 positive (pink) 
murine primary sphere cells. (C) Graph showing saliva (% of pre-irradiation, y-axis) 90 days 
post-transplantation of 10,000 CD24+/CD29+ cells (37,02±19,86%), 2,800 c-Kit+/ CD24+/
CD29+ cells (42.95±4.66%) and 2,800 c-Kit-/ CD24+/CD29+ cells (47.06±2.69%) into irradi-
ated (15Gy) salivary glands of mice. Mice that were irradiated but did not receive any trans-
plantation (IRR) showed a drop in saliva of 16.54±5.8%. Each marker represents one mouse.
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cell fraction that may differ in regenerative potential (see chapter 5 for further discussions on 

this issue).

Our previous studies (Chapter 2 and Lombaert et al.20087) showed that primary 

sphere-derived c-Kit+ cells are able to regenerate radiation-damaged glands. Flow cytometric 

analysis of murine primary spheres showed an overlap of c-Kit+ cells with CD24+/CD29+ positive 

cells (Fig.7B, FACS plot). Therefore, we tested whether further selection for c-Kit+ or c-Kit- cells 

within CD24+/CD29+ population might identify an even more potent population. However, the 

results showed that transplantation of primary sphere-derived c-Kit+/CD24+/CD29+ and c-Kit-/ 

CD24+/CD29+ did not show significant differences in recovery of irradiated salivary glands. 

This showed that enrichment of c-kit+ cells within the CD24+/CD29+ does not further increase 

stem cell potential (Fig. 7C). 

4. DISCUSSION
This study demonstrates the development of single cell-based in vitro self-renewal and 

differentiation assays that are able to identify potential stem cell candidates within the murine 

salivary gland. Although previous reports have suggested the existence of self-renewing and 

differentiating stem cells in the salivary gland5, 7, the exact nature of these cells was not well 

established. Here, we show for the first time in salivary gland that primary sphere-derived single 

cells can self-renew for more than 25 passages. In addition, we show that these single cell-derived 

spheres were able to differentiate into salivary gland organoids in vitro. 

These in vitro assays are similar to those developed in the intestine2 and liver3, how-

ever, without the extensive Wnt signaling used in these studies. Such assays open windows for 

applications, like understanding the role of genes involved in either salivary gland physiology 

or disease pathogenesis and potentially for testing of therapeutics. 

We previously showed (Chapter 2, Fig.4 and Nanduri et al 20118) that primary-sphere 

derived c-Kit+, CD133+, CD24+ or CD49f+ salivary gland cells can rescue hyposalivation to some 

extent. However, each cell population does so with different potencies. Here we observed that 

CD49f+ cells possess higher self-renewing potential, indicative of their stemness. Although all the 

tested candidates were able to form organoids in the differentiation assays, unfractionated cells 

showed highest and CD49f+ cells showed lowest organoid-forming efficiencies, respectively. In 

addition, we know from in vivo studies Chapter 2 (Fig.4, Nanduri et al 20118) that CD49f+ cells 

showed the lowest regeneration potential. Together, these data suggest that although CD49f+ 
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cells contain sphere-forming cells, they are more difficult to differentiate. This does not make 

CD49f+ cells a promising stem cell population, as they would be predicted to lack of short-term 

regeneration in vivo. 

Another promising cell surface molecule that appeared to predict cellular activity in vitro 

assays is CD24. Primary sphere-derived CD24+ cells showed both self-renewal and differentia-

tion potential indicating it may indeed be useful as a potential stem cell marker for the salivary 

gland. Previously, we showed that transplantation of CD24+/CD29+ cells into irradiated salivary 

glands can rescue radiation-induced hyposalivation8. Hence, it is important to study CD24+ cells 

and assess the extent to which it overlaps with other putative markers of tissue stem cells. In the 

salivary gland, c-Kit was shown to be one of these markers7, 8. As an extension of this, in this 

study we showed that separation of c-Kit+ or c-Kit- cells within murine primary sphere-derived 

CD24+/CD29+ cells does not label a more potent population. This excludes c-Kit as a useful 

additional marker and indicates the possible existence of subsets in CD24+/CD29+ that differ in 

their stem cell potential. Therefore, in future studies using the in vitro self-renewal and differ-

entiation assays developed in this chapter we aim to identify the most potent stem cells among 

the murine primary sphere-derived CD24+/CD29+ cells (see chapter 5).

The assays developed here can be used in the future to validate the effect of either knock-

down or overexpression of genes or factors predicted to regulate self-renewal or differentiation 

in salivary gland. In conclusion, the short-term in vitro assays developed in this study not only 

screen potential stem cell candidates of the salivary gland but also reduce the number of animals 

required for in vivo testing. 
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ABSTRACT

Hyposalivation often leads to irreversible and untreatable xerostomia. Salivary gland 

(SG) stem cell therapy is an attractive putative option to salvage these patients, but is impeded 

by the limited availability of adult human tissue. Here, using murine SG cells, we demonstrate 

robust in vitro expansion, single cell self-renewal, differentiation, and enrichment of SG stem 

cells. Based on stem cell marker expression, SG sphere-derived single cells were differentiated 

in vitro into distinct lobular or ductal/lobular organoids, suggestive of progenitor or stem cell 

potency. Even expanded cells were still able to form in vitro mini-glands/organoids containing 

SG cell lineages. The expansion of these multi-potent cells through serial-passaging resulted in 

selection of a homogenous stem cell population, which could be prospectively purified based 

on CD24hi/CD29hi expression and potently restore radiation-damaged SG function after trans-

plantation. Our approach will facilitate the use of adult SG stem cells for a variety of scientific 

and therapeutic purposes.
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1. INTRODUCTION
Production of saliva by salivary glands (SG) crucially maintains the physiological balance 

in the oral cavity and initiates food digestion. Like many other organs SGs undergo cell-renewal, 

presumably enforced by a small pool of stem cells. Disease-induced hyposalivation often leads 

to xerostomia, with symptoms including dry mouth/nasal passages, sore throat, loss of oral 

hygiene, dental caries, oral candidiasis, loss of taste, difficulties with swallowing and speaking, 

which collectively reduce the patient’s quality of life1. Hyposalivation can be a consequence 

of autoimmune disorders (Sjögren syndrome), endocrine disorders (Diabetes mellitus, Hyper/

Hypothyroidism) or neurologic disorders, or radiation-damage in head and neck cancer patients 

after radiotherapy. 

Treatment options for xerostomia include administration of saliva substitutes or stim-

ulants2. Saliva substitutes might improve some but not all problems associated with salivary 

gland dysfunction, whereas stimulants are only useful for people with some remaining salivary 

gland function. Alternative approaches to restore salivary gland function have been pursued, for 

instance the development of bio-engineered glands3. Although this may be a good model to study 

salivary gland regeneration, it might not be clinically translatable due to its origin from embryonic 

salivary glands. An alternative potential option is to rescue these patients using autologous stem 

cell transplantation that may regenerate the damaged tissue and thus provide long-term recovery.

It has been shown that ductal-ligation induced damage to the salivary gland stimulated 

proliferation of CD29 and CD49f expressing cells4 indicating the existence of regenerative cells 

in the ducts of the salivary gland. We reported earlier that murine5 and human6 stem/progenitor 

cells can be cultured into salispheres (primary spheres) by an enrichment culture in vitro. In 

preclinical models, we demonstrated the potential of autologous adult stem cell transplantation 

to restore radiation-damaged salivary gland function5, 7 and tissue homeostasis8. Murine sali-

vary gland primary sphere-derived c-Kit+ cells were able to restore salivary gland function in a 

hyposalivation mouse model. Unfortunately, adult human biopsy material is scarce and contains 

very low numbers of c-Kit+ cells6, 9 limiting their clinical potential. An alternative strategy is 

therefore necessary to generate sufficient stem/progenitor cells numbers to enable translation of 

this therapy to the clinic. Expanding the number of stem cells ex vivo represents a way to cir-

cumvent this problem. In contrast to iPS and ES cells, adult stem cells are not easily propagated 

and expanded. Self-renewal/expansion has been reported for only a few types of adult stem 

cells, including neural10, intestinal11 and liver stem cells12, but the long-term functional activity 
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of these cultured cells remains to be assessed. 

Therefore, the aim of the current study is to investigate the expansion potential of fully 

functional murine salivary gland stem cells. Using the in vitro assays developed in Chapter 4, 

we have tested potential stem cell candidates for their self-renewal and differentiation potential. 

Murine primary sphere-derived CD24 positive cells showed higher self-renewal and differen-

tiation potential among the stem cell candidates tested in vitro. In addition, studies from other 

glandular tissues, like mammary gland revealed Lin- CD29hi/CD24+ 13 expressing cells as 

potential stem cells. Indeed, in mice we reported that intra-glandular transplantation of primary 

sphere-derived CD24/CD29 positive cells could ameliorate radiation-induced hyposalivation 

to some extent (Chapter 2 and 47). Therefore, in the current study we used in vitro self-renewal 

and differentiation assays to identify the most potent stem cells among the murine primary 

sphere-derived CD24/CD29 cells. 

2. MATERIALS AND METHODS
 

2.1. Animals
8-12 week old female C57BL/6 mice were purchased from Harlan (The Netherlands). 

Transgenic mice C57BL/6-Tg(CAG-EGFP)1Osb/J (GFP) mice containing beta actin promoter 

(Jackson laboratories) were bred in house and used as source of GFP salivary glands. The mice 

were maintained under conventional conditions and fed ad libitum with food pellets (RMH-

B,Hope farms B.V.,Woerden, The Netherlands) and water. The Ethical Committee on animal 

testing of the University of Groningen approved all experiments.

2.2.  Sphere culture - Flow cytometry
Dissected mouse salivary glands were mechanically and enzymatically digested and 

cultured into primary spheres using DMEM: F12 with penicillin, streptomycin, glutamax, epi-

dermal growth factor-2, fibroblast growth factor-2, N2 supplement, insulin and dexamethasone 

as described in Pringle et al 201114. This medium is named minimal medium (MM) from now on. 

These spheres were dissociated into single cells using 0.05% trypsin-EDTA (Gibco, Invitrogen). 

Incubations with anti-bodies for CD24 (Biolegend 101820), CD29 (BD555005), were performed 

at 4°C for 20-30 minutes following a wash step with PBS/0.2% bovine serum albumin. Finally, 

stained cells were suspended in Propidium Iodide (PI, 1µg/ml) and measured on FACS LSR-II 
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Flow Cytometer (BD) whereas Moflow Astrios (BD) was used to sort the cells. All the gates 

were made based on isotypes and single stain controls. 

2.3. in vitro secondary sphere-formation and self-renewal assay 
Single viable cells positive for CD24/CD29 subsets were sorted based on indicated 

gating (Fig.1A). 10000 cells were plated in 75 µl gel/well (50 µl matrigel + 25µl cells in MM) 

in a 12-well plate and were solidified for 10-15min at 37°c. After solidification 1 ml of either 

minimal medium (MM) or enriched medium, EM (MM + Rho-inhibitor, Y-27632) was added 

gently on top of the gels and incubated for 5-7 days in a 37°C incubator. Spheres that appeared 

(in 4-7 days) were counted per well and the percentage of sphere-forming cells per group was 

calculated. To test long-term self-renewal ability, these secondary spheres are passaged every 

5-7 days. First, medium on top of gel was gently removed and 1ml of Dispase (1 mg/ml) was 

added directly to the gels to dissociate the matrigel and incubated for 1hour at 37°C This was 

followed by a washing step with PBS/0.2% bovine serum albumin and centrifuged at 400G for 

5min. Pelleted spheres were dissociated with 0.05% trypsin-EDTA and passed through 40µm 

filter to filter out clumps to obtain single cells. Single cells obtained were counted and re-plated 

(10000 cells/well) for the next passage and this procedure is repeated at the end of every passage. 

2.4. in vitro differentiation/organoid-formation assay 
To test differentiation/organoid-formation ability of spheres, at the end of some passages 

in self-renewal, medium on top of gels was removed and the matrigel was pipetted with P1000 to 

release spheres from the gel (No dispase and No trypsin is used in this step) and were collected 

and pelleted by centrifugation. Pelleted spheres were suspended into 10X DMEM (1/10th of 

total collagen) with 1M NaOH and collagen (40 % collagen:60 % matrigel). Later matrigel (at 

4°C) was added and gently mixed for uniform distribution of spheres and plated immediately 

as 100 µl/well into a flat bottomed 96-well plate and allowed to solidify for 15-20 min at 37°C. 

After solidification 150µl of MM with Fetal Calf Serum (FCS) was added on top of each gel 

and incubated at 37°C. Spheres in each well were counted and observed every 2-3 days for the 

development of organoids and pictured and quantified. 

2.5. Immunohistochemistry
In order to perform immuno-histochemical staining, extirpated mouse submandibular 
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glands were incubated for 30 h at room temperature in 4% buffered formaldehyde. Follow-

ing dehydration, the tissue was embedded in paraffin and sliced into 5µm thick sections. The 

sections were dewaxed and stained with either HE, or anti-a quaporin5 (Alomone, AQP-005) 

anti-GFP (MAB3580). Visualization for bright field microscopy was accomplished by adding 

specific secondary biotin carrying antibodies, an avidin-biotin-horse radish peroxidase complex 

(Vectastain ABC) and the diaminobenzidine (Impact DAB) chromogen. Nuclear counterstaining 

was performed with hematoxylin. Control sections without primary antibodies did not show 

positive immunostaining. 

