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Stellingen behorende bij het proefschrift :
Statements relating to the PhD dissertation :

RegeneRation of iRRadiated salivaRy glands 
by stem cell theRapy

lombaeRt i.m.a.

The regenerative effect of bone marrow-derived stem cells on irradiated 1. 
salivary gland epithelium does not depend on trans-differentiation, but on 
stimulation of endogenous salivary gland stem cells. (This thesis)

The effectiveness of Keratinocyte Growth Factor, pilocarpine, or Granulocyte-2. 
Colony Stimulating Growth Factor to regenerate irradiated salivary glands 
depends on the remaining number of functional salivary gland stem cells 
after radiation. (This thesis) 

Unfortunately, in science, you are ultimately personally responsible for the 3. 
generation of research output, yet, this output cannot be generated without 
the input of others. 

Fight for your opinions, but do not believe that they contain the whole truth, 4. 
or the only truth. (Charles A. Dana (1819 - 1897))

Ondanks dat een kleine verhoging van ~10% in de speekselproductie na 5. 
een G-CSF behandeling na bestraling van de speekselkieren een druppel 
op een gloeiende plaat lijkt, kan het een wereld van verschil uit maken voor 
aan xerostomie leidende hoofd- en halstumorpatiënten.

Hoewel elke onderzoeker zijn eigen onderwerp belangrijk vindt, hechten 6. 
wetenschappers bij het beoordelen van elkaars onderzoeksresultaten 
meer belang aan de populariteit van het onderwerp dan aan de klinische 
innovatieve ontdekkingen binnen het onderzoek. (This thesis)

Stamcelonderzoek op speekselklieren is als wielerkoersen; honderd keer 7. 
starten om één keer te winnen.

Het regelen van een consult bij Nederlandse huisartsen vereist bijna een 8. 
spirituele begaafdheid van de patiënt die hem/haar in staat stelt om op de 
dag van ziekte onderzocht te kunnen worden.

Als België uiteenvalt, zou het samenvoegen van Vlaanderen en Nederland 9. 
wellicht tot meer wetenschappelijke hoogstandjes kunnen leiden. 
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General Introduction and Aim of the Thesis

Hope starts wHen tHe results are already in your mind.

CHAPTER 1
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1. HEAd And nECk CAnCER 
Three percent of all malignancies are head and neck cancer, with yearly more 

than ~40,000 new patients diagnosed in the United States and 500,000 world-wide 1. 
Head and neck cancer comprise neoplasms (i.e. abnormal growth) that may occur in 
structures such as the lip, oral cavity, tongue, pharynx, larynx, nasal cavity, sinuses, ear, 
orbit, skull base, and salivary glands. The majority of the neoplasms are squamous cell 
carcinomas (80%), and less common adenocarcinomas, adenoid cystic carcinomas, 
melanomas, and lymphomas. As the primary factor for squamous cell carcinoma is 
tobacco use 2, there is strong concern that the incidence will increase, especially in the 
younger smoking population. 

Curative treatment, directed towards elimination of the primary tumor and any 
neck nodal metastases, includes surgery and radiotherapy, often in combination. 
Chemotherapy is mainly used concomitant to radiotherapy for curative intents. 
Prognosis for head and neck cancers varies considerably according to the anatomical 
site and the stage of the tumor, with 5-year survival rates up to 40-50% 1. 

2. TREATmEnT-RElATEd ToxICITIEs
Two main types of injury, namely face malformation and organ dysfunction, may 

occur in head and neck cancer as a direct consequence of tumor growth or as a result 
from the treatment. 

For radiotherapy, the dose-limiting factor is the sensitivity of normal tissues lying 
in the radiation field. These include salivary glands, spinal cord, skin, bone, and oral 
mucosa. To maximally spare the normal tissue, radiotherapy is conventionally given in 
daily fractions of 1.8 to 2 Gray (Gy), up to total doses of 66-70 Gy over 6-7 weeks. Still, 
acute and late side effects are caused in virtually all patients. Acute toxicity develops 
within the first weeks of radiotherapy treatment, and includes mucositis, dermatitis and 
xerostomia (= dry mouth syndrome). The latter can result from exposure of the salivary 
glands to radiation, which may result in progressive loss of saliva flow rate and alteration 
of saliva composition from thin (neutral pH) to a thick acidic secretion during and after 
the course of radiotherapy 3. Xerostomia burdens the patient with oral dryness or pain, 
dental caries, reduced taste and smell, increased risk for oral infections, hampered 
speech, and problems with food mastication 3,4. In 64% of all cases these symptoms 
persist during the life-time of the patient 5. This defines xerostomia as one of the most 
serious radiation-induced side-effects. 

Thus, although the damage to the salivary glands and subsequent consequences 
per se are not life-threatening, the undesirable side effects of head and neck cancer 
treatment may severely reduce the quality of life, and pose a new health problem for 
the patients. Therefore, both treatment and prevention of xerostomia are of major 
importance. 

3. TREATmEnT And PREvEnTIon of xERosTomIA 
Current treatment of xerostomia include stringent oral hygiene with fluoride 

agents and antimicrobials to prevent dental caries and oral infections, saliva substitutes 
to relieve symptoms, and sialogogues to stimulate saliva production. Many salivary 
substitutes have been developed so far, containing ingredients that duplicate saliva 
properties, but do not entirely replace the complex substance of saliva. They may 
relieve symptoms to some extent 6, but in most cases are found unsatisfactory or 
just equally useful as water. Moreover, they do not exclude the need for antibacterial 
mouthwashes. 

Post-irradiation administration of pilocarpine hydrochloride, a sialogogue, may 
reduce the effect of radiation-induced xerostomia in some patients 7. This drug stimulates 
saliva secretion by acting on the muscarinic receptor (parasympathetic stimulation), but 
requires some residual function of the salivary gland in order to be working optimally. 
Although pilocarpine may produce some symptomatic improvement, it may not be 
adequate enough and can cause additional side-effects such as excessive sweating 
(diaphoresis), and in some cases pancreas secretion, urinary frequency problems, 
lacrimation and rhinitis 8. 

Since clinical management of xerostomia is rarely effective, prevention is 
paramount. Several strategies have been developed to reduce the radiation-induced 
hyposalivation without compromising tumor treatment. These include sparing of tissue 
with state of the art techniques as IMRT (Intensity Modulated Radiation Therapy), 
surgical salivary gland transfer and the use of cytoprotectants. 

As the extent of radiation-induced damage depends on the exposed volume of 
the tissue and the delivered radiation dose 9, IMRT has been rapidly implemented in 
head and neck cancer treatment. IMRT, when compared with conventional radiotherapy, 
delivers more high conformal dose to the tumor with minimum exposure of the normal 
tissue 10. Despite promising outcomes, IMRT is not applicable for all patients, for example 
in those with tumors that originate from the midline or cross the midline, or in patients 
with contralateral neck lymph node metastasis 11. Thus, IMRT can offer a solution for 
gland dysfunction to certain cases, but there is still need for other strategies. 
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induced damage is the agent Amifostine (WR-2721, Ethyol®) 12. This potential 
radioprotector rapidly enters the bloodstream, and is converted to its active form 
(WR-1065) through hydrolyzation by the alkaline phosphatases of the endothelium. 
It then acts as a potent scavenger against free radicals, thereby reducing radiation-
induced DNA damage. Protection of tumor tissue is considered to be avoided as its 
endothelium lacks expression of the alkaline phosphatase 13. Studies have shown 
beneficial effects of Amifostine with a reduction of acute xerostomia from 78% to 51% 14 
up to 2 years after treatment 15. Important issues, however, are the toxicity of Amifostine 
with common side effects (nausea and emesis (i.e. vomiting)), and the high costs and 
intensive labor may suggest the relevance of other prevention treatments. 

Prophylactic pilocarpine administration may also significantly protect against 
radiation-induced hyposalivation. However, in rats, its beneficial effect has been shown 
to diminish with dose and time after radiation, when salivary glands are completely 
in the radiation field 16. However, both non-irradiated and irradiation-surviving cells 
are stimulated to proliferate after pilocarpine administration which may be clinically 
relevant, especially after unilateral gland irradiation. It was found that pilocarpine elicits 
a compensatory response in the non-irradiated part of the gland, resulting in a gain of 
saliva production that was related to the extent of damage inflicted to the irradiated 
gland 17,18. Therefore, pilocarpine could be of clinical interest in a specific dose range 
and irradiation volume 19. Further research will be directed to determine this exact range 
in humans.

It has been reported that tissue may be spared by surgical transfer of one 
submandibular gland to a position outside the radiation field 20,21. This may only be 
practicable in patients who will receive post-operative radiotherapy, as the transfer is 
performed as part of the surgical intervention. Despite the success of the transfer (83% 
had no or minimal xerostomia) 22, it is not straightforward to predict in which patients 
this might be applicable in the future. 

To date, the above described approaches are insufficient and not applicable 
to all patients. Therefore, other strategies are urgently needed. However, to optimally 
develop new therapies to counteract radiation-induced side-effects, biological insight 
of the salivary gland is needed.

4. PHYsIoloGY of THE sAlIvARY GlAnd 
Saliva is produced in and secreted by salivary glands. Most saliva is produced 

by the three major glands, the glandulae submandibularis (~65%), glandulae parotidae 
(~23%) and the glandulae sublingualis (~4%); in humans situated in respectively, the 
cheek, ear, and tongue area (Fig. 1). Additionally, hundreds of minor salivary glands 
are randomly localized in the mucosa of the mouth and produce ~8% of the total saliva 
volume 23. 

Saliva secretion is primarily controlled by the autonomic nervous system. Both 
(ortho)sympathetic and parasympathetic nerve systems regulate the secretion by the 
salivary gland. Parasympathetic stimulation (via the neurotransmitter acetylcholine 
that binds muscarinic receptors) is the main stimulus and may induce high volumes of 
aqueous saliva. The neurotransmitter noradrenaline (sympathetic nerve system) induces 
some saliva flow, but is mainly in control of protein secretion 24. Both protein content of 
the saliva, size of acinar cells, gland weight and saliva production are decreased after 
denervation, underlining the role of nerve control in maintaining gland structure and 
function 25. Further, physiological factors like age 26 and gender 27 affect salivary flow 
rate and composition. A fasting diet results in decreasing saliva flow 28, and excessive 
masticatory stimulation (like sugar-less gum chewing) not only increases the saliva 
output, but also the pH and buffer capacity of the saliva, which may help to reduce 
plaque acidogenicity 29. 

fIGuRE 1. loCAlIzATIon of HumAn sAlIvARY GlAnds. Modified from: Stegenga, B., Vissink, A., de 
Bont, L. Mondziekten en Kaakchirurgie, Chapter 8. Van Gorcum, The Netherlands (2000). 

Submandibular gland

Sublingual gland

Parotid gland
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of water, ions and proteins. It aids speech and swallowing (by continuous flow), and 
initiates the digestion process of food (by amylase). Protection of the oral mucosa 
is provided by components such as mucins (MUC5B and MUC7) and secretory IgA, 
as well as histatins and agglutinin. Other components protect the teeth (e.g. praline 
rich proteins, statherins, calcium, phosphate), have essential antibacterial (lysozyme, 
lactoferrin, IgA, lactoperoxidase-thiocyanate) or buffering functions (sodium, potassium, 
growth factors EGF and NGF) for protection and cleansing 30.

The basic secretory units of the salivary glands are pyramidal shaped acinar 
cells (Fig. 2). Each type of gland has specific acinar cells which are classified according 
to the proteins secreted. Human parotid glands almost entirely consist of serous acinar 
cells, secreting a serous watery fluid, while the sublingual gland mainly contains 
mucous acinar cells (mucus-rich saliva). The submandibular gland is a mixed gland 
with predominantly serous cells and some mucous cells. The primary saliva produced 
by acinar cells is secreted into a small lumen of a cluster of acinar cells, the acinus (Fig. 
2). The saliva subsequently flows into a lumen surrounded by intercalated duct cells 
that coalesce into striated ducts and finally into columnar excretory (intralobular) ducts. 
These ducts further process the saliva and modify the electrolyte content by removal 
of sodium chloride and addition of potassium and biocarbonate 31. Eventually, a single 
large (interlobular) excretory duct, referred to as Wharton’s duct (submandibular gland), 
Stenson’s duct (parotid gland), or Bartholin’s duct (sublingual gland), transports the 
saliva into the oral cavity. 