2.6. in vivo model of salivary gland regeneration
To enable reconstitution of endogenous salivary gland cells, recipient mice were locally 

irradiated. Irradiation of salivary glands was done with a single dose of 15 Gy (Precision X-ray 

Inc. – X-rad 320, 200 kV, 20 mA, 1.843 Gy/min). This dose is known to induce hyposalivation 

without compromising the general health of the animals. Saliva flow rate was determined every 

30days post-irradiation. Pilocarpine injection (2.5 mg/kg, s.c.) was given to animal and placed 

in a restraining device. Saliva was collected for 15 min and the quantity was determined grav-

imetrically, assuming density of 1 g/ml for saliva. Percentage flow rate of saliva of an animal 

wass calculated by denoting the pre-irradiation saliva as 100%. This functional in vivo regener-

ation assay is the most rigorous test for stem cell function. To test for regenerative capacity of 

various cell populations, primary-salisphere derived cells were sorted for CD24hi/CD29hi, and 

dissociated cells from Passage-2 and Passage-13 spheres were suspended into total volume of 

5000 cells/5µl/gland of mouse in α-mem with 2% FCS. Mice with irradiated salivary glands 

were anaesthetized under isoflurane and a small incision was made in the neck region to visualize 

the submandibular glands. 5µl of cell suspension was injected intra-glandular into each gland 

with a micro syringe and needles (Hamilton 7803-02) and the skin was sutured. Animals were 

administered with analgesic with in 24 hours of surgery. 

2.7. Microarray expression profiling and analysis
RNA was extracted from all the samples used in the array using Qiagen RNAeasy micro 

kit. Highly pure total RNA (300 ng/sample) was used for expression profiling on Illumina WG-6 

v2.0 expression bead chip kit. The data was normalized using the R version 3.0.1 neqc function 

of the BioConductor version 2.12 library limma 3.16.56 by control background correction, 
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quantile normalization and log2 transformation and batch effects between arrays. Differential 

expression analysis was performed using eBayes function of the BioConductor library limma 

and an adjustment method BH (Benjamini Hochberg) was used with a pvalue of 0.05. Gene 

Ontology analysis was performed using Amigo labs (http://amigo.geneontology.org/cgi-bin/

amigo/term_enrichment?session_id=). Heat maps were made by R library heatmap.plus 1.3 

and RcolorBrewe 1.0-5.

3. RESULTS 

3.1. in vitro sphere-forming and differential potential of CD24/CD29 subsets
First, we tested whether subpopulations exist in primary sphere-derived single cells that 

express CD24 and/or CD29 (Fig.1A) using flow-cytometry. 

Figure.1:  (A) Flow cytometric-gating strategy used for separation of primary sphere-de-
rived cells into four subsets CD24hi/C29lo, CD24hi/CD29hi, CD24med/CD29hi and 
CD24lo/CD29hi after staining for CD24 and CD29 surface markers. (B) Photomicro-
graphs showing single cell-derived secondary-spheres in culture (end of P1) from all 
the four CD24/CD29 subsets. (C) Percentage secondary-sphere-forming of the various 
CD24/CD29 subsets (one-way ANOVA, *=p<0.05,**=p<0.01,***p<0.001). (D) Pho-
tomicrograph of single cell-derived organoids from four CD24/CD29 subsets in vi-
tro. (E) Percentage of spheres from CD24/CD29 subsets that form ductal or lobular 
type organoids. CD24hi/C29lo and CD24lo/CD29hi did not produce ductal organoids. 
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Unlike the situation in the mammary gland13, we did not detect a clear separation be-

tween subsets. Therefore, the cells were arbitrarily separated into four subsets (CD24hi/CD29lo, 

CD24hi/CD29hi, CD24med/CD29hi and CD24lo/CD29hi) using the gating strategy shown in 

Fig.1A. To test their self-renewal ability, all the four subsets were FACS-sorted as single cells 

and seeded into a matrigel-based matrix (10,000 cells/gel) supplemented with minimal culture 

medium (MM, see methods).

After 5-7 days, all the subsets formed secondary spheres (Fig.1B), albeit with different 

efficiencies. Clearly, the CD24hi/CD29hi cells showed the highest secondary-sphere-formation 

capacity (Fig.1C).

Next, to test the ability of subsets of CD24/CD29 cells to differentiate into mature cell 

lineages, single-cell-derived spheres were plated into a 3D matrix mixture of collagen and 

matrigel, supplemented with minimal medium with 10% Fetal calf serum. Within 1-3 weeks 

the seeded spheres from all four subsets changed morphologically into diverse organoid-like 

structures (Fig.1D, similar to those in Chapter 4). Upon further analysis, two types of organoids 

could be discerned; one predominantly ductal and the other mainly lobular. Detailed analysis 

of the different types of organoids showed that CD24hi/CD29hi and CD24med/CD29hicells have 

ability to form both ductal and lobular organoids whereas CD24hi/CD29lo and CD24lo/CD29hi-

cells form predominantly lobular organoids (Fig.1E), most likely implying a more committed 

cell state in the latter two populations. 

3.2. in vitro self-renewal and differentiation potential of CD24hi/CD29hi cells
To assess their self-renewal potential, cells from all populations were cultured under MM 

conditions. Secondary-spheres from CD24hi/CD29lo and CD24lo/CD29hi subsets did not yield 

enough cells to allow passaging, whereas CD24med/CD29hi and CD24hi/CD29hi derived cells 

were able to self-renew for 4 passages and > 5 passages, respectively (Fig. S1A) indicating the 

higher potential of the double -positive population. During self-renewal, spheres were dissociated 

into single cells at every passage. To minimize dissociation-induced stress, the Rho-inhibitor 

Y-27632, known to protect against dissociation-induced cell stress was added15 (enriched medium, 

EM). EM enhanced the initial secondary sphere-formation percentage of sorted CD24hi/CD29hi 

cells (Supplementary Fig.S1B) from 2.5±0.68 (MM) to 10.9±3.9% (EM). Next, CD24hi/CD29hi 

cells were further cultured under EM condition, which resulted in a more rapid and pronounced 

expansion of cells capable of forming secondary-spheres. In general, the percentage of cells 
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capable of forming spheres was increased with increasing early passages and further maintained 

(Fig.2A) from 11.54±5.02% at P1 to 25.51±1.86% at P12 (p<0.05, Supplementary Fig.S1C) 

indicative of enrichment for sphere-forming cells. This is further emphasized by the significant 

increase (Fig.2B) in cells expressing CD24hi/CD29hi from passage-1 (P1) to passage-9 (P9) 

(Supplementary Fig.S1D, FACS plot).

Compared to initiating passaging from unfractionated cells, a striking 4 fold increased 

(5,734±1,148 cells) number of CD24hi/CD29hi cells was generated after 7 passages (Fig.2C). 

Thus, a pronounced expansion of apparent salivary gland stem cells can be obtained with these 

Figure.2: (A) Percentage sphere-formation related to the number of passages (x-axis) of 
CD24hi/CD29hi cells. (B) Increase (p<0.05) in percentage of CD24hi/CD29hi cells deter-
mined by flow-cytometry in self-renewal passage-1 (P1) and passage-9 (P9). (C) Expan-
sion of CD24hi/CD29hi and unselected cells at different passages in self-renewal con-
ditions (two-way ANOVA; *=p<0.05,**=p<0.01,***p<0.001). (D) Photomicrograph 
showing single cell-derived ductal organoids from expanded cells at various passages 
(P1, P4, P6 and P11).  (E) Graph showing saliva (% of pre-irradiation, y-axis) at differ-
ent days post-irradiation from the irradiated, non-transplanted mice and mice transplant-
ed with different cell populations. (F) The box-whisker-plot shows recovery of saliva (as 
% of pre-irradiation values) in irradiated (15Gy) mice 90 days post-transplantation with 
primary sphere-derived CD24hi/CD29hi cells, Passage-2 or Passage-13 cells in compari-
son to irradiated, non-transplanted controls. Note the uniform response in all mice trans-
planted with passage-13 cells.  (*=p<0.01,**=p<0.001,***p<0.001, one way ANOVA). 
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optimized in vitro cultures. Such expansion may be a key element in the future therapeutic use of 

these cells to restore salivary gland function in patients included in prolonged (multiple weeks) 

radiotherapy regimens16.

To identify the genes contributing to the long-term self-renewal of salivary gland cells, 

genome-wide gene expression analysis was performed on primary sphere-derived CD24hi/CD29hi 

cells (P0) and CD24hi/CD29hi cells that were passaged 10 (P10) times. Gene expression analysis 

with a threshold of p value <0.0001 identified 229 probes that were differentially expressed be-

tween Passage-0 and Passage-10 CD24hi/CD29hi cells  (Supplementary Fig.S2A). Among these, 

13 genes were up regulated (>logFc 4.0) in Passage-10 compared to passage-0 cells indicating 

their enrichment during later passages. These include CCD3, PORCN, CAV1, SNCG, TRP63, 

CCND2, KRT5, LGALS7, SNAI2, NTRK2, GPR87, VSNL1, DST (Supplementary Fig.S2B). 

Pathway analysis on these genes identified their role in stem-cell maintenance related Wnt 

pathway17, cell cycle related p53 pathway, JAK stat and MAPK pathways in addition to others 

listed in table S1. These results suggest a potential contribution of multiple signaling pathways 

for stem-cell-maintenance during long-term self-renewal culture. However, extensive studies 

are needed to elucidate the exact role of these regulator genes/pathways for the salivary glands. 

To test whether these expanded long-term self-renewing cells retained salivary gland 

identity, spheres at passages 1, 4, 6 and 11 were subjected to differentiation conditions, which 

resulted in formation of ductal/lobular organoids (Fig.2D) indicating their multi-potential char-

acter. These results show that CD24hi/CD29hi cells have the ability to self-renew, expand and 

differentiate into salivary gland lineages in vitro.

 

3.3. in vivo regeneration potential of expanded salivary gland stem cells
Finally, we tested the potential of these cells to rescue radiation-induced hyposalivation 

in vivo. CD24hi/CD29hi/eGFP+ salivary gland-derived primary spheres, passage-2 spheres or 

passage-13 spheres were transplanted into submandibular glands (5000/gland) that were locally 

(15 Gy X-rays) irradiated. Saliva flow of all transplanted and irradiated, non-transplanted mice 

was measured at 60, 90, 120 days post-irradiation and is represented as % of pre-irradiation 

saliva flow rate (Fig.2E). Pilocarpine-stimulated salivary gland function improved in all treated 

groups Interestingly, mice transplanted with expanded cells recovered saliva flow to 46±2.11% 

of pre-irradiation values, which is extra-ordinary as only 2 (submandibular glands) out of 6 

(submandibular, parotid and sublingual glands) irradiated glands were transplanted. The recovery 
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after transplantation of passage-13 cells was more uniform in comparison to all other groups 

(Fig.2F), indicative of a more homogenous or more potent cell population. Recovery of glandular 

tissue was demonstrated by the improvement of general morphology (Supplementary Fig.S3A, 

HE) and re-appearance of functional acinar tissue that was characterized by aquaporin-5 acinar 

cell marker expression (Supplementary Fig.S3B, aquaporin-5). The histological improvement 

was observed in mice transplanted with expanded salivary gland stem cells, when compared to 

irradiated (IR), and non-irradiated controls. Extensive formation of donor-derived eGFP+ acinar 

cells was observed in recipient tissue (Supplementary Fig.S4) demonstrating the functional con-

tribution of donor cells to recovery of the gland. Together these data reveal that purification of 

CD24hi/CD29hi salivary gland stem cells and culturing of these cells in self-renewal conditions, 

extensively expands stem cells with pronounced potential to restore functionality in destroyed 

submandibular glands. However, it cannot be excluded that endogenous stem cells also take part in 

the recovery from damage as they may be stimulated by factors secreted by the transplanted cells.

4. DISCUSSION
In this study, we demonstrate the long-term in vitro maintenance and expansion of primary 

sphere-derived CD24hi/CD29hi cells. These cells retain their ability to self-renew, and remain 

fully functional in vitro and upon transplantation. In addition to our in vivo experiments, we have 

developed various short-term in vitro assays that were instrumental in characterizing the poten-

cy of candidate stem cell populations. Unlike mammary glands13, we did not observe separate 

subsets of CD24/CD29 expressing cells in primary spheres using flowcytometry. However, the 

in vitro sphere-formation and self-renewal assays did distinguish distinct subsets of CD24/CD29 

expressing cells. Similarly, in the organoid-formation or differentiation assay the population of 

progenitor cells (i.e. form lobular organoids) and stem cells (i.e. form both ductal and lobular 

organoids) can be characterized. The availability of these solid in vitro assays will allow screening 

of putative stem cell populations for their differentiation and self-renewal capacity.

The successful expansion and enrichment of salivary gland stem/progenitor cells as 

shown in this study is auxiliary and a prerequisite for the translation and establishment of stem 

cell therapy for patients with hyposalivation.

5. ACKNOWLEDGEMENTS
We thank L.V.Bystrykh for his valuable advice on microarray analysis, Ben.N.Giepmans 



80

Chapter 5

for collaboration with microscopy facility and K.Borgmann for chromosome analysis. We would 

like to acknowledge The Netherlands Organization for Health Research and Development (Zon-

MW-Grant nr. 11.600.1023), the Dutch government to the Netherlands Institute for Regenerative 

Medicine (NIRM, Grant No. FES0908), and Dutch Cancer Society (RUG2008-4022) for financial 

support of this project. Part of this work has been performed at the UMCG Microscopy and 

Imaging Center (UMIC), which is sponsored by NWO-grant 175-10-2009-023. 

6. SUPPLEMENTARY INFORMATION
 

6.1. Figure S1

Figure.S1: (A) Percentage sphere-formation as a function of the number of passages 
of CD24hi/CD29hi and CD24med/CD29hi cells. (B) Sphere-formation percentage (y-ax-
is) of primary sphere-derived CD24hi/CD29hi cells in minimal medium (MM) and en-
riched medium (EM) (t-test, p<0.005) (C) Percentage sphere-formation (y-axis) of 
CD24hi/CD29hi cells at passage-1 (P1) and passage-12 (P12) in EM. (D) Flow cytomet-
ric analysis of CD24hi/CD29hi cells in self-renewal conditions at different passages.