Apart from the above mentioned parenchymal cells, also myoepithelial cells 
comprise an important part of the gland (Fig. 2). Their long cytoplasmic extensions 
envelop both acinar cells (mostly in submandibularis) and intercalated duct cells (parotid 
and submandibularis) 32, and less extensively the striated duct cells. Consequently, 
nerve-mediated myoepithelial cell contractions increase pressure of the underlying cell, 
resulting in saliva release into the duct lumens 33. Several of the grape-like acini and 
ducts are held together in lobules (secretory units), which are separated by connective 
tissue (interlobular stroma). This stroma is filled with capillaries, larger blood vessels, 
fibroblasts, small nerve fibres bundles, and lymphocytes. 

As diets vary from one species to another, also the composition of acinar 
cells in the glands differs between rodents, which are mostly used in research, and 
mammals. Rodent submandibular and sublingual glands are exclusively composed of 
mucous cells, while the parotid gland contains exclusively acinar cells of the serous 
type. Furthermore, an extra ductal cell type, the granular convoluted tubule ductal cell 
(GCT), is positioned between intercalated and striated duct cells. 

This cell type is under hormonal control and more abundantly present in males than in 
females. While most of the ductal cells secrete only small amounts of proteins, these 
GCTs are packed with additional kallikreins, serous granules and growth factors 34. 

fIGuRE 2. sCHEmATIC REPREsEnTATIon of THE sAlIvARY GlAnd moRPHoloGY. Primary 
saliva secreting acinar cells are clustered in an acinus, which transports the saliva towards intercalated 
ducts, subsequently to striated ducts and finally to excretory ducts. Contraction of myoepithelial 
cells, which surround acinar and duct cells, results in release of saliva into the oral cavity. Inserts 
represent morphological pictures stained with antibodies directed against alpha-smooth muscle actin 
(myoepithelial cell), c-Kit (excretory duct cell), CK 8 (duct cells), and a Periodic Acid Schiff’s base staining 
(acinar cell). Scale bar, upper panel = 50 μm, lower panel = 20 μm. (Picture modified from Robert A. 
Freitas Jr., Nanomedicine, Volume I: Basic Capabilities, Landes Bioscience, Georgetown, TX, 1999).
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The acute radiation response and high radiosensitivity of salivary glands is 
rather peculiar. Classically, tissues with slow tissue turnover are late responding 35,36. 
Nonetheless, although the saliva secreting acinar cells are highly differentiated and 
have a slow turnover rate (~60 days) 37, they acutely respond to radiation as the saliva 
production is already reduced within the first 24 hours after irradiation 38. 

Shortly after irradiation, several morphological changes have been described 
in the glands of rats 39-41, mice 42, primates 43, and humans 44, including cell death, 
acinar and GCT cell degranulation, cytoplasmic vacuolization of acinar cells and 
pyknotic nuclei. Serous cells (abundant in the parotid gland) even appeared to be more 
affected by radiation than mucous cells, while ductal cell types seemed to be relatively 
radioresistant 45. 

Some twenty years ago, the degranulation hypothesis was presented by Abok 
et al. as an explanation for this acute response 39,46,47. Membranes of cells, enclosing 
organelles rich in heavy metals (Zn, Mn, and Fe), could be subjected to radiation-
induced lipid peroxidation, evoked by a metal-catalization process. As a consequence 
of this membrane damage, leakage of granules containing proteolytic enzymes would 
evoke immediate cell lysis, causing the acute response 39. This explanation, however, 
cannot be the sole cause. Firstly since proteolytic enzymes are exclusively present in 
GCT cells, and secondly because no significant cell lysis (i.e. loss) was observed in 
rat glands after clinical relevant doses 48. Another suggestion for the acute response 
proposed by Stephens et al. included cell apoptosis. Although significant apoptosis was 
described in rhesus monkey salivary glands 43, this could no be verified in rats 48. 

The mechanism behind the acute response seemed to be more complicated, 
as further research revealed a radiation-induced hampered excretion function in the 
acinar cells 49. The receptor-mediated signalling pathway regulating water excretion 
was abrogated by radiation-induced membrane damage. Both a defect in calcium 
mobilization and the translocation of Protein Kinase C to the membrane, two processes 
which are involved in water movement, lead to acute gland hyposalivation 49 and sticky 
saliva (i.e. initial loss of water content relative to mucins). Moreover, using scintigraphy 
in patients, it was observed that early after radiotherapy the trapping of technetium-
pertechnetate was not affected, whereas the saliva excretion was severely reduced 50. 
This finding indicated that the gland volume remained more or less intact, while the 
excretory function was impaired, confirming that a loss of secretory function of the 
salivary gland cell and not per se cell death may underlie the early radiation-damage 
to salivary glands. 

Consequently, four phases of radiation damage have been proposed in rats; 
an acute phase (0-10 days post-irradiation) with no significant net loss in acinar cells, 
but rather a decrease in function of the acinar cells which leads to impaired water 
excretion 16,49,51, a second phase (10-60 days) with significant reduction in acinar cells 
and amylase secretion, which does correspond with the tissue turn-over time 16,42, a 
third phase (60-120 days) in which damage is stabilized (Fig. 3), followed by a fourth 
phase where both acinar cell number and gland function further deteriorate (120-240 
days) 16. In mice, this late phase already occurs at day 90-120 days post-irradiation and 
the third phase seems absent (Fig. 3), indicating that the time taken for each phase 
may be species dependent. For the late phases, the lack of replenishment of functional 
acinar cells is thought to be due to the radiation-induced sterilization of gland stem 
cells.

In conclusion, although saliva substitutes, sialogogues, and salivary gland-
sparing techniques are important to reduce radiation-induced hyposalivation, the 
ultimate replacement of stem cells in the irradiated gland by stem cell therapy would 
be the only potential way to fully restore tissue homeostasis in the damaged gland. 
The potential of stem cell therapy to reduce radiation-induced damage to the salivary 
glands will be evaluated in this thesis.

fIGuRE 3. funCTIon And ACInAR moRPHoloGY of IRRAdIATEd mousE sAlIvARY GlAnds. 
Radiation evokes acute salivary gland dysfunction within the first days post-radiation. Later in time, saliva 
flow rate progressively decreases. In contrast, acinar cells disappear well after flow rate has dropped (~30 
days post-radiation).
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Stem cell therapies are currently investigated for their potential to treat a vast 
array of clinical disorders. Stem cells are considered to possess the capacity to self-
renew and to produce more differentiated cells. To accomplish this, asymmetric cell 
division occurs, by which a stem cell divides to generate one daughter which remains 
a stem cell and one progenitor cell that will further differentiate (Fig. 4). Subsequent 
transition of these progenitor cells, also called transit-amplifying cells, towards 
mature cell lineages may involve amplification of progeny (restrictive division). This 
phenomenon is particularly observed during (post)-embryonic development 52, and 
during tissue regeneration after injury 53. However, assymetric cell divisions do not 
allow stem cells to expand in number. To achieve expansion, stem cells can also divide 
symmetrically, i.e. a stem cell gives rise to two identical daughter cells, both with stem 
cell properties. The balance between symmetric and asymmetric divisions depends on 
the developmental stage of the tissue and on environmental signals 54. To retain long-
term organ repair both stem cell maintenance and the formation of differentiated cells 
is required. For clinical therapies, it is critical to transplant stem cells and not progenitor 
cells. Despite the latter being able to form differentiated cells, organ repair will only be 
temporarily restored as the progenitors are not able to self-renew. 