81

Purification and ex vivo expansion of salivary gland stem cells    

5

6.2. Figure S2

Figure.S2: (A) Picture showing enrichment (p<0.0001) 
of 229 probes from passage-0 to passage-10 CD24hi/
CD29hi cells and the pathways involving these 
genes is shown in graph (B) Graph showing expres-
sion of genes in passage-0 and passage-10 CD24hi/
CD29hi cells (average of 2 replicates each) that are in-
volved in the pathways mentioned in the manuscript.
Graph includes 2 probes for CCND2.
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6.3. Figure S3

Figure.S3:  Post-transplantation HE staining on SGs (A) showing recov-
ery of general morphology and aquaporin5 staining (B) showing recov-
ery of functional acinar (AC) tissue (arrows) in transplanted glands in compari-
son to irradiated, non-transplanted (IR) and non-irradiated (Control) SG tissue. 
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6.4. Figure S4
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ABSTRACT

Transplantation of salivary gland stem cells is an attractive option to treat reduced gland 

function. However, the optimal administration route needs to be determined. In mice, intra-glan-

dular transplantation of primary salisphere derived c-Kit+, CD133+ and CD24+ cells was shown 

to induce recovery of radiation-damaged salivary glands. Often, transplanted cells were found 

to integrate into the ducts, at a location where stem cells normally reside in the salivary gland. 

However, the observed non-uniform functional response after transplantation may be due to 

improper homing of the cells due to the intra-glandular injection. Therefore, the aim of this 

study is to investigate whether retrograde intra-ductal injection of stem cells can be used as an 

alternative method of transplantation into radiation damaged-salivary glands. This required the 

use of larger animal model, for which we used rats.

Dispersed rat salivary gland cells were cultured into primary salispheres. Salisphere 

derived cells were evaluated for expression of stem cell markers using flow cytometry, and for 

their differentiation and self-renewal potential. Putative stem/progenitor cells were retrogradely 

injected into ductal orifices of irradiated (15Gy) rat submandibular and parotid salivary glands 

and saliva flow rates were compared with intra-glandular transplantation. 

Stem cell markers such as c-Kit, CD29 and CD133 were expressed by cells of the ducts 

of rat salivary glands and in primary salispheres. Primary salisphere derived cells were able 

to form secondary spheres and were found to be able to self-renew for up to 4 passages. In 

addition, rat primary salispheres differentiated in vitro into organoids containing differentiated 

duct and acinar-like cells of salivary gland. Preliminary data show that retrograde injection of 

stem/progenitor cells did not improve post-irradiation salivary gland function when compared 

to intra-glandular injection. Therefore, retrograde intraductal injection of stem cells into the or-

ifices of main salivary gland duct does not seem to improve transplantation success. Alternative 

methods need to be tested to optimize transplantation of salivary gland stem cells for patients.
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1. INTRODUCTION
Hyposalivation, a severe reduction in saliva flow, may lead to xerostomia which is char-

acterized by symptoms such as dry mouth, dry nasal passages, sore throat, loss of oral hygiene, 

dental caries, oral candidiasis, loss of taste, difficulties with swallowing and speaking. Collec-

tively, these symptoms and lack of treatment options drastically reduce the patient’s quality of 

life. Stem cell therapy may be a future alternative to improve salivary gland (SG) function in 

these patients.

Recently, we showed that intra-glandular transplantation of murine primary-sphere 

derived c-Kit+, CD133+ and CD24+ cells can functionally rescue irradiated salivary glands 

(Chapter 2, 1).  However, an inhomogeneous response was observed, ranging from animals 

in which a complete functional recovery was apparent, to animals in which no response at all 

was seen. We speculate that this could be the result of poor homing (inappropriate deposition 

and lodging) of the transplanted cells to their niche, as it may be unavoidable using random 

intra-glandular injection of cells. 

The anatomical location, or habitat, of stem cells within a tissue is referred to as the 

“niche”. The niche is composed of different types of cells, which provide signals for stem cells 

to respond under physiological conditions or when the tissue is challenged 2 such as after damage 

to tissue.  Hence, it is well accepted that the niche has a major influence on stem cell function. 

Therefore, delivery of stem cells targeted to the tissue specific niche may be a critical determinant 

for successful stem cell transplantation. Considering the future prospects of salivary gland stem 

cell transplantation, an efficient and reproducible method that can deliver stem cells to their niche, 

or allowing stem cells to easily migrate towards the niche, may be necessary.  

The duct-ligation induced salivary gland damage model has been used to understand 

regeneration in SG. In this model, damage is inflicted by ligation of the main ducts, which leads 

to death and ultimately the disappearance of acinar cells, followed by a marked proliferation 

of residual ductal cells. Reopening of the ducts repopulates the lost acinar cells, a resultant of 

activation of stem/progenitor cells. Matsumoto et al 2007 3 showed that in a duct ligation damage 

model of SG, post-ligation proliferating (BrdU positive) cells were observed within the ducts of 

the SG. Moreover, they showed that these cells expressed known stem cell markers like CD29 

and c-Kit. This suggests that stem/progenitor cells in the ducts proliferate and reconstitute the 

lost acini as a response to the damage.  In agreement with this, the presence of CD133+, c-Kit+, 

CD24+ and CD49f+ cells in the intercalated (ID), striated (SD) and the larger excretory ducts 
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(ED) of SG, indicate that indeed stem/progenitor cells reside in the major ducts 1. These results 

collectively support the notion that the ducts contain the SG stem cells niche. The success of 

transplantation is most likely dependent on the location of injected cells and/or the capacity of 

the cells to migrate to their niche. Therefore, transplantation of stem/progenitor cells exactly 

into the ducts (the prospective niche) might provide better engraftment and subsequent homing, 

and may result in a more successful outcome. 

Retrograde injection is the method of injecting proteins, cells, drugs or genes against the 

flow of body fluids, for instance saliva flow 4, 5. In this case, the flow of saliva into the excretory 

ducts should be temporarily suppressed to allow for adhesion to the ducts and migration and 

integration into the tissue. This can be achieved, for instance, by Atropine, which is a competitive 

antagonist for the muscarinic acetylcholine receptor types M3, which is involved in the secretion 

of saliva by acinar cells. Subsequently the solution of interest (either viruses, proteins, drugs, or 

cells) can be intra-ductally injected. If feasible, there will be no need to surgically open the skin 

to access the glands as is required for intra-glandular injection, and thus reducing post-operative 

stress and complications.

Therefore, the aim of the current study is to investigate the potential of retrograde ductal 

injection as a method of salivary gland stem cell transplantation. 

The excretory duct of the parotid gland (Stenson’s duct) open in to the buccal mucosa 

(cheek of oral cavity) near the upper teeth, whereas the submandibular excretory duct (Whar-

ton’s duct) open underneath the tongue. Since the ductal openings are microscopically small, it 

is difficult to validate the method in mice, hence we performed this study in rats. However, no 

prior knowledge of stem/progenitor cells from rat SGs is available. Knowledge of the rat stem/

progenitor cells is a prerequisite before proceeding to in vivo experiments. Therefore, in this study 

we first tried to identify and characterize stem cells in rat submandibular and parotid glands and 

further cultured these cells into salispheres allowing the selection of stem cells. Subsequently, 

retrograde injection was tested using salisphere cells injected into irradiated salivary glands of 

rats, using saliva production as a functional read out of transplantation.
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2. MATERIALS AND METHODS
 

2.1. Animals

Wistar (WU) outbred rats were purchased from Harlan (The Netherlands) and Wistar 

Kyoto (WKY/NCrl) rats from Charles River (USA), respectively. Animals were fed ad libitum 

with food pellets (RMH-B, Hope farms B.V.,Woerden, The Netherlands) and water. All experi-

ments were approved by the Ethical Committee on animal testing of the University of Groningen. 

2.2.  Primary sphere culture 
Rats were sacrificed under anesthesia and submandibular and parotid glands were careful-

ly dissected and suspended into HBSS (Invitrogen) with 1% BSA. The glands were mechanically 

and enzymatically digested with Collagenase (23 mg/ml) and Hyaluronidase (40mg/ml) and 

Calcium chloride (50 mM) for 40 minutes at 37˚C incubation under gentle shaking conditions. 

The cell suspension was centrifuged at 400 g for 5 minutes and new HBSS 1% BSA buffer and 

enzymes were added followed by 40 minutes incubation at 37˚C. For submandibular gland cells, 

the resulting cell suspension was washed twice with HBSS 1% BSA and filtered through a 100 

µm filter and suspended into DMEM:F12 with EGF (20 ng/ml), FGF-2 (20 ng/ml), N2 (10 µl/

ml), Insulin (10 µg/ml) and Dexamethasone (1 µM). Parotid gland cells were suspended into 

Mammocult medium (Stem Cell technologies) with hydrocortisone (0.48 µg/ml) and heparin 

(0.0004%) mixed with proliferation medium (5 ml in 50 ml of Mammocult). 

2.3. in vitro secondary sphere-formation and self-renewal assay 
10,000 primary sphere-derived single unfractionated cells (live, unstained cells) were 

plated in 75 µl gel/well (50 µl matrigel + 25 µl cells in primary sphere medium) in a 12-well 

plate and were solidified for 10-15min at 37°C. After solidification, 1ml of enriched medium, 

EM (primary sphere medium + Rho-inhibitor, Y-27632) was added gently on top of the gels and 

incubated for 5-7 days in a 37°C incubator. Spheres that appeared (in 4-7 days) were counted 

per well and the percentage of sphere-forming cells per group was calculated. To test long-term 

self-renewal ability, these secondary spheres were passaged every 7-10 days. First, medium on 

top of gel was gently removed and 1ml of Dispase (1 mg/ml) was added directly to the gels and 

incubated for 1 hour at 37°C to dissociate the matrigel. This was followed by a washing step 

with PBS/0.2% bovine serum albumin and centrifugation at 400 G for 5 min. Pelleted spheres 
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were dissociated with 0.05% trypsin-EDTA and passed through 40 µm filter to filter out clumps 

to obtain single cells. Single cells obtained were counted and re-plated (10000 cells/well) for 

the next passage and this procedure was repeated at the end of every passage. 

2.4. in vitro differentiation/organoid-formation assay 
To test differentiation/organoid-formation ability of primary spheres, all spheres were 

collected after 3-4 days of culture and pelleted by centrifugation. Pelleted spheres were suspend-

ed into 10x DMEM (1/10th of total collagen) with collagen (40 collagen:60 matrigel) with 1M 

NaOH, necessary to solidify the gel. Later matrigel (at 4°C) was added and gently mixed for 

uniform distribution of spheres and plated immediately as 100 µl/well into a flat bottomed 96-

well plate and allowed to solidify for 15-20 min at 37°C. After solidification, 150 µl of primary 

sphere medium with KGF, R-spondin or Fetal Calf Serum (FCS) was added on top of each gel 

and incubated at 37°C. Spheres in each well were quantified and imaged every 2-3 days for the 

development of organoids.

2.5. Flow cytometry
After 3-4 days of culture primary salispheres were evaluated. Spheres were centrifuged 

at 400 g for 5 minutes to pellet them, 1 ml trypsin was added to the pellet and incubated for 

10-20 minutes, and the cell suspension was passed through 50 µM filters using a 5 ml syringe 

(with 25G needle) to obtain a single cell suspension. Subsequently, the cells were centrifuged at 

400g for 5 minutes and single cells in the pellet were carefully resuspended into PBS/0.2%BSA, 

and stained with fluorescent-labeled antibodies like CD24, CD117. Stained cells were washed 

with PBS/0.2%BSA and measured on LSR-II (BD biosciences) for positive staining or sorted 

on Moflo® Astrios (Beckman Coulter) for living cells. Propidium Iodide (1 µg/ml) was used to 

detect dead cells.

Anti-CD117 (c-Kit) antibody was custom designed and developed with Eurogentec.  

Peptide sequence of the epitope of rat c-Kit molecule was determined (GEDYVKSDNQSNIR). 

The antibody was raised in guinea pig against this pre-designed peptide sequence of the rat c-Kit 

molecule. Thus produced antibody was tested on rat salivary gland tissue using immunohisto-

chemical staining procedure.
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2.6. Immunohistochemistry
Rats were sacrificed under anesthesia and submandibular and parotid glands were care-

fully dissected without contamination from other organs and fat. In order to perform immuno-

histochemical staining, both the extirpated glands were incubated for 30 h at room temperature 

in 4% buffered formaldehyde. Following dehydration, the tissue was embedded in paraffin and 

sliced into 5 µm sections. The sections were dewaxed and labeled for the following markers: 

CD117/c-Kit, CD24 (Santa Cruz, sc7034), CD133 (abcam, ab19898), Cytokeratin (CK) 18 (ab-

cam, ab668), PCNA (Dako Cytomation, MO879), Aquaporin5 (abcam, ab85905) and α-smooth 

muscle actin (SMA, Sigma A2547). Visualization for bright field microscopy was accomplished 

by adding specific secondary biotin carrying antibodies, an avidin-biotin-horse radish peroxi-

dase complex (Vectastain ABC) and the diaminobenzidine (Impact DAB) chromogen. Nuclear 

counterstaining was performed with hematoxylin. Control sections without primary antibodies 

did not show positive immunostaining. 