 Two stem cell types are currently investigated for their potential use in therapy: 
embryonic stem (ES) cells and adult stem cells. Embryonic stem cells, derived from 
the inner cell mass of the blastocyst, differentiate into all cell lineages of a living 
organism (i.e. are truly pluripotent) (Fig. 5). Potentially, they are a virtually unlimited 
source of cells for stem cell-based therapy, but in practice these cells have not been 
yet successfully used in clinical trials. Despite their pluripotency, it is still difficult to 
regulate their proliferation and differentiation in vitro or in vivo. As ES cell-based 
therapy will inevitably be in an allogenic setting, these cells face a substantial risk of 
immune rejection in vivo, which can potentially be circumvented by somatic cell nuclear 
transfer (i.e. therapeutic cloning or SCNT) 55. By transfer of a nucleus from a somatic 
cell into an enucleated oocyte, the oocyte can form a blastocyst upon stimulation, from 
which embryonic stem cells can be isolated that are genetically matched to the donor. 
Although no such human embryonic stem cell lines have been obtained yet, SCNT may 
in the future be useful for research purposes to create disease-specific stem cell lines 
(e.g. SCNT from Parkinson’s somatic cell). In any event, caution needs to be taken 
with respect to their tumorigenic potential, as they readily form teratomas. Additionally, 
ongoing debates relating to the ethical aspect of embryonic stem cell use are daily 
news. These ethical issues appear to have been circumvented in experiments where 
differentiated (fibroblast) cells were reprogrammed to pluripotent stem cells 56-58. 
In contrast to ES cells, adult stem cells are generally organ restricted, and typically 
only form cell lineages of the organ from which they originate (unipotency) (Fig. 5). 

fIGuRE 4. dIvIsIon PATTERn of sTEm CElls. Asymmetric division of a stem cell involves the 
generation of one stem cell and a more differentiated progenitor cell. In contrast, via symmetric divisions 
stem cells are able to maintain and multiply their own number. When two differentiated daughter cells are 
produced, the process is called a restrictive division. 
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The most-intensively studied adult stem cells are hematopoietic stem cells that reside 
in the bone marrow. Since the 1960’s, an exciting scientific field has opened with the 
demonstration of the rescue of mice from lethal irradiation with bone marrow stem 
cell transplantation 59,60. The first human bone marrow transplant to treat leukemia 
followed in 1965 61. To date, adult stem cells have been identified in multiple organs. 
The general use of stem cells as medical treatment has been actively advocated and 
researchers now design stem cell-based therapies for a variety of diseases, such 
as myocardial infarction, Parkinson’s and Alzheimer disease, diabetes type 1 and 2, 
chronic liver failures, muscular disorders, and skin, eye and kidney disorders.

In recent years, the consensus that each adult organ could only be rescued 
by its own tissue-specific stem cells was reconsidered after the observation that, 
under certain conditions, stem cells from one tissue can regenerate other, unrelated, 
tissue cell types (multipotency) 62. Studies in which bone marrow-derived stem cells 
(BMCs) contributed to the regeneration of injured organs such as brain 63-65, liver 66-69, 
lung 70-72, vascular tissue 73, kidney 74-76, skin 77 and heart 78, opened the perspective 
of using multipotent BMCs to regenerate injured tissues. However, the potential of 
bone marrow-derived stem cells to regenerate non-hematopoietic tissue has been 
debated ever since. Some experimental evidence supports the hypothesis that BMCs 
can change their phenotype when present in an injured organ different from bone 
marrow (reviewed in Vieyra et al. 79). Cell fusion with tissue-specific differentiated cells, 
however, has been proposed as an alternative mechanism 80 to explain observations 
of stem cell plasticity. 

Separately, the potential of endothelial progenitor cells to treat vascular injuries 
has recently been discovered. These cells have been identified in bone marrow 
and peripheral blood, and may incorporate into injured vessels to participate in re-
endothelialization and neo-vascularization 81. Although the ultimate mechanism of 
endothelial progenitor cell-induced repair is not entirely elucidated, these cells may 
also stimulate local angiogenesis by secreting growth factors in a paracrine manner. 
This mechanism has also been proposed to explain organ repair by BMC therapy, 
whereby endogenous tissue (stem) cells are stimulated by the presence of BMCs 82. 

Stem cell therapy treatment for radiation-induced hyposalivation may include 
all of the above mentioned possibilities. In this thesis, the application and potential 
outcome of BMC therapy to restore injured salivary glands will be explored. However, 
treatment of salivary gland dysfunction with stem cells derived from the salivary 
gland itself would be a preferred way of therapy. Unfortunately, data on salivary gland 
stem cells are scarce, and techniques to help define/isolate these cells need to be 
explored. 

fIGuRE 5. sTEm CEll fATE. While cells of a zygote are still totipotent, embryonic stem cells, isolated 
from the inner cell mass of a blastocyst, are pluripotent. Eventually, during gastrulation, three different 
layers will be formed which are called the endoderm, mesoderm and ectoderm. Each layer gives rise to a 
variety of organs. In adults, each tissue may harbour tissue specific stem cells that are either unipotent or 
multipotent. (Picture modified from National Center for Biotechnology Information, Bethesda MD, revised 
November 2007).
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In order to efficiently perform stem cell therapy, certain general hurdles need to 
be taken. First of all, tissue-specific stem cells need to be isolated and characterized. 
Secondly, their potential to differentiate into tissue-specific lineages needs to be 
determined, as well as the ability to self-renew and their regenerative potential in pre-
clinical animal models. Finally, if possible, expansion of their number in vitro may be 
necessary to obtain enough cells for clinical application.