2.7. Irradiation and saliva collection
Submandibular and Parotid glands of rats (9-11 week old) were irradiated with a single 

dose of 15Gy (Precision X-ray Inc. – X-rad 320, 200kV, 20mA, 1.843Gy/min). This dose is 

known to induce hyposalivation without compromising the general health of the animals6. Pi-

locarpine injection (2.5 mg/kg, s.c.) was given to animals under anesthesia and saliva flow rate 

was determined every 30 days post-irradiation. Vacuum pump connected miniaturized Lashley 

cups were placed on the opening of duct (cheek-parotid gland; under tongue-submandibular) and 

saliva was collected for 30 min (for Parotid gland with second pilocarpine injection) and 15 min 

(for submandibular gland) and the quantity was determined gravimetrically 7, assuming density 

of 1 g/ml for saliva. Since the parotid gland ducts open into left and right cheek separately, saliva 

was collected separately from these two. Percentage flow rate of saliva of an animal is calculated 

by denoting the pre-irradiation saliva as 100%. The principle behind this functional assay is that 

the in vivo regeneration is the most rigorous test for stem cell function.

2.8. Transplantation 
Primary sphere (salispheres) derived single cells from both submandibular and parotid 

gland were transplanted without further manipulation, or were sorted to select PI negative cells 

(referred to as “viable” from now on (50,000-70,000/gland), or were sorted based on c-Kit+ 
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expression (5000-7000 cells/gland). Sorted cells were suspended into α-mem with 2% FCS with 

total volume of  200 µl/gland for retrograde and 25–50 µl/gland for intra-glandular transplantation. 

Thirty days post-irradiation two groups of animals were transplanted with retrograde and in-

tra-glandular method of transplantation individually. Cell suspension was injected intra-glandular 

into each gland with a micro-syringe and needles (Hamilton 7803-02) and the skin was sutured. 

For retrograde injection 125-150 µl of cell suspension was injected into the duct openings of the 

parotid (in the cheek) or submandibular (under the tongue) gland. Animals were administered 

with analgesic immediately following surgery

3. RESULTS 

3.1. Isolation of rat salivary gland stem/progniroer cells using in vitro salisphere 
cultures

To isolate and culture stem/progenitor cells from the rat salivary glands we developed an 

in vitro floating sphere culture method. The method is schematically shown in Fig.1A.

Figure.1: (A) Dia-
grammatic represen-
tation of isolation of 
stem/progenitor cells 
from rat submandib-
ular and parotid gland 
tissue. (B) Pictures of 
primary spheres from 
submandibular and 
parotid gland tissue 
in culture from 0 to 
6 days in culture. (C) 
Quantification of pri-
mary spheres obtained 
per mg of subman-
dibular (SUB) and 
parotid gland tissue 
(PAR) (D) anti-BrdU 
staining on primary 
spheres showing nu-
clei positive for BrdU.
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Extirpated parotid and submandibular glands were individually subjected to mechanical 

and enzymatic digestion using hyaluronidase and collagenase. Due to the high endogenous 

enzyme content of parotid gland, it was difficult to obtain sufficient viable cells. Therefore dif-

ferent concentration of enzymes, at various times of digestion, culture medium were tested and 

optimized for parotid gland (see methods). The resultant cell suspension was filtered to remove 

clumps and was suspended into DMEM:F12 with growth factors (submandibular gland) and 

Mammocult medium with growth factors (parotid gland) and incubated at 37˚C. Three days 

after initiation of the culture, round spheroid structures were observed which closely resemble 

the primary spheres obtained from murine and human salivary gland cell cultures. In rats, both 

submandibular (Fig.1B, submandibular) and parotid (Fig.1B, parotid) gland could be cultured 

as salispheres.

Quantification of these salispheres yielded 116 ± 16 spheres/mg tissue of submandibular 

gland and 122 ± 12 spheres/mg tissue of parotid gland (Fig.2A). BrdU labeling indicated the 

existence of proliferating cells in these spheres (Fig.2B). The morphology of these spheres seems 

similar to that of murine primary spheres 8.

3.2. Characterization of rat salivary gland stem cells
Next, rat salivary gland tissue and primary spheres were tested for the presence of stem/

progenitor cells, based on expression of known stem cell markers.  First, submandibular and 

parotid gland tissues were immunohistochemically stained for c-Kit, CD133 and CD24.  

Since rat specific antibodies were not available, we have used anti-mouse antibodies 

for CD133 and CD24. For c-Kit, we have developed a custom-designed antibody specific for 

rat (see methods) for this study. Indeed, cells in the striated (SD) and excretory duct (ED) cells 

Figure.2: (A) quantification of primary spheres obtained per mg 
of submandibular and parotid gland tissue (B) anti-BrdU stain-
ing on primary spheres showing nuclei positive for BrdU (green).
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of the submandibular gland tissue (Fig.3A, submandibular) stained positive for c-kit (CD117), 

CD133 and CD24 markers. Similar expression of c-Kit was observed predominantly in duct 

cells of parotid gland tissue (Fig.3A, parotid). 

17), 83.9 ± 10.4% express CD29, 1.0 ± 1.4% express CD133, and 0.6 ± 0.6% express CD24 

(Fig.4A, submandibular), whereas 5.3 ± 5.1% of parotid gland spheres express c-Kit/CD117 and 

74.8 ± 10.7% express CD29 (Fig.4A, parotid). 

These results suggest the presence of putative stem cells in the epithelial ducts of both 

submandibular and parotid glands, as well as in cultured primary spheres.

Figure.3: (A) Pictures of submandibular and parot-
id gland tissue showing positive staining for c-Kit, 
CD24 and CD133 in the duct cells of the gland; 
and parotid gland tissue showing positive stain-
ing for c-Kit in the duct cells. (Scale bars 50 µm).

Regretfully, the serous 

enzymatic content of the parotid 

gland created substantial back-

ground staining, making it impos-

sible to reliably detect the presence 

of CD133 and CD24. These results 

indicate the presence of putative 

epithelial stem/progenitor cells in 

the rat salivary gland ducts, which 

is in agreement with observations 

in mouse (Chapter 2, this thesis  9) 

and human tissue 10.

To evaluate the presence 

of putative stem cells in primary 

spheres obtained from rat, salivary 

gland tissue was enzymatically dis-

persed to single cells, and stained 

with fluorescently labeled anti-

bodies specific to c-Kit (CD117), 

CD133 and CD24. Flow cytometry 

showed that 2.9 ± 1.7% of primary 

sphere-derived cells from subman-

dibular gland express c-Kit (CD1-
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3.3.  Rat primary spheres can differentiate in vitro 
The ability of stem/progenitor cells to differentiate into the tissue of origin is an indicator 

of their stemness. To test whether primary sphere cells have any differentiation potential, both 

submandibular and parotid gland primary spheres were placed into 3D matrix (collagen:matri-

gel; 1:1) and supplemented with primary sphere culture medium containing factors that induce 

differentiation (see methods). Primary spheres from both submandibular and parotid glands 

underwent massive morphological changes in 4-25 days (Fig.5A) and developed long tubular 

extensions (similar to ducts of salivary gland). We refer to these structures as organoids.

To visualize the general morphology and assess the expression of salivary gland dif-

ferentiation markers, organoids were embedded in paraffin, cut into 5 μm sections and stained 

with H&E and processed for immunohistochemistry (IHC). HE staining (Fig.5B) determined 

the cellular organization in the organoids and revealed lumen formation (arrows), indicating the 

presence of ducts. IHC showed cells expressing PCNA, indicating the proliferative nature of the 

organoids, cells expressing Cytokeratin18 (a duct cell marker) and cells expressing Aquaporin5 

(an acinar cell marker) (Fig.5B).

These results show that primary spheres derived from the submandibular and parotid 

glands are able to form organoids that proliferate and contain differentiated duct and acinar-like 

cells of the salivary gland, indicating the presence of putative stem cells in the salispheres.

Figure.4: (A) Flowcytometry plots showing expression of c-Kit, CD29, CD133 and CD24 in 
submandibular and parotid gland derived primary sphere cells.
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3.4.  Rat primary spheres can self-renew in vitro 
Stem cells have to be able to self-renew to maintain their progeny throughout the life time 

of an organism. As previously described for murine salivary gland (Chapter 4, this thesis), the 

ability of single cells derived from primary-sphere to grow into secondary spheres is a measure 

of the self-renewal potential of putative stem cells in vitro. Therefore, submandibular and parotid 

gland derived primary spheres were tested for their self-renewal potential.

Figure.5: (A) Photomicrographs of developing organoids in culture from 4-8 days (D8) 
to 21-27 days from submandibular and parotid gland derived primary spheres. Gradu-
al morphological changes can be observed along the days of culturing. (B) Pictures of pri-
mary sphere derived organoids that are embedded in paraffin and sectioned for immu-
nostaining. HE staining showing (HE) cellular organization in the organoids, and lumen 
formation (arrows) that is indicative of presence of duct cells. Staining for PCNA pos-
itive cells indicative of proliferative nature of the organoids (PCNA). Staining for dif-
ferentiated cells in the organoids identified cells positive for Cytokeratin18 (duct cell 
marker) and to an extent positive for Aquaporin5 (acinar cell marker). Scale bar 50µm
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Primary spheres from both parotid and submandibular glands were cultured for 3 (D3) 

and 6 days (D6) and were subsequently enzymatically dissociated into single cells, seeded 

into matrigel (10000 cells/well). To allow secondary sphere formation primary sphere culture 

medium  is added that is enriched with Rho-inhibitor (Y-27632) known to protect cells from 

dissociation-induced apoptosis 11. 

Seven to ten days after seeding, secondary spheres developed from single primary cells. 

Both submandibular and parotid gland derived day 3 (D3) primary sphere cells formed higher 

number of secondary spheres in comparison to day 6 primary sphere cells (Fig.6A, submandib-

ular, parotid). This suggests that culturing of relatively older spheres (6 days) does not enhance 

sphere-formation, but rather reduces this ability presumably because of differentiation into more 

committed cell types under these conditions.

Further, to test their long-term self-renewal, secondary spheres were enzymatically 

dispersed into single cells and re-plated. This procedure was repeated for several passages. Rat 

submandibular and parotid sphere cells were shown to be able to self-renew for at least 4 passages 

(Fig.6B), albeit with declining efficiency. These results indicate that primary spheres from both 

submandibular and parotid glands contain cell capable of self-renewing to some extent. Highest 

secondary sphere forming potential was present in spheres that had been cultured for 3 days 

(D3). The in vitro culture conditions need to be optimized to facilitate prolonged self-renewal 

as established for murine salivary glands (Chapter 4).

Figure.6: (A) Graph showing % of secondary sphere formation (y-axis) of submandibular 
and parotid gland derived 3 days (D3) and 6 days (D6) old primary sphere cells. (B) Graph 
showing % sphere-formation (y-axis) during self-renewal of submandibular and parotid gland 
derived 3 days (D3) and 6 days (D6) old primary sphere cells. Passage number on x-axis.  

A                                                                                

 
                         

                     Submandibular             Parotid

B                                                                                
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3.5.  Retrograde method of salivary gland injection in vivo 
The larger ducts (Stenson’s duct) of parotid gland open into the buccal mucosa, whereas 

excretory ducts from the submandibular glands (Wharton’s duct) are underneath the tongue (Fig 

5A). To establish retrograde/intra-ductal injection as a method to transplant salivary gland stem 

cells, first the technique itself needed to be tested in our rat model. To visualize the technical 

success of injection, first, Indian ink in PBS was injected retrogradely into both parotid and 

submandibular duct openings (Fig.7A). Fig.7B shows that the injected ink was widely dispersed 

throughout the gland. To further visualize the distribution of injected fluid, indian ink injected 

gland were stained with HE. Indeed, these sections showed distribution of injected ink at various 

places (Fig.7C) along the path of ducts, indicative of successful retrograde injection. This method 

shows the delivery but not the potential migration of transplanted cells.

3.6.  Functional activity of salivary glands after retrograde injection of stem/
progenitor cells

To test the ability of retrogradely injected stem cells to rescue hyposalivation, we have 

delivered primary sphere-derived single cells into rats with radiation-damaged (15Gy) salivary 

Figure.7: (A) Photomicrographs of oral cavity of rats showing parotid and submandibular 
gland ductal openings (arrow, circle). (B) Pictures of parotid gland of rat that received in-
dian ink via retrograde/intra-ductal injection for a technical validation. (C) HE stained pic-
tures of the same showing distribution of injected ink near/via ducts of the parotid gland.
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glands, and compared that with direct intraglandular injections, as performed previously in 

mice. Viable male and/or female rat primary sphere-derived (50,000-70,000 PI negative cells/

gland) and c-Kit+ (7,000 cells/gland) cells were sorted, labeled with cell membrane tracker dye 

(PKH26 –red) and injected into locally irradiated (15Gy, X-rays) rat salivary glands. Saliva flow 

and gland weight were measured 360 days after irradiation. 

After 90 days intra-ductally transplanted tissues were sectioned to visualize the fate of 

transplanted cells. PKH26 positive cells were seen at various sites in the gland (Fig.8A, site of 

injection) in clusters, and as individual cells dispersed at various places, confirming that the 

injected cells were able to localize and proliferate into the gland. 

After 360 days of retrograde transplantation, parotid glands showed some increase in 

gland weight when compared to the irradiated non-transplanted glands (Fig.8B, Parotid). How-

ever, submandibular glands did not show any improvement in gland weight, with retrograde 

Figure.8: (A) Photomicrographs of salivary glands of rats, showing cell track-
er labeled (PKH positive, red) cells at the site of injection and their distri-
bution over different places in the gland. Nuclei (DAPI) counter stained. 
Graphs showing weight of irradiated (B) parotid and (C), submandibular glands 
360 days post-irradiation, mg of tissue on y-axis. Weight of irradiated non-trans-
planted parotid gland is 155±7 mg and submandibular gland is 97±1 mg.
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method of cell delivery (Fig.8B, Submandibular). 

very can be induced by retrograde transplantation with live and c-kit+ cells. 