For all of these purposes, precise knowledge of cellular behavior and the 
molecular mechanisms that lead to stem cell differentiation and self-renewal is 
required. The most commonly applied techniques will be addressed in the following 
paragraphs. 

7.1 LocaLization of stem ceLLs 

LabeL retaining ceLLs

Although the hematopoietic cell system is most extensively studied, the exact 
location of hematopoietic stem cells (HSCs) in the bone marrow has not been resolved. 
In contrast, much knowledge has been obtained on the in situ stem cell location in 
certain other organs, including the intestinal crypts 83, the bulge of the hair follicle 84,85, 
bladder 86, the limbal region of the cornea 87, and the terminal end bud of mammary 
glands 88. For all these tissues, one of the oldest techniques to define stem cell location 
was used: the Label-Retaining Cell assay. After a period of continuous administration 
of nucleotide analogues such as BrdU or 3H-TdR, these are incorporated and label the 
DNA of all dividing cells. In a subsequent chase period, during which no nucleotide 
analogue is administered, the label will be diluted with every cell division. The less 
frequently dividing cells will retain the label, and are referred to as label-retaining cells 
(LRC) 89 and this population is considered to contain the stem cells. In these cells, the 
label is retained either due to quiescence or because of asymmetric segregation of 
the chromosomes, i.e. stem cells selectively retain a set of chromosomes that contain 
old template DNA 83,90. However, recently, hematopoietic BrdU label retaining cells 
were shown to be less enriched for stem cells as first thought (only 0.5% were HSCs) 
due to random segregation of chromosomes 91. As an alternative for the LRC assay, 
transgenic reporter mice have been developed expressing a stem cell specific protein 
fused to GFP or LacZ 92-95 for the imaging and the lineage tracking of stem cells in 
tissues like skin and intestine. One of these studies 92 clearly demonstrated that the 
most primitive intestinal stem cells are different from those observed by BrdU label 
tracking. Therefore, the LRC technique for stem cell detection is debated, and the 
obtained results need to be validated.

stem ceLL markers

One of the most important obstacles in stem cell research is the absence of 
expression of a common and unique marker allowing identification of the stem cell. 
Such a marker would be of great help to unravel the stem cell niche. Consequently, the 
identification of novel stem cell-related markers is of major interest. Both histological 
and genetic analyses have revealed the existence of stem/progenitor cell-related 
markers, i.e. epitopes on the cell surface (e.g. Sca-1, CD24, CD133, CD49f, c-Kit) or 
intracellular proteins (e.g. Musashi-1). Some of these are cell-type and organ-specific, 
but others are expressed in several tissues. However, since a single marker that defines 
a stem cell has not been found yet, and may indeed not exist, several markers need 
to be combined. Nevertheless, in addition to in vitro and in vivo functional assays, 
morphologic observation of expression of potential markers might be a helpful tool in 
the identification of tissue stem cells and the niche in which it lives.  

7.2 stem ceLL isoLation and characterization

Independent from information about their exact localization in situ, stem cells need 
to be physically isolated. Basically, three methods have been used so far: enrichment by 
selective cell culturing, sorting using FACS (Fluorescent Activated Cell Sorting) based 
on expression of cell surface markers or based on biochemical and physical properties 
(Side Populations, Rhodaminedull cells, cell size, cell density). However, in practice, a 
combination of these methods will be required to achieve the most optimal enrichment. 

In vItro cuLture of stem ceLLs from soLid tissues

Isolation of stem cells from solid tissues can be obtained by exposing the tissue 
to (several rounds of) digestion procedures with enzymes that disrupt the extracellular 
matrix (e.g. collagenase, hyaluronidase) and/or dissociation on cell-cell level (e.g. 
trypsin). The choice of one enzyme over the other is often arbitrary and more based 
on trial and error and past experience than on understanding why a specific method 
works, and differs between organs and even between laboratories. After enzymatic 
processing and seeding of cells in vitro in appropriate media conditions, often spherical, 
non-adherent cell clusters are formed. This selective culture system, often containing 
FGF and/or EGF as mitogenic growth factor, enriches for stem/progenitor cells. The 
most well-known are spheres obtained from mammary glands (mammospheres) 96 and 
brains (neurospheres) 97, both of which have been shown to contain progenitor and 
stem cells. For neurospheres, 4%-20% of the cells have stem cell potential, whereas 
the remaining population consist of progenitor cells in various stages of differentiation 98. 
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of secondary and tertiary spheres from single cells originating from the original sphere 99. 
Based on the frequency of cells that are capable of forming these secondary and tertiary 
spheres, the percentage of stem cells can be estimated (clonogenic assay). 

Additional assays, including culture dish-adherent cells or cells growing in 3D 
culture systems, can subsequently be used to show differentiation of stem cells into all 
tissue lineages (e.g. oligodendrocytes, astrocytes, neurons for neurospheres or duct 
and alveolar cells for mammospheres). 

sorting of stem ceLLs

Cell markers

Another possiblility to enrich and/or select for stem cells is by making use of cell 
type specific markers. Using FACS analysis, stem cells can be tagged with fluorescently 
labeled antibodies and may be ultimately sorted as single cells. Unfortunately, as 
mentioned above, no unique molecular marker has been found to be exclusively 
expressed on stem cells. For instance, a commonly used set of markers to enrich 
for HSC uses the lineage-Sca-1+c-Kit+ protocol 100 (lineage includes antibodies raised 
against epitopes associated with terminal maturation of blood cell types, Sca-1 refers to 
Stem cell antigen-1 and c-Kit is the Stem Cell/Steel Factor receptor). Similarly, mammary 
gland stem cells have been isolated based on the expression of Lin-CD24medCD29high 
markers 101,102. Subsets of these cells can be further divided based on the expression of 
CD49fhigh, Sca-1low, CK14+/-, SMA+/- or Hoechst 33342 96,101. 

A full description of all potential markers used to purify stem cells is beyond the 
scope of this thesis. It is clear, however, that the number of markers necessary to select 
putative stem cells is very high and differs between tissues. This also implies that none 
of these markers are associated with unique stem cell functions, that certain marker 
expressions may change over time (i.e. are not stable), and that presumably multiple 
types of stem cells exist even within a single organ. 

FluoresCent taggIng oF genes

A second approach for direct isolation of stem cells is based on genetic 
manipulation of stem cells to express a fluorescence label. For example, skin stem cells 
expressing GFP from a stem cell specific promoter have been selected by FACS 94,95. 
Many of the knock-in reporter models are currently being developed and will greatly 
improve our knowledge on adult tissue stem cells.