4. DISCUSSION
In the current study retrograde/intra-ductal injection as an alternative to intra-glandular 

injection of salivary gland stem/progenitor cells was investigated.  We found that, similar to mouse 

and human tissue, CD24+, CD133+ and c-Kit+ cells can be detected in the striated and excretory 

ducts of the rat salivary glands. We successfully established isolation and culture methods of rat 

salivary gland cells. Rat salispheres were found to contain cells that express CD24, CD133 and 

c-kit and are able to self-renew for 4 or more passages in vitro, and can differentiate into at least 

some major salivary gland cell types suggesting stem/progenitor potential.

When transplanted via retrograde injection into irradiated rat salivary glands, salisphere 

cells (with or without enrichment for cells expressing specific cell surface markers) induced an 

increase in parotid gland weight and some recovery of saliva flow from submandibular and parotid 

glands. However, in these preliminary experiments the extent of recovery for both methods was 

Figure.9: Graphs showing saliva (% of pre-ir-
radiation, y-axis) from (D) parotid and (E) sub-
mandibular glands 360 days post-irradiation

As expected, a drop in 

parotid and submandibular sa-

liva production was seen after 

irradiation. Retrograde trans-

plantation with live (viable PI 

negative) or c-Kit+ cells induced 

a recovery in saliva production 

in the parotid gland when com-

pared to intra-glandular trans-

planted animals (Fig 9A and 

B). Transplanted submandib-

ular glands also showed some 

recovery but no significance 

difference between the two 

transplantation methods could 

be observed. These preliminary 

results indicate that some recov-
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similar, rendering it difficult to suggest that retrograde injection of stem cells is more efficient 

than intra-glandular injection.

Intra-ductal injection of viral-mediated gene transfer and nano-particle mediated siRNA12 

transfer has been shown to be successful in salivary gland. We hypothesized that intra-ductal 

injection of stem/progenitor cells should facilitate higher affinity of stem cells to localize in the 

larger ducts compared to intra-glandular injection. However, intra-ductal transplantation of stem 

cells was not more successful than intra-glandular injection. This could be due to flushing out/

release of cells early after injection. Cells require adhesion to ductal cells and further migration 

and/or integration into the tissue. It is plausible that cells need more time for integration into the 

tissue and are removed from the gland by resumption of saliva flow before they can properly 

integrate. Moreover, irradiation of salivary glands might have an effect on the excretory ducts 

that hinders the homing of transplanted stem cells. It needs to be further investigated whether 

the homing of transplanted salivary gland cells can be optimized.

Therefore, alternative methods of transplantation, including echo-guided injection or 

retrograde endoscopy-guided injection, need to be tested for the transplantation of stem cells in 

patients. The small size of the oral cavity in rats makes it difficult to test these methods, therefore, 

this need to be tested in a relatively bigger animal model (such as rabbits or pig). Unfortunately, 

salivary glands stem cells have not been investigated in these animals and the lack of proper 

culture media and antibodies may delay such studies.

The findings from this study, such as isolation and culturing of rat primary spheres from 

both submandibular and parotid glands, in vitro self-renewal and differentiation of primary 

spheres and radiation-damaged model of rat salivary glands, will be instrumental in deciphering 

fundamental and translation studies in rat salivary gland biology.
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1. SUMMARY

Salivary glands of head and neck cancer patients undergoing radiotherapy are often in 

the field of irradiation, which is often unavaoidable. As a result these patients often suffer from 

symptoms related to salivary dysfunction. This radiation damage persists life-long and thus, 

impairs the function of salivary gland irreversibly. Currently no adequate treatments are avail-

able to restore radiation-damaged salivary glands. Stem cell therapy is one alternate to rescue 

these patients from hyposalivation. To achieve this, first, stem cells of salivary glands need to 

be identified and characterized. In this thesis, we studied the rodent salivary glands with the 

aim of identifying stem cells, develop assays to characterize them, and unravel their potential 

to rescue hyposalivation.

1.1. Identification of putative stem cells of salivary gland
In most tissues, stem cells are distinguished from differentiated cells by their quiescent 

nature, ability to self-renew, differentiate and localized in a specialized niche. Adult stem cells 

can be identified using several approaches, characteristic and unique for each specific tissue type. 

In a tissue with extensive proliferation like skin and bone marrow, non-proliferative/quiescent 

stem cells can be distinguished by their ability to retain DNA/membrane specific label, whereas 

this label is diluted upon cell division in proliferating cells1. For the mouse intestine two differ-

ent stem cells have been suggested, being Lgr5+ at the bottom of the crypt2 and Bmi1+ cells3 at 

position four of the crypt. Later, Yan Kelley et al 20123 confirmed using label-retaining strategy 

that Lgr5+ cells marks mitotically active, Wnt sensitive intestinal stem cells (ISC´s) whereas 

Bmi1+ cells marks the quiescent stem cells that are insensitive to Wnt signals, with concomitant 

resistance to high-dose of radiation. In other tissues, like mammary gland and prostate gland, 

a cell surface marker based approach was used to identify candidate stem cells revealing that 

CD24, CD29 and/or CD49f positive cell population contain stem cells4, 5. 

In this thesis, a surface marker based approach was implemented for the identification 

of murine salivary gland stem cells. A previous study6 has shown that salivary gland stem/

progenitor cells can be cultured into salispheres (primary spheres). This study suggested that 

salisphere derived c-Kit-expressing cells are potential candidate stem cells due to their ability 

to rescue hyposalivation to some extent. 

In Chapter 2 we tested whether some known glandular stem cell markers like c-Kit, 

CD24, CD133 and CD49f expressing cells possess salivary gland stem/progenitor characteristics.
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In this chapter, it is described that culturing salivary gland cells into primary spheres enriches for 

cells expressing these stem cell markers. In order to identify the most potent stem cell, c-Kit+, 

CD24+/CD29+, CD133+ and CD49f+ putative stem cells needed to be tested for their stemness. 

However, the lack of in vitro or in vivo assays to test functionality of the putative stem cells de-

layed the progress in salivary gland stem cell identification in general. Therefore, as a first step, 

to test putative stem cell candidates we have optimized the in vivo model of radiation-induced 

hyposalivation, which had been developed earlier6. In this model, salivary glands of mice are 

irradiated using X-rays (15Gy) inducing hyposalivation to mimic the situation in patients. One 

month later, GFP-donor derived putative stem cell populations were transplanted via intra-glan-

dular injection. Pre-irradiation and 1, 2 and 3 months post-transplantation saliva flow was mea-

sured as a functional read-out of transplantation, and was assumed to reflect tissue regeneration. 

In Chapter 2, to identify the regenerative potential of murine primary sphere-derived CD24+, 

CD133+, CD49f+ and CD24+/CD29+cells, they were transplanted into the irradiated salivary 

glands of mice. Saliva measurement post-transplantation revealed that mice transplanted with 

10,000 CD24+/CD29+ cells showed an improved salivary gland function compared to the irra-

diated non-transplanted mice and mice that were transplanted with 10,000 CD133+ and 134,000 

CD49f+ cells. The fact that only 10,000 CD24+/CD29+ cells were able to resolve hyposaliva-

tion suggests the existence of potent stem cells in this population. Moreover, it is unlikely that 

CD133+ and CD49f+ cells contain stem cells in reasonable numbers, since transplantation of 

either similar number of CD133+ cells or higher numbers CD49f+ cells did not sufficiently 

recover hyposalivation. 

1.2. Stem cell transplantation
The primary goal of stem cell transplantation is to restore the function of a damaged tissue 

by adding new differentiated/functional cells and/or cells that can produce sufficient numbers 

of functional cells over an extended period of time. Maintenance of epithelial cells in a healthy 

tissue is dependent on the neighboring endothelial cells, blood vessels, neuronal innervation, 

and supply of nutrients and growth factors necessary for communication between different cells. 

Radiation influences many of these, thereby creating a disturbance in the homeostasis and to 

functional deterioration of the organ itself7. Hence, during stem cell transplantation, it is important 

to evaluate the effect of stem cell transplantation on the recipient tissue´s homeostasis. There-

fore, in Chapter 3 the effect of transplantation on salivary gland homeostasis was investigated. 
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Earlier reports showed that stem cell transplantation into irradiation-damaged salivary glands 

rescues functional acinar tissue6. First we confirmed that transplantation of either c-Kit+ cells, or 

subpopulations of c-kit+ cells can recover radiation-induced hyposalivation. Moreover, further 

analysis of the general morphology showed the formation of new donor-derived duct cells with 

the restoration of the number of stem cell marker expressing cells indicative of potential recov-

ery of glandular homeostasis. Interestingly, post-transplantation murine salivary glands showed 

less fibrosis, less inflammation and a normalized vasculature all indicative of a more healthy 

tissue8. These results support the fact that stem cells recover tissue homeostasis necessary for 

the long-term functional recovery and maintenance of the damaged tissue.  At this moment, it 

remains unclear whether the transplanted stem cells are solely responsible for this effect or that 

cytokine signals (released by stem cell or accessory cells) induce endogenous stimulation of 

homeostasis regulatory pathways. Preliminary data point to the latter.

So far we have shown that using an in vivo mouse model of radiation-induced hyposaliva-

tion, putative stem cell candidates can be tested for their regeneration potential (Chapter 2). 

Further transplanted tissues can be analyzed (Chapter 3) for the extent of recovery obtained. 

However, this procedure involves large numbers of animals and takes months. Also, it does not 

show extended self-renewal, necessary to determine the long-term regenerative potential of the 

transplanted tissue. Short-term in vitro assays that can screen a library of conditions would be 

instrumental to accelerate the identification of adult stem cells, assess self-renewal potential 

and induce expansion.

1.3. Methods to screen stem candidates in vitro
In the field of stem cell biology, the gold standard test for the identification of stem 

cells is to test for their regenerative/repair potential in vivo. However, as mentioned above this 

has certain constrains. Hence, in this thesis we also aimed to develop short-term in vitro assays 

that could provide quantitative information on a test population of cells, and would enable 

pre-screening of candidates before proceeding in vivo. This way one of the 3R’s – reduction in 

number of animals, according to the ethics of animal experiments can be very well satisfied.

In Chapter 4, we demonstrated self-renewal and differentiation of putative stem cells 

using in vitro assays. First, we isolated single cells from primary spheres and seeded them into 

matrigel-based matrix. This allowed the assessment of single cell self-renewal potential mea-

sured as ability to form secondary spheres. Our results showed that CD24+ and CD49f+ cells 
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had a higher sphere-forming potential when compared to unfractionated, CD133+ and c-Kit+ 

cells. Next, we dissociated the secondary spheres into single cells and serial re-plated them to 

form tertiary, quaternary, etc. spheres. This procedure allows quantification of and selection for 

sphere-formation ability as a measure of self-renewal potential. Using this assay, cells expressing 

c-Kit+, CD24+, CD133+ and CD49f+ could be kept in self-renewing conditions for >5-passages. 

The CD24+ and CD49f+ cells showed higher-sphere forming potential. This suggests that the 

population of cells expressing CD24 and CD49f contain more cells capable of self-renewing stem/

progenitor cells of salivary gland. Further testing of CD24+ and CD49f+ cells for differentiation 

potential might characterize these cells better. 

To maintain/repair a damaged tissue, adult stem cells need to be able to differentiate 

into all cell types of the tissue of origin. Therefore, to investigate the differentiation potential 

of putative stem cells, we have seeded single cell-derived secondary spheres under differentia-

tion-inducing conditions in vitro (Chapter 4). This method required substantial optimization, but 

finally we were able to obtain structures resembling salivary gland morphology. It was shown that 

spheres can undergo tremendous morphological changes from a spheroid shape to 3-dimensional 

structures, generally referred to as organoids (or mini-glands) that are made up of either long 

tubular extensions (ductal organoids) or compact lobule like structures (lobular organoids). Con-

focal imaging, immunohistochemical and gene-expression analysis on these organoids showed 

the existence of differentiated salivary gland cells from all lineages. Different cell populations 

were characterized for their potential to form organoids. Among the tested candidates, unfrac-

tionated cells and CD24+ cells showed relatively higher organoid-forming (or differentiation) 

ability. This suggests that unfractionated and CD24+ cells contain stem/progenitor cells that are 

capable of differentiating into salivary gland cell types, and may therefore be considered suitable 

candidates to test in vivo for their ability to can recover hyposalivation. 

In Chapter 2, we showed that among stem cell candidates tested in vivo, c-Kit+ and 

CD133+ cells showed some functional recovery. CD24+ cells showed significant higher recovery 

when combined with CD29, whereas CD49f+ cells did not show any recovery. Using the same 

candidates from Chapter 2, here we tested whether the in vitro assays from Chapter 4 will identify 

similar differences between the candidate stem cells. 

In vitro experiments revealed that CD49f+ cells although possessing some self-renewal, 

failed to show significant differentiation (Fig.6, Chapter 4), which is in agreement with in vivo 

study that these cells could not differentiate into acinar cells in vivo thereby not showing any 



108

Chapter 7

functional recovery (Fig.4, Chapter 2). Moreover, CD24+ cells were able to both self-renew and 

differentiate, characteristic of stem cells (Fig.6, Chapter 4). This is in line with the in vivo data 

indicating significant recovery when co-selected with another marker being CD29 (Fig.4, Chapter 

2). These results suggest that, in vitro assays developed in this chapter can be used to measure 

the stem cell activity of individual cells from their ability to self-renew and differentiate. This 

striking outcome related in vivo results with the in vitro studies, thereby confirming that in vitro 

assays described in Chapter 4, may help us to better understand and characterize a particular 

population of putative salivary gland stem cells.

In conclusion, the assays described in this thesis not only provide a quick, reliable 

screening method for stem cell candidates, but also open wide applications (see future perspec-

tives) for deeper understanding of salivary gland stem cells. Therefore, the development of these 

short-term in vitro assays being confirmable with in vivo regeneration assays can be considered 

breakthrough in the field salivary gland stem cell biology.