Dye exClusIon

Stem cells are thought to efficiently express ABC transporters (i.e. membrane 
pumps able to exclude toxic substances), which enables them to be protected from 
potentially harmful chemicals. Cell suspensions can be enriched for stem cells using their 
ability to exclude fluorescent dyes such as Rhodamine 123 and Hoechst 33342. The latter 
is a DNA-binding dye which can easily enter living cells and which is actively exported 
from the cell by ABC-ATPase transporters present in stem cells. Rhodamine 123 stains 
mitochondria with increasing intensity as cells become proliferatively activated. The 
degree of efflux activity is related to the maturation state: the more primitive stem cells 
exhibit the highest efflux activity 103. These transporters can be specifically inhibited by 
agents such as Verapamil, which serves as control for the specificity of the isolated cell 
population. Quiescent stem/progenitor cells, such as HSCs 103, can be highly enriched 
by selecting for reduced Rhodamine 123 or Hoechst 33342 accumulation, and are 
respectively referred to as Rhodaminedull or low cells and Side Population (SP) cells. SP 
cells have now also been described in many other organs, including skeletal muscle, 
lung, liver, heart, testis, skin, mammary gland, and cardiac muscle (reviewed in Challen 
et al. 104). However, recently, it became clear that the mammary gland SP population 
is more enriched for progenitor cells than stem cells 105, and emphasizes once more 
that each technique by itself is not strict enough for isolation of a particular stem cell. 
However, in the absence of cell surface markers, SP selection has been proven highly 
useful as a primary purification step, but a combination with other assays is necessary to 
achieve purity. Additionally, one should keep in mind that small differences in isolation or 
staining protocols vary among laboratories, and will influence viability, homogeneity and 
yield of the obtained SP cells 106. 

7.3 transpLantation of stem ceLLs

Once stem cells are successfully isolated, their properties need to be demonstrated. 
It is important to stress that true stem activity can only be ascertained in functional 
assays. Showing clonality is one of the most powerful tools to prove stem cell identity, i.e. 
the capacity of a single cell to give rise to almost all cell type lineages of the appropriate 
tissue. In vitro, this is accomplished by the serial generation of clones from one single cell 
and their subsequent differentiation in different progeny cell types. However, recording 
the clonal ability of a single stem cell in vivo is technically very difficult. A solution for this 
is the demonstration that one single purified candidate stem cell is able to regenerate/
repopulate a particular organ. In fact, this single stem cell should be able to integrate itself 
in the host environment, give rise to the appropriate mature cell types, and maintain itself 
in time. In the following paragraphs, promising stem cell transplantations are described 
which may be, or are already, clinically applicable. 
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The only routinely clinically applied stem cell therapy to date is hematopoietic 
stem cell transplantation, which is used to restore blood production after myeloablation 
of patients suffering from leukemia, as well as various other types of (blood) disorders. 
The conditions for clinical hematopoietic stem cell transplantations have largely 
been determined in a very extensive series of pre-clinical (rodent) studies. In these 
experimental stem cell transplantations, HSCs are transplanted to recipients that 
received total body irradiation to destroy the endogenous bone marrow compartment. 
Co-transplantation of a defined population of helper cells ensures survival of all recipients. 
After reconstitution of the bone marrow (mostly after 3 months), blood/bone marrow 
chimerism is evaluated to assess stem cell quality and calculate the CRU (Competitive 
Repopulating Unit) of the transplanted cell pool. Serial in vivo transplantations are an 
extension to this assay, and are a useful tool to study the exhaustion of stem cells (i.e. 
their lifespan) and assess expansion limits. 

skin

Skin stem cell therapy is basically initiated to assist in skin and hair transplants 
for patients with burns or skin-related disorders. Clinically, human skin keratinocytes 
can be cultured to form epithelial sheets on fibrin matrices, which can be used to treat 
patients with burns 107. In mouse studies, progress has been made in selecting and 
transplanting skin stem cells on the skin of recipient mice, and these cells have been 
shown to grow hair in nude mice 108. Interestingly, the engrafted cells contributed to 
both the formation of hair follicles, epidermis and the sebaceous glands, indicating 
that these stem cells spontaneously differentiated into other tissue specific cells when 
placed in an appropriate environment. 

mammary gLand

The best demonstration of the existence of mammary stem cells was made by 
Shackleton et al. 101,102 who showed that a whole organ could be formed from one single 
stem cell. The isolation of Lin-CD29highCD24+ cells was followed by a transplantation of a 
single multipotent mammary gland cell into a cleared fat pad of virgin or pregnant mice. 
This transplantation resulted into a fully developed functional mammary gland with all 
lineages (alveolar, myoepithelial and luminal cells). Subsequent serial transplantations 
demonstrated self-renewal of the transplanted stem cell, and proved the principle that 
organ formation can occur from one single stem cell. 

eye

Stem cell therapy in the eye has been aimed at treating corneal Limbal Stem 
Cell Deficiency (LSCD) and retinal degenerations, and has become a major area of 
research in ophthalmology. The first ex vivo culture of human limbal stem cells was 
reported by Pellegrini et al. in 1997 109. Limbal stem cells were transplanted in the cornea 
of a patient with alkali burns 110. Later in time, stromal scarring and neo-vascularisation 
produced a healthy organized cornea, allowing 100% recovery of visual acuity. Since 
then, additional reports have been published on the use of these stem cells to cure 
LSCD (reviewed in Shortt et al. 111). 

kidney

In 2005, a study of Bussolati et al. 112 reported the successful transplantation of 
isolated human kidney CD133+ stem cells in immuno-compromised mice. CD133+ cells 
were subcutaneously placed into Matrigel, and ten days later, tubular structures were 
formed. The CD133+ cells also survived in glycerol-induced tubulonecrosis kidneys of 
SCID mice when intravenously injected. Within the following three days, these human 
cells had integrated and were proliferating in the proximal and distal tubulus. In contrast, 
in normal undamaged kidneys, a minimal number of transplanted cells were found to 
home to the tissue. This study shows the capability of human renal (stem) cells to 
differentiate into renal cell lineages, and to take part in the regeneration of damaged 
tissue. Additionally, it demonstrates that the success of stem cell therapy is depending 
on the environment (uninjured/injured) in which the cells are transplanted. 