1.4. Expansion of adult stem/progenitor cells
Since CD24 was identified as a potential stem cell marker in Chapter 4, we utilized its 

expression in combination with CD29, in analogy with the mammary gland, to search for even 

more potent populations. Though CD24/CD29 positive cells seem to contain stem-like cells 

(Chapter 2), it is unlikely that all these cells are stem cells of the gland warranting enrichment. 

Therefore, in Chapter 5, using flow cytometry analysis we were able to identify four subsets 

within CD24/CD29 cell population namely CD24hi/CD29lo, CD24hi/CD29hi, CD24med/CD29hi 

and CD24lo/CD29hicells. These subsets are not as easily distinguishable as in mammary gland 

in flow cytometric analysis. Therefore we used an arbitrary gating-strategy to isolate these cells 

as separate subsets. 

Once isolated as single cells, the four subsets were tested using the in vitro assays de-

scribed in Chapter 4, for their self-renewal and differentiation potential (Chapter 5). The results 

showed that CD24hi/CD29hi cells have a significantly higher secondary sphere-forming ability 

(2.5±0.68%), and were able to self-renew for >5-passages, whereas CD24med/CD29hi cells 

could not be maintained for more than 4-passages. Interestingly,  CD24med/CD29hi cells were 

able to form only ductal organoids, whereas CD24hi/CD29hi cells formed organoids containing 

both duct and acinar cells, indicating their multi-lineage differentiation potential. These results 

established CD24hi/CD29hi cells as the population containing the most potent stem cells in in 
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vitro self-renewal and differentiation.  

The limited availability of patient-biopsy material, and the very low number of potential 

stem cells that can be obtained from it, puts a halt on the progress in the research on human 

salivary gland stem cells. Therefore, it could be of eminent importance to find strategies that can 

expand patient biopsy-derived cells to obtain sufficient numbers of cells of high quality for autol-

ogous stem cell transplantation for patient treatment and scientific research. However, expansion 

of functional stem cells is one of the major challenges in the field of adult stem cell biology.

Hence, in this thesis we tested whether the CD24hi/CD29hi cells could be expanded and, most 

importantly, would remain functional after such in vitro expansion. After culturing of primary 

sphere-derived CD24hi/CD29hi cells for more than 7-passages a very substantial expansion was 

observed when compared to unselected cells (Chapter 5). More strikingly, when the expanded 

cells were transplanted into radiation-damaged salivary glands, they were able to rescue hypos-

alivation very consistently and to a significantly higher level than any cell type with the same 

cellular dose tested in this thesis. Mice transplanted with cells from late passages (passage-13) 

showed an increased and more homogeneous recovery of saliva production, than those transplant-

ed with early passage cells (passage-2). This indicates that serial passaging of CD24hi/CD29hi  

cells not only increased sphere-forming cells but also enriched for functional stem cells able to 

reconstitute irradiated salivary glands. 

In order to understand the signaling pathways involved in the enrichment of stem cells in 

culture, we performed genome wide gene expression analysis on these cells. Results suggested 

the potential role of Wnt and Hedgehog signaling pathways, which were known to be associated 

with regulation of stem cells in other adult tissues. However, individual genes involved in each 

pathway need to be tested to confirm their regulatory effect on stem cell enrichment during 

culturing (see future perspectives). Confirmation of the involvement of these pathways in the 

process of self-renewal and expansion could lead to approaches that manipulate these pathways 

and benefit to their clinical application.

1.5. Method of stem cell transplantation
We developed a rat animal model that enables us to investigate other important aspects 

of clinical transplantation. For example, to study the feasibility of stem cell transplantation in a 

larger animal and to develop a better, potentially more convenient delivery of stem cells to the 

patients. The advantage of this model is that we have access to both submandibular and parotid 
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salivary glands (like in humans) and can test the method of retrograde ductal injection of stem 

cells potentially a clinical preferred way to transplant stem cells in patients.

First, we needed to isolate stem/progenitor cells from the rat salivary glands. Although 

murine primary sphere medium can successfully be used to culture submandibular gland stem 

cells, it might not suitable for culturing parotid glands of rats. So, in Chapter 6 we optimized 

the culture medium and established culturing of salispheres from rat parotid and submandibular 

glands similar to those of mice. In addition, we showed that both parotid and submandibular 

gland primary spheres contain cells capable of self-renewal and differentiation. Further, we tested 

for the expression of stem cell markers in the rat salivary glands using immunohistochemistry 

and derived primary spheres from flow-sorted cells. Results showed that, similar to mice, CD24, 

CD133 and c-Kit markers are expressed in rat salivary gland duct cells and cells with these 

markers are enriched in cultured rat salispheres. This is in agreement with findings from mice 

that stem/progenitor marker expressing cells are indeed localized in the major ducts and can be 

isolated from salisphere cultures.

We know from murine in vivo studies that intra-glandular transplantation of stem cells 

can rescue hyposalivation. However, it does not result in uniform delivery of cells in the correct 

anatomical location in all situations. In patients, an intra-glandular method of transplantation 

might not be ideal due to the complexity of the gland and the necessary surgical procedure. How-

ever, parotic and submandibular gland ducts open directly into the oral cavity as small openings 

in the cheek and below the tongue. These are easily assessable through the mouth. Since the 

ducts are suggested to be the niche for the stem cells, we tested whether retrograde intra-ductal 

delivery of stem cells might be an efficient transplantation method. 

30 days after local irradiation of the rat salivary glands, primary sphere-derived single 

cells (unselected or selected for c-Kit) were transplanted retrogradely into the submandibular and 

parotid glands. Pre and post-transplantation saliva measurements are currently under progress. 

Preliminary experiments showed some recovery with this retrograde method of injection of stem/

progenitor cells, but not equivalent to the recovery observed with intra-glandular injected cells. 

Therefore, at present our findings do not support retrograde delivery of cells as a superior trans-

plantation method to intra-glandular injection. Hence, alternate methods of transplantation, such 

as echo-guided duct injection might be necessary. This could be tested in larger animal model.  
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2. FUTURE PERSPECTIVES

The findings described in this thesis may be implemented extensively for broader research 

applications. First and foremost the in vivo salivary gland hyposalivation model can be imple-

mented in understanding various aspects of salivary gland biology. Even with the most modern 

radiotherapy, there are side effects on normal or healthy tissues, which is unavoidable in some 

cases. Considering this, studies on the effect of radiation on normal tissues are still prerequisite. 

Our salivary gland models to study radiation-induced damage are of use to test the possibilities 

of stem cell transplantation to rescue hyposalivation. However, they may be further developed 

to understand mechanisms of radiation-induced normal tissue damage and regeneration. In our 

rat model of hyposalivation, long-term effects of radiation can be studied and closely monitored 

using immuno-histochemical analysis and saliva measurement as read out. As shown in earlier 

reports9 changes in the protein, electrolyte and enzyme composition of saliva post-irradiation 

can be extensively studied. 

Self-renewal and differentiation are the major properties to be tested to characterize 

potent stem cells. The in vitro self-renewal and differentiation techniques described in this the-

sis are the first in the field of salivary gland stem cell biology. Implementing these assays, we 

characterized individual stem cell marker expressing cells based on their ability to self-renew 

and differentiate. The major advantage is that these methods can be extrapolated to both funda-

mental and translational studies.

 For instance, the role of individual genes predicted to regulate the self-renewal and 

differentiation of salivary gland stem cells can be investigated using the newly standardized 

in vitro assays. Gene-expression analysis (Chapter 5) has identified up-regulation of KRT5, 

CCND2, SLUG, PORCN genes in long-term self-renewing CD24hi/CD29hi cells. However, to 

what extent these genes regulate self-renewal in these cells is not clear. To understand this, we 

could knockdown one of these genes in the primary-sphere cells and follow-up in the in vitro 

self-renewal assay. Any change in the growth kinetics of these cells, would reveal whether the 

silenced gene is promoting self-renewal. On the other hand, a relatively quicker method is to 

check for any reporter mice that have knockdown these genes like Slug-/- mice10 and analyze the 

salivary glands in these mice for any phenotypic changes resulting from the gene knock down. 

Differentiation of salivary gland stem cells in vitro has not been reported till date. Here, 

we established method to differentiate primary sphere derived single cells into the 3D organoids. 

Gene expression analysis (Chapter 5) identified genes regulating organ development, gland 
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morphogenesis indicating progress of differentiation in the developing organoids. In addition, 

organoids express aquaporin-5, cytokeratin 18, the signature markers of differentiated salivary 

gland cells. Organoid (mini-gland) formation from other tissues, like brain (mini brains) and 

intestine, are used to study diseases like microencephaly11 and cystic fibrosis12, respectively. 

Similarly the organoid-assay developed in this thesis might be used to study aging (25% of the 

elderly have xerostomia), salivary gland diseases like Sjögren’s syndrome and screen drugs to 

evaluate response to chemotherapeutics for cancer and potentially other diseases.

In vivo testing of stem cells is the gold standard for testing of regeneration ability. In this 

thesis, we have shown that in vitro expanded CD24hi/CD29hi cells showed a very significant 

recovery of radiation-damaged salivary gland. Though the amount of saliva produced is the key 

evidence to support recovery, immunohistochemical understanding of the transplanted tissues 

provided a clear idea of recovery of tissue homeostasis. Using immunohistochemistry we have 

shown that GFP-donor derived cells contribute to the recovery of radiation-damage tissue. 

However, the GFP mouse model used in this study is not ideal, since the GFP positive salivary 

gland itself does not label all the cells, especially the differentiated acinar cells. Therefore, an 

alternate model like DsRed transgenic mice can be used as donors for more reproducible tracing 

and follow-up of transplanted cells. To compare the regeneration potential of different candi-

dates, GFP-donor derived and Dsred-donor derived populations can be mixed and transplanted 

into same mouse and resultant lineages can be analyzed like in mammary gland13. This would 

reveal the regeneration competition between the transplanted populations and their dependency 

on each other if any in vivo. Another option would be barcoding of cells (transfection of donor 

cells with genetic barcode) similar to that used in hematopoietic stem cell studies14 that help to 

identify and quantify the contribution of donor cells to multiple lineages in the transplanted tissue. 

In this thesis we showed that murine primary sphere-derived CD24hi/CD29hi population 

contain the stem cells of salivary gland able of extensive self-renewal and differentiation in vitro 

and capable of potent rescuing of radiation-induced hyposalivation. Since the ultimate goal of 

our group is to achieve stem cell therapy for xerostomia patients, it is important to investigate 

the possibilities of extrapolating the findings in mice to humans. 

As described earlier, in view of the demand for expanding the patient biopsy material, 

the self-renewal method of expansion developed in this thesis need to be extrapolated to humans. 

Though the method of obtaining primary spheres is almost the same in humans and mice, it is 

important to note that human cells might be relatively more/less sensitive to treatments like 
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sorting, dissociation, genetic instability via culturing and so on15. From human salivary gland 

studies (Pringle et al in preparation) we know that unlike in mice human primary sphere-derived 

CD24 cells do not co-express CD29. So, there is need to find more candidate markers in human 

salivary gland that either co-express or not with CD24 and test for their potential to differenti-

ate and self-renew. Therefore basic differences between species might be critical factors while 

extrapolating findings from mice to humans.

Despite of the difficulties involved, human salivary gland research has progressed quite 

far. First, human salivary gland stem/progenitor cells can be cultured into primary spheres, 

however, often with variation in the amount of spheres obtained from different patients. This 

could be due to the fact that the number of stem/progenitor cells varies depending on the age/sex/

healthy status of the patient. Using flow cytometry and immunohistochemistry several known 

stem cell markers (c-Kit, CD24 and CD49f etc.) have been identified in salivary gland tissue 

and primary spheres (Pringle et al in preparation). Currently these marker-expressing cells are 

being tested for their stem like potential using in vitro and in vivo techniques. However, a larger 

screen for surface markers can be done on human salivary gland cells with the new surface 

marker antibody screening panels commercially available  (BD Lyoplate™ 560747). This would 

generate a greater list of the candidates including markers that co-express, which can be tested 

in vitro in a shorter duration.

Similar to mice human salivary gland primary sphere cells can be self-renewed and 

differentiated in vitro but not yet as extended as in mice. Further optimization is in progress and 

may allow screening for the most potent stem cell candidates and expand potential stem cell 

numbers.  In mice studies, in the differentiation assay (Chapter 4, organoid assay) along with 

EGF, N2, Insulin, fetal bovine serum is a major constituent. It is important to consider that human 

cells might respond different to these ingredients. Moreover, a surface marker based approach to 

identify stem cells often involves, isolation and subsequent sorting of cells followed by culturing, 

for instance in self-renewal assay which needs frequent dissociation of cells. It is important to 

focus that human salivary gland cells might be more sensitive to these procedures. Even though 

murine salivary gland cells are sensitive to an extent, addition of factors like Rho-inhibitor res-

cued them from dissociation induced stress (Chapter 4). Hence, as used in mice Rho-inhibitor 

or better its Good Manufacturing Practices (GMP)-certified alternative must be considered for 

the survival of human salivary gland cells in the in vitro assays.  Despite of these challenges, 

development of the in vitro methods will accelerate the human salivary gland stem cell research. 
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In addition, these assays can be used in the clinic to determining the stemness quality of the 

patient-derived human salivary gland stem cells prior to the transplantation. 

To test the potential human stem cell candidates in vivo candidate cells were transplanted 

into irradiated salivary glands of immune compromised mice and monitored for saliva production 

as a read out of transplantation success. However, tracing of the transplanted cells is a bigger 

challenge. Membrane labels (PKH26) and human nuclei stainings are available, but long-term 

follow-up is not possible due to dilution of label (PKH26) upon proliferation of cells. Immunos-

taining for human nuclei might not provide precise information especially when searching for 

very low number of transplanted cells and cannot be used for isolation (sorting) of transplanted 

cells for further studies. Therefore, prior to transplantation human salivary gland primary sphere 

cells may be expanded (by optimizing expansion method developed in mice) and transfected 

with stronger label (like GFP) enabling tracing after transplantation. This label is not lost due 

to proliferation of cells and can be used to isolate live cells thereby facilitates deeper analysis 

of transplanted cells.