brain

For brain disorders such as Parkinson’s disease (a degeneration of dopaminergic 
neurons) or Huntington disease (mutation in Huntingtin gene), most studies are focussed 
on the use of embryonic or fetal stem cells. However, also adult neuronal stem cells have 
been isolated from rats and grafted into the brain of a Parkinson disease rat model 113. 
Although transplantation led to a high survival and migration rate of the donor cells, no 
efficient neuronal differentiation was observed. This is in contrast with a mouse study of 
Meissner et al. 114 where mouse neuronal stem cells from cultured neurospheres were 
injected in the subventricular zone of brains of Parkinson diseased mice. This study did 
show differentiation into astrocytes and neurons that reduced motor defects. These are the 
first studies showing the beneficial effects of adult stem cell therapy in brain diseases. 
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The heart has a very low regenerative capacity after injury. This is suggested 
to be due to the small number of endogenous cardiac stem cells. Nevertheless, adult 
cardiac stem cells might still be candidates for stem cell therapy. Research has focused 
on other cell types beside the adult cardiac stem cells such as skeletal myoblasts, bone 
marrow-derived cells, mesenchymal stem cells, and embryonic stem cells to use for 
transplantation purposes. Although different subsets of cardiac stem cells have been 
observed (lin-,c-Kit+ 115, Sca-1+ 116, SP cells 117, Isl-1 118), only the lin-c-Kit+ population has 
been documented to improve heart function up to 70% of its activity after injection into 
the border zone of ischemic-induced hearts 115 or led to a 29% decrease in infarct size 
after delivery into the coronary arteries 119. 

In conclusion, the above described findings support the promising potential of 
stem cell therapy to restore injured and non-functioning organs with tissue specific 
stem cells. Transplantation of salivary gland stem cells into irradiated glands, however, 
has never been attempted and little information on putative salivary gland stem cells is 
available. A brief overview of existing data on salivary gland progenitor and stem cells 
will be outlined in the next paragraph. 

8. sTEm And PRoGEnIToR CElls In THE sAlIvARY GlAnd
Multiple studies have attempted to determine the precise localization of the stem/

progenitor cell in the salivary gland, but no adequate techniques have yet been developed 
to accurately isolate these cells for transplantation therapies. As salivary glands have the 
capacity to regenerate after partial extirpation 120 or duct obstruction 121, it seems likely 
that they contain stem/progenitor cells. Therefore, both of these techniques have been 
used to characterize and isolate stem/progenitor cells 122-125. 

8.1 characterization studies

To identify the cells that are responsible for regeneration of salivary glands, duct 
ligation experiments have been the gold standard. Ligation of the excretory duct causes 
total atrophy of the gland, which is characterized by disorganization of the parenchyma, 
disappearance of acini, dilation of the interlobular ducts, infiltration of inflammatory 
cells and pronounced fibrosis of the glands. In the rat, after seven days of obstruction, 
this results in a 30-40% reduction of the total gland weight 123,126 and a loss of 85% in 
acinar cell mass 123. Based on measurements of areas occupied by each epithelial cell 
type 122,123 or determination of proliferation 124,125,127, a decrease in (proliferating) acinar 
cells and an increase in intercalated duct cells was shown. 

Following the removal of the obstruction, within 7 days an impressive proliferation rate 
and regeneration of acinar cells was observed with concomitant reduction in number 
of intercalated duct cells. These observations were the first indications that after acinar 
cell loss intercalated duct cells (ID) are able to extensively proliferate and differentiate 
in acinar cells. 

Subsequently, LRC studies confirmed that intercalated duct cells exhibited high 
proliferation marker labeling, which are diluted in time at the acinar/ID and GCT(Granular 
Convoluted Tubule)/ID junctions 128,129. 

Based on these studies, it was proposed that the intercalated duct cells 
contained the progenitors for acinar and GCT cells 128,129, and that striated duct cells 
were presumably replaced by more primitive excretory duct cells 129.

8.2 stem ceLL cuLtures

formation of acinar ceLLs 
Many efforts have been made to culture cells of salivary gland from both rodents 

and humans/primates, either to investigate acinar cell behavior or to assess ductal 
cell differentiation. First attempts date from 1959 130 showing that when submandibular 
explants were cultured, acinar cells rapidly (24-48 hrs) degenerated in vitro, while 
most ductal epithelium became hyperplastic. Several years later 131-134, it was noticed 
that cells of the mouse submandibular gland responded in vitro to hydrocortisone and 
insulin, resulting in improved cell survival, although it should be noted that these cultures 
were severely contaminated with fibroblasts. Again years later, human salivary gland 
duct cells could be induced to form monolayers, which were passaged for several times 
in serum-free medium with a low concentration of calcium 135. Apparently, the calcium 
concentration influenced the degree of desmosome formation and cell survival 136. 
Based on this knowledge, human 137, macaque 137 and rat 138 submandibular/parotid 
(duct) gland cells were cultured on 3T3 feeder layers, resulting in formation of acinar-
like cells, showing that gland cells could be harvested and cultured, and that ductal cell 
types were able to differentiate into acinar cells. 

Human gland cells, isolated as either full tissue aggregates or as dissociated 
cells, can be cultured as undifferentiated parotid ducts (0.2 M Ca+2) 136, as acinar 
cells (0.2-1 mM Ca+2) 136,139, or as non-neoplastic cell lines 140. Although adequate cell 
characterization was not performed in these studies, they suggest that ductal cells can 
differentiate into acini in vitro. Unfortunately, until now, none of these culture methods 
have been proven to be ideal for duct stem/progenitor cell selection. 
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Kishi T. et al. 141 were the first to succeed in developing a stem cell assay based 
on colony forming units (CFU). They showed colony formation of single cells of both 
neonatal and adult submandibular rat glands plated at low-density on coated dishes in 
serum-containing medium. All three cell lineages could be detected by the demonstration 
of cell type specific markers (AQP-5 for acini, SMA for myoepithelium, N+K+ATPase, 
S-100, CK19, c-met for ducts). Apparently, addition of EGF and HGF significantly 
increased colony formation. As a higher number of colonies could be obtained from 
neonatal tissue when compared to adult glands, they concluded that the latter contain 
less “stem” cells. Unfortunately, this study lacks important information as to what the 
origin is of the cell types at the beginning of seeding, how the difference between 
fibroblast and epithelium-containing colonies was determined, how the formation of 
a colony from one single cell was ascertained, and whether they were able to serially 
passage the stem cells. As in vivo functional characterization of these cells was not 
assessed, it appears premature to refer to these cells as salivary gland stem cells.