In addition to this, transplanted cells need to be isolated, expanded in culture and se-

rial-transplantations need to be performed to test the long-term in vivo regenerating potential. 

This has been shown feasible in mice salivary gland stem cell transplantation experiments6, 

however it is a bigger challenge to isolate human cells after transplantation from the potentially 

recovered irradiated salivary glands of immune-compromised mice. The huge background of 

mouse cells may compromise the selection of rare human cells. These however might now be 

eliminated using mouse-cell depletion kits (Miltenyi biotec 130-104-694), which are normally 

used to deplete mouse cells from xenograft tumors, potentially purifying the transplanted human 

cells from the recipient mouse cells. 

The long-term goal of this project is to establish a clinically translatable stem cell therapy 

protocol for patients at risk to develop Xerostomia from radiotherapy for head and neck cancer. 

To achieve this, the first step is to obtain transplantable stem/progenitor cells from human sal-

ivary glands. Knowledge available from the current and related projects strongly supports the 

isolation of stem/progenitor cells from mouse and human salivary glands as primary spheres. We 

have shown that primary sphere derived stem cell marker selected cells either or not followed 

by expansion could rescue hyposalivation in our mouse model. For the clinic, the generation of 

human salivary gland primary spheres and their cryo-preservation, necessary to store for future 

use, need to be performed under GMP conditions, which is currently being developed. Part of 
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the GMP process includes the testing of the quality of the stem cells to be transplanted for every 

patient. In mice (this thesis) we showed different in vitro assays, which could identify the stem-like 

potential of the cells. Development of these assays for human system is ongoing, but preliminary 

data are encouraging (Pringle et al under preparation). For therapy, stem cells generated without 

cell sorting procedure are preferred, avoiding complicated GMP certified FACS procedures and 

use of GMP certified antibodies. Here, we have shown generation of mouse SG stem cells via 

expansion of selected (sorted) and unselected cells. For patients, without selection (no sorting) 

would be preferable, however recent studies showed CD34+ cells obtained via magnetic sorting 

under GMP conditions can be used for successful treatment of acute ischemic stroke16. Therefore, 

recent development of cell sorting under GMP conditions (Clini-MACS) could be valuable for 

future sorting of putative human salivary gland stem cells.

With the knowledge from this thesis and current research testing isolation, preservation 

and transplantation of human SG stem cells under GMP conditions, in very near future phase-I 

clinical trials for xerostomia can be expected. Hopefully this will result in a improvement of 

quality of life at first as autologous transplantation for patients at risk for suffering from radia-

tion-induced hyposalivation and may be in the future as allogeneic transplantation for patients 

suffering from other salivary gland diseases caused by autoimmune disease such as Sjogren’s 

syndrome and ageing.
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NEDERLANDSE SAMENVATTING

Tijdens de radiotherapeutische behandeling van hoofd- en hals kanker liggen de speek-

selklieren vaak onvermijdelijk in het bestralingsgebied. Hierdoor kunnen deze patiënten gaan 

lijden aan symptomen gerelateerd aan speekselklierdysfunctie. De straling geïnduceerde schade 

aan de speekselklieren is onomkeerbaar en blijft de rest van het leven bestaan. Tot op heden 

is er geen remedie gevonden om de door straling beschadigde speekselklieren te herstellen. 

Stamceltherapie zou een mogelijke optie kunnen zijn om deze patiënten te verlossen van slecht 

functionerende speekselklieren.  Om een dergelijke behandeling mogelijk te maken moeten we 

echter eerst de speekselklierstamcel identificeren en karakteriseren.  In dit proefschrift zijn de 

speekselklieren van knaagdieren gebruikt om speekselklier stamcellen te identificeren, tech-

nieken te ontwikkelen ter karakterisering en om hun potentie om schade aan de speekselklieren 

te voorkomen te  bepalen. 

Identificatie van mogelijke stamcellen van de speekselklier
In de meeste weefsel wordt de stamcel geïdentificeerd doordat deze relatief latent is, 

instaat is zichzelf te vernieuwen, alle cellen van het weefsel kan vormen en zich in een gespe-

cialiseerde niche bevindt. Adulte stamcellen uniek voor elk weefsel kunnen met behulp van 

verschillende methoden gekarakteriseerd worden. In snel delend weefsel  zoals huid en beenmerg  

kunnen de stamcellen worden herkent doordat ze in een toestand van rust of inactiviteit verkeren. 

Hierdoor kunnen ze DNA of membraan specifieke labels behouden die na/door celdeling in an-

dere cellen verdunt worden of verloren gaan1.  In de muizen dunne darm zijn verschillende stam 

cellen gesuggereerd zijnde de lgr5+ cellen in de bodem van de crypt en de zogenaamde positie 

cellen/BMI1+ cellen. Uiteindelijk bleken de lgr5+ cellen de mitotisch actieve, Wnt gevoelige 

cellen dunne darm stamcellen te zijn terwijl BMI+ cellen de latente Wnt ongevoelige stamcellen 

te zijn, die ook nog resistent zijn tegen hoge doses straling. In ander weefsel zoals borstklier 

en prostaat weefsel werd gekozen voor een oppervlakte marker aanpak. Hierbij wordt een cel 

gelabeld met een antilichaam tegen eiwitten die specifiek op stamcel membranen tot expressie 

gebracht zouden worden.  Aldus werden stamcel kandidaten gevonden die eiwitten CD24, CD29 

en/of CD49f tot expressie brengen. 

In dit proefschrift is gekozen voor een dergelijke oppervlakte marker aanpak om de 

stamcellen van de speekselklier van de muis  te identificeren. In een voorgaande studie werd 

aangetoond dat speekselklier stam/voorloper (progenitor) cellen in culture sferen kunnen vormen 
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(primaire salisferen).  In deze studie werd gesuggereerd dat uit salisferen afkomstige cellen die 

de c-Kit marker tot expressie brachten potentiele stamcellen zijn omdat ze instaat waren om 

speekselklieren deels te regenereren na stralingsschade. 

In Hoofdstuk 2 is verder gekeken of ander bekende klieren stamcelmarkers naast c-Kit 

zoals CD24, CD133 en CD49f  tot expressie brengende cellen karakteristieken bezitten die 

wijzen op stamceleigenschappen.

In dit hoofdstuk wordt beschreven dat het kweken van speekselklier cellen in primaire 

sferen voor een verrijking zorgt van cellen die stamcel markers tot expressie brengen. In een 

poging om de meest potente stamcel te identificeren moeten potentiele stamcelmarkers, c-Kit+, 

CD24+/CD29+, CD133+ en CD49f + tot expressie brengende cellen worden getest voor essentiële 

karakteristieken die stamcellen onderscheiden van gewone cellen. Het gebrek aan in vitro of in 

vivo methoden om de functionaliteit van mogelijke stamcellen te testen heeft echter het proces 

van identificatie van speekselklier stamcellen vertraagd. Daarom is eerst het eerder ontwikkelde 

in vivo model van straling geïnduceerde hyposalivatie geoptimaliseerd. In dit model worden 

lokaal de speekselklieren bestraald met 15Gy Röntgen stralen hetgeen een hyposalivatie indu-

ceert gelijkend op die van de patiënt. Een maand later worden groen fluorescerende eiwit (GFP) 

bevattende vermeende stamcel populatie getransplanteerd door injectie in de klier. Voor en op 

gezette tijden na bestraling wordt de speekselvloed gemeten als een maat van speekselklier 

functie. Verbetering in functie reflecteert weefsel regeneratie. 

Aldus werden van primaire sferen afkomstige CD24+, CD133+, CD49f + en CD24+/

CD29+ marker tot expressie brengende cellen getransplanteerd in bestraalde muizen speekselk-

lieren. De toename aan speekselvloed in muizen getransplanteerd met 10,000 CD24+/CD29+ 

cellen wees er op dat deze klieren beter functioneerden dan alleen bestraalde klieren of klieren 

van muizen die getransplanteerd waren met 10,000 CD133+ of 134,000 CD49f+ cellen. Gezien 

het feit dat 10,000 CD24+/CD29+ cellen in staat waren om straling geïnduceerd hyposalivatie in 

de muis te voorkomen suggereert de aanwezigheid van potente stamcellen in deze cel populatie. 

Het is echter onwaarschijnlijk dat de CD133+ en CD49f+ cel populaties in redelijke mate stam-

cellen bevatten aangezien vergelijkbare aantallen CD133+ cellen of hogere aantallen CD49f+ 

cellen onvoldoende herstel van speekselvloed gaven. 

Stamcel transplantatie
Het primaire doel van stamcel transplantatie is het herstellen van de functie van bes-

chadigd weefsel door het vormen van nieuwe gedifferentieerde/functionele cellen en/of cellen 
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die voldoende van deze cellen kunnen produceren voor een onbepaalde tijd.  Handhaving van 

het aantal epitheliale cellen in gezond weefsel is echter mede afhankelijk van de aangrenzende 

endotheel cellen, bloedvaten, neuronale innervatie en de als gevolg daarvan toevoer aan nutriënten 

en groeifactoren nodig voor de communicatie tussen cellen. Straling beïnvloed al deze factoren 

met als gevolg een verstoring van de homeostase en functionele achteruitgang van het weefsel. 

Het is dus belangrijk om de effecten van stamcellen transplantatie op weefsel homeostase te 

onderzoeken hetgeen gedaan is in Hoofdstuk 3. Eerdere onderzoek heeft aangetoond dat stamcel 

transplantatie in door straling beschadigd weefsel regeneratie induceert van functioneel acinair 

weefsel. Dit is eerst bevestigd na transplantatie van c-Kit+ of subpopulaties van c-Kit+ cellen 

waarbij waargenomen werd dat de functie van de  bestraalde speekselklier in zekere mate hersteld 

was.  Verdere analyse van de generale morfologie van de klieren liet zien dat nieuwe van de 

donor cellen afkomstige afvoerkanaal cellen gevormd werden, met herstel van het aantal cellen 

die stamcelmarkers tot expressie brengen, indicatief voor een in potentie herstelde weefsel ho-

meostase. Tevens werd er interessant genoeg een vermindering in straling geïnduceerde fibrose 

(litteken vorming) en ontstekingsreactie  waargenomen alsmede een genormaliseerd bloedvat-

stelsel, allen indicatief voor een gezonder weefsel structuur. Deze resultaten ondersteunen het 

feit dat stamcellen weefsel homeostase kunnen herstellen hetgeen nodig is voor een langdurig 

herstel en onderhoud van beschadigd weefsel. Op dit moment is het echter onduidelijk of de 

stamcellen hier alleen verantwoordelijk voor zijn of dat cytokines rijgemaakt door stamcellen 

of buurcellen een endogene stimulatie geven van homeostase regulerende signaal routes. Pre-

liminaire resultaten lijken te wijzen op het laatste. 

Tot hier toe hebben we kunnen aantonen dat mogelijk stamcel kandidaten getest kunnen 

worden met behulp van een straling geïndiceerde hyposalivatie muizen model (Hoofdstuk 2) en 

dat het getransplanteerde weefsel geanalyseerd kan worden om de mate van herstel te beoordel-

en (Hoofdstuk 3). Hiervoor zijn echter grote hoeveelheden proefdieren voor nodig en het kost 

veel tijd. Kortdurende in vitro assays die een groot aantal condities kunnen screenen zou zeer 

bevorderlijk zijn om de identificatie van de speekselklier stamcel te versnellen, alsmede om 

stamcel eigenschappen zoals zelfvernieuwing en differentiatie en mogelijkerwijs ook expansie 

te bestuderen.  

In vitro methoden om stamcel kandidaten te screenen
De gouden standaard voor de identificatie van stamcellen binnen de stamcelbiologie 

is het aantonen van de in vivo regeneratieve/reparatie potentie. Maar zoals al boven genoemd 
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heeft dit zijn beperkingen. Daarom hebben we in dit proefschrift beschreven hoe we een korte 

termijn in vitro assay hebben ontworpen waarbij we kwantitatieve informatie van een te testen 

cel populatie kunnen verkrijgen die we kunnen screenen voordat we verder gaan met in vivo 

experimenten. Op deze manier verkrijgen we niet alleen meer informatie maar reduceren we ook 

het aantal te gebruiken proefdieren waarbij we de ethiek van dierexperimenten tevredenstellen.

In Hoofdstuk 4 wordt zelf-vernieuwing en differentiatie van vermeende stamcellen 

aangetoond met in vitro assays.  Allereerst worden enkelvoudige cellen uit primaire sferen 

geïsoleerd en uitgezaaid in een op matrigel gebaseerde matrix. Dit maakt het mogelijk om op 

het niveau van een enkele cel zelf-vernieuwing potentie gemeten als het instaat zijn om een 

secondaire sfeer te maken vast te stellen. Onze resultaten tonen aan dat CD24+ en CD49f+ cellen 

in grotere mate in staat zijn om secundaire sferen te vormen, vergeleken met ongefractioneerde, 

CD133+ of c-Kit+ cellen. Hierna werden secondaire sferen weer in enkelvoudige cellen verdeelt en 

opnieuw uitgezaaid om tertiaire, quartaire etc. sferen te vormen.  Deze procedure stel ons instaat 

om de sfeer vormende vermogen te kwantificeren en hierop cellen te selecteren. Met deze assay 

kunnen we c-Kit+, CD24+, CD133+ en CD49f+ cellen in zelfvernieuwing condities doorzetten 

voor meer dan 5 passages. De CD24+ en CD49f+ cellen laten een beter sfeervormende potentie 

zien hetgeen suggereert dat deze cel populaties beter in staat zijn om stam/voorloper (progenitor) 

cellen zichzelf te laten vernieuwen. Verdere testen van de differentiatie potentie van deze cellen 

zou ze beter kunnen karakteriseren. 

Om een beschadigd weefsel te kunnen onderhouden en herstellen moeten stamcellen 

instaat zijn cellen te produceren die in alle verschillende types cellen van het weefsel kunnen 

differentiëren. Om deze eigenschappen te onderzoeken werden uit een enkele cel afkomstige 

secondaire sferen onder differentiatie inducerende condities in vitro gekweekt. Om deze meth-

ode te ontwikkelen was er nogal wat optimalisatie nodig, maar uiteindelijk zijn we instaat 

gebleken om structuren te laten groeien die duidelijk de uiterlijke kenmerken vertoonden van 

speekselklieren. We hebben laten zien dat sferen een enorme morfologisch verandering kunnen 

ondergaan van een afgeronde vorm naar een 3-dimensionale structuur gelijkend op het weefsel 

(organoiden of mini-klieren) bestaande uit uitgestrekte ductale verlengingen (ductale organoiden) 

en compacte lobulaire structuren (lobulaire organoiden). Vervolgens hebben we met confocale 

microscopie, immuno-histochemie en gene-expressie profielen kunnen aantonen dat er inderdaad 

diverse soorten gedifferentieerde speekselkliercellen  in de organoiden aanwezig waren. Van de 

geteste stamcel kandidaten bleken, ongefractioneerde en CD24+ cellen relatief veel organoiden 
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te vormen hetgeen suggereert dat deze populatie stam/progenitor cellen bevatten die in staat zijn 

om te differentiëren in alle verschillende celtypes van de speekselklier. Deze celtypes zijn dan 

ook kandidaten om in vivo getest te worden of ze in staat zijn om een beschadigde klierfunctie 

te herstellen. 

In Hoofdstuk 2 wordt aangetoond dat c-Kit+ en CD133+ cellen in staat waren om de in 

vivo functie van door straling beschadigde te herstellen, terwijl CD24+ cellen alleen een signifi-

cante verbetering lieten zien als ze werden geselecteerd in combinatie met CD29+ cellen, terwijl 

CD49f+ cellen geen herstel konden induceren. Met deze kandidaat stamcellen werd getest of 

dezelfde effecten waargenomen konden worden in onze nieuw ontwikkelde in vitro assay. Deze 

experimenten lieten zien dat CD49f+ cellen ondanks dat ze wel instaat zijn zichzelf in enige mate 

te vernieuwen geen significante differentiatie lieten zien (Fig.6, Hoofdstuk  4), hetgeen overeen 

komt met het gebrek aan in vivo gevonden effecten (Fig.4, Hoofdstuk 2). Bovendien, bleken 

CD24+ cellen wel instaat zichzelf te vernieuwen en te differentiëren, beide karakteristieken van 

stamcellen (Fig.6, Hoofdstuk 4), wat overeenkomt met de in vivo data die een significant herstel 

lieten zijn indien de selectie met CD29 gecombineerd werd. (Fig.4, Hoofdstuk 2). Deze resultaten 

suggereren dat, de in dit hoofdstuk beschreven in vitro assays de stamcellen activiteit van indiv-

iduele cellen kunnen bepalen als hun vermogen om te zichzelf te vernieuwen en differentiëren. 

Dit kan helpen om de potentiele speekselklier stamcellen beter te begrijpen en te karakteriseren.

Kortom, de in dit proefschrift beschreven assays kunnen niet alleen zorgen voor een 

snelle, betrouwbare screeningsmethode van stamcel kandidaten voor transplantatie, maar kun-

nen ook leiden tot bredere toepassingen (zie future perspectives) om meer inzicht te krijgen in 

de mechanismen verantwoordelijk voor speekselkliercellen “stemness”  en differentiatie zoals 

vertakking morfogenese. De ontwikkeling van deze relatief snelle in vitro bepalingen kan aldus 

worden beschouwd als een doorbraak op het gebied speekselklier stamcelbiologie.

Expansie van volwassen stam/voorlopercellen 
Aangezien CD24 geïdentificeerd is als potentiële stamcel marker in Hoofdstuk 4, werd 

deze gebruikt, in analogie met de borstklier, in combinatie met expressie van CD29 om te 

zoeken naar nog potentere populaties. Hoewel CD24/CD29 positieve cellen stamcel-achtige 

cellen lijken te bevatten (Hoofdstuk 2), is het onwaarschijnlijk dat al deze cellen speekselklier 

stamcellen zijn, en lijkt verrijking van deze populatie mogelijk. Met behulp flowcytometrische 

analyse konden we vier subgroepen binnen CD24/CD29 cel populatie  onderscheiden, nameli-
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jk CD24hi/CD29lo, CD24hi/CD29hi, CD24med/CD29hi en CD24hi/CD29lo subpopulaties. Deze 

subgroepen zijn niet zo gemakkelijk te onderscheiden als die gevonden in borstklierweefsel, 

daarom werd een arbitraire selectie-strategie gebruikt om afzonderlijke subsets van deze cellen 

te isoleren. Eenmaal geïsoleerd als enkele cellen, werden de vier subgroepen getest op hun 

zelf-vernieuwing en differentiatie potentieel met behulp van de in hoofdstuk 4 beschreven in 

vitro assays (Hoofdstuk 5). De resultaten toonden aan dat CD24hi/CD29hi cellen een aanzienlijk 

hoger secundair-sfeer vormend vermogen hadden en in staat waren om zichzelf voor meer dan 

5-passages konden vernieuwen. Dit terwijl CD24med/CD29hi cellen niet voor meer dan 4 -pas-

sages konden worden gehandhaafd.  Interessant genoeg konden CD24med/CD29hicellen alleen 

ductaal organoids vormen, terwijl CD24hi/CD29hi cellen zowel ductale als lobulaire organoids 

konden vormen en dus een multi-differentiatie potentieel hebben. Deze resultaten laten zien dat 

de CD24hi/CD29hi cel populatie waarschijnlijk de meest potente stamcellen bevatten die in staat 

zijn tot in vitro zelfvernieuwing en differentiatie.

De beperkte beschikbaarheid van en het zeer lage aantal potentiële stamcellen die 

kunnen worden verkregen uit patiënt-biopsie materiaal remt de vooruitgang in het onderzoek 

naar menselijke speekselklier stamcellen. Daarom is het van eminent belang om strategieën te 

ontwikkelen om van patiënt-biopsie afgeleide cellen te kunnen expanderen, zodat er voldoende 

cellen van hoge kwaliteit beschikbaar komen voor wetenschappelijk onderzoek en voor autologe 

stamceltransplantatie ter behandeling van patiënten. Echter, expansie van functionele adulte 

stamcellen is een van de grootste uitdagingen op het gebied van volwassen stamcellen biologie. 

Vandaar dat we in dit proefschrift hebben we getest of de CD24hi/CD29hi cel populatie 

zou kunnen worden geëxpandeerd en belangrijker nog  functioneel zou dergelijke na expansie. 

Het kweken van primaire-sferen afgeleide CD24hi/CD29hi cellen voor meer dan 7-passages 

werd een zeer aanzienlijke expansie van cel aantallen waargenomen zeker in vergelijking met 

niet-geselecteerde cellen (Hoofdstuk 5). Tevens bleek dat de geëxpandeerde cellen wanneer 

getransplanteerd in door straling beschadigde speekselklieren, in staat waren om de verminderde 

speekselvloed op zeer consequente manier aanzienlijk te verbeteren. Dit effect bleek beter dan 

dat wat voor elk ander celtype getest met dezelfde cellulaire dosis tot dusver gevonden was. 

Muizen getransplanteerd met late passage (passage-13) cellen vertoonde een verbeterde en meer 

homogeen herstel van de speekselproductie, dan met vroege passage cellen (passage-2) getrans-

planteerd dieren. Dit geeft aan dat seriële passage van CD24hi/CD29hi cellen niet alleen meer 

sfeer vormende cellen bevatten, maar ook verrijkt zijn in functionele stamcellen die  bestraalde 
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speekselklieren kunnen reconstrueren.

Om de signaal routes die betrokken zijn bij de verrijking van stamcellen in cultuur te 

begrijpen, werd een genoom brede genexpressie analyse van deze cellen uitgevoerd. De hieruit 

verkregen resultaten suggereren dat mogelijke Wnt- en Hedgehog signaal routes een rol spelen, 

welke in verband worden gebracht met de regulering van stamcellen van andere volwassen 

weefsels. Echter, elk gen dat betrokken zou kunnen zijn moeten opnieuw worden getest op hun 

regulerende werking in het proces van stamcel expansie en verrijking (zie Future perspectives). 

Bevestiging van de betrokkenheid in het proces van zelf-vernieuwing en expansie van deze 

routes kan leiden tot mogelijkheden om deze te manipuleren en zou dus nuttig kunnen zijn voor 

de ontwikkeling van een klinische toepassing.

Wijze van stamceltransplantatie 
Om belangrijke aspecten van klinische transplantatie te onderzoeken werd er een groter 

diermodel ontwikkeld, die de haalbaarheid van stamcel transplantatie en een potentieel betere en 

gemakkelijker levering van stamcellen aan de patiënten zou kunnen aantonen. Het voordeel van 

een ratten model is dat we net zoals bij mensen een toegang hebben tot zowel glandula parotis als 

de glandula submandibularis. Hierdoor kunnen we de methode van  retrograde ductale injectie 

van stamcellen testen hetgeen een potentieel klinisch interessante manier zou kunnen zijn voor 

de behandeling van patiënten. 

Eerst moesten de stam/progenitor cellen van de speekselklieren van ratten geïsoleerd 

worden. Alhoewel muizen primaire sfeer medium met succes kan worden gebruikt om van de 

ratten glandula submandibularis sferen te verkrijgen, is het wellicht niet geschikt voor het kwek-

en glandula parotis cellen van ratten. In Hoofdstuk 6 werd het kweekmedium geoptimaliseerd 

en aldus konden primaire salisferen van zowel de ratten parotis als submandibularis klieren 

verkregen worden. Daarnaast werd aangetoond dat zowel de parotis en submandibularis klier 

primaire salisferen cellen bevatten die in staat zijn om zelf-vernieuwing en te differentiëren. 

Verder hebben we middels immuno-histochemie en flow cytometrie  getest of er cellen aanwezig 

waren die stamcel markers tot expressie brengen. De resultaten toonden aan dat, vergelijkbaar 

met de verkregen resultaten uit ons muis model, CD24, CD133 en c-Kit stamcel markers tot 

expressie worden gebracht in rat speekselklier duct cellen en dat deze cellen verrijkt zijn in de 

gekweekte salisferen. 

We weten van ons muismodel dat transplantatie van stamcellen door directe injectie het 
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slechtere functioneren van de klieren kan verminderen. Dit betekent echter niet dat dit in alle 

situaties tot een uniforme distributie en juist lokalisatie van cellen in de getransplanteerde muis 

leidt. Bij patiënten, is een intra-glandulaire transplantatie middels random injectie niet ideaal 

vanwege de complexiteit van de klier en de noodzakelijke te volgen chirurgische procedure. 

Echter, parotis en submandibularis klier afvoerkanalen komen rechtstreeks uit in de mondholte 

in de wang en onder de tong. Deze zijn eenvoudig bereikbaar door de mond. Aangezien deze 

afvoerkanalen mogelijk de niche voor de stamcellen zijn, werd er getest of retrograde af lever-

ing van stamcellen in de afvoerkanalen een efficiënte transplantatie methode zou kunnen zijn. 

Aldus werden van primaire-salisferen afkomstige ongeselecteerde of c-kit tot expressie 

brengende cellen retrograad getransplanteerd in de lokaal bestraalde submandibularis en parotis 

klieren van ratten. Deze experimenten zijn nog niet afgelopen maar voorlopige resultaten laten 

enig herstel van speekselklier functie zien  die echter niet hetzelfde is wanneer er vergelek-

en wordt met directe intra-glandulaire injecties. Daarom ondersteunen onze bevindingen op 

dit moment niet een mogelijke retrograde injectie van cellen als een superieur transplantatie 

methode. Alternatieve werkwijzen voor transplantatie zullen dus gezocht moeten worden, zoals 

bijvoorbeeld echo geleide injectie van cellen in de afvoerkanalen. Dit zal echter getest moeten 

worden in grotere diermodel.

De in dit proefschrift beschreven bevindingen bereiden weg voor een snelle massale 

screening van stamcel kandidaten voor eigenschappen als zelfvernieuwing capaciteit, differ-

entiatie en expansie potentieel. Vervolgens kunnen betrokken genen, en signaalroutes bepaald 

worden waardoor een mogelijke snelle detectie en manipulatie van humane stamcellen mogelijk 

zou moeten zijn.

De kennis verkregen door mijn promotie onderzoek en beschreven in dit proefschrift 

kunnen vervolgens  gebruikt worden voor het testen van isolatie, preservatie en transplantatie 

van humane speekselklier cellen. Hopelijk zal in de zeer nabije toekomst leiden tot een fase-I 

klinische studie ter voorkoming van straling geïnduceerde xerostomie, welke mogelijk resulteert 

in een verbetering van de kwaliteit van leven. Vooralsnog zal deze methode alleen toepasbaar zijn 

als autologe transplantatie voor patiënten met een risico op straling geïnduceerde hyposalivatie, 

maar wellicht kan er in de toekomst gedacht worden aan een allogene transplantatie bij patiënten 

die lijden aan andere speekselklier ziekten veroorzaakt door bijvoorbeeld auto-immuunziekte 

zoals syndroom van Sjögren en na veroudering.
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