8.3 transpLantation studies

atropHic gLands

Transplantation of cultured salivary gland cells into atrophic glands was 
attempted by Sugito T. et al. 142. Enzymatically dissociated rat submandibular gland 
cells, cultured in serum-rich medium on Mitomycin C-treated 3T3 cells 138, were injected 
into a gland seven days after duct ligation and subsequent deligation. Two weeks later, 
transplanted cells had migrated from the injection site, and remained adjacent to, 
or inside, the ductal system. No differentiation in any myoepithelial (SMA) or acinar 
(Mucin-1) cell type could be observed. This study was a first attempt to isolate and 
transplant gland stem/progenitor cells, but it failed to show formation of any acinar cell 
nor were functional measurements performed. Therefore, no proof that stem/progenitor 
cells were isolated has been obtained. 

regeneration of pancreatic/Hepatic-diseased tissue using saLivary gLand (stem) ceLLs

Other researchers have attempted to isolate salivary gland stem/progenitor cells 
from both mice 143 or rats 144,145 via cell sorting. They selected for Sca-1+c-Kit+ or α6+β1+-
integrin cells from respectively mouse 143 and rat glands 145 after duct ligation. Ligation 
was necessary to enhance the number of these cells in vivo. In order to demonstrate 
the trans-differentiation capacity of the isolated gland stem/progenitor cells, cells were 
subjected to media used for the culture of pancreatic or hepatic cells. 

After two weeks of culture, the cells were transplanted into the portal vein of partially 
hepatectomized livers, where after integration of albumin-expressing donor cells in 
the liver were observed. Subsequently, rodent cells were replaced with human and 
swine salivary gland material 146,147, and similar in vitro trans-differentiation results 
from CD49f+Thy-1+ selected cells were observed. Although induction of liver/pancreas 
specific genes in the cultured cells was observed 143,147, more selective and functional 
methods will be necessary to prove multipotency in vitro and in vivo.

8.4 other regenerative approaches to restore function of saLivary gLands 
The group of Baum et al. 148-150 reasoned that remaining duct cells in an 

irradiated gland might be stimulated to secrete water in order to prevent oral and 
food lubrication problems. However, the ductal cells in salivary glands are water-
impermeable, in contrast to fluid-secreting acinar cell types. To solve this problem they 
transferred a human aquaporin-1 (hAQP1) cDNA sequence into duct cells with the 
use of a recombinant adenovirus. Their study in miniature pigs 150 showed a temporary 
restoration to 80% of the normal saliva flow after gene therapy, although their attempts 
in irradiated rhesus monkeys glands 149 yielded rather inconsistent outcomes. The exact 
mechanism by which the duct fluid secretion is established still needs to be elucidated, 
and detailed toxicological studies need to ensure the safety of patients if clinical trials 
are considered. 

The same group has attempted to construct an artificial human gland. Hereto, 
three important substances are needed: a porous biodegradable substrate, a coated 
extracellular matrix on the surface, and a polarized epithelial cell layer to allow uni-
directional fluid secretion. Although the first attempts appeared promising, the 
subsequent formation of a connection system between the different gland cells (duct, 
acinar, and nerve cells) still needs to be established and may be problematic 151-153. 
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 Malfunctioning of salivary glands and consequential xerostomia is a ubiquitous 
and long-term complication after radiotherapy in head and neck cancer patients. 
Significant progress has been achieved in the prevention and treatment of xerostomia. 
However, to date, many patients still continue to suffer from xerostomia. This implies 
that the above described prevention and treatment strategies are not sufficient. 
Although new efforts are directed towards creating artificial glands or gene therapy, 
these techniques are not fully standardized, nor yet clinically applicable. Therefore, 
further research and development of novel approaches including stem cell therapy are 
warranted to investigate. 

AIm of THE THEsIs
 This thesis aims to explore the potential of adult tissue stem/progenitor cell 

therapy to treat radiation-induced hyposalivation. 

ouTlInE of THE THEsIs 

CHAPTER 2: First attempts to prevent radiation-induced hyposalivation were performed 
using bone marrow-derived (stem) cells (BMCs). These cells have been suggested to 
be involved in the repair of a variety of injured tissues. BMCs were mobilized into the 
blood circulation using G-CSF (Granulocyte-Colony Stimulating Factor). Their homing 
and potential to trans-differentiate into salivary gland cells and to repair the injury were 
assessed. 

CHAPTER 3: BMCs to some extent induced repair of radiation damage in salivary 
glands. In this chapter, it was questioned whether increasing the number of circulating 
BMCs, using a combined treatment with G-CSF, Flt-3L, and Stem Cell Factor, would 
lead to an increased repair of the irradiated submandibular glands. 

CHAPTER 4: This chapter focuses on the isolation of submandibular gland stem/
progenitor cells, their capability to differentiate into gland cells in vitro, and their in vivo 
capacity to regenerate irradiated submandibular glands after (serial) transplantation. 

CHAPTER 5: This chapter explores which cells in mouse submandibular glands 
express (stem) cells markers, and how their expression is influenced by irradiation and 
subsequent transplantation of salivary gland stem cells. 

CHAPTER 6: Keratinocyte Growth Factor (KGF/FGF-7) has been documented to 
prevent radiation-induced damage in many organs. This chapter investigates the role 
of stem cells in the amelioration of radiation-induced damage to the submandibular 
gland after ∆N23-KGF treatment.

CHAPTER 7: Finally, the results described in the different chapters are summarized, 
and their implication in future salivary gland stem cell research is discussed. 
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ABSTRACT
One of the major reasons for failure of radiotherapeutic cancer treatment is 

the limitation in dose that can be applied to the tumor because of coirradiation of the 
normal healthy tissue. Late radiation-induced damage reduces the quality of life of 
the patient and may even be life threatening. Replacement of the radiation-sterilized 
stem cells with unirradiated autologous stem cells may restore the tissue function. 
Here, we assessed the potential of granulocyte colony-stimulating (G-CSF)-mobilized 
bone marrow-derived cells (BMCs) to regenerate and functionally restore irradiated 
salivary glands used as a model for normal tissue damage. 

Male-eGFP+ bone marrow chimeric female C57BL/6 mice were treated 
with G-CSF, 10 to 60 days after local salivary gland irradiation. Four months after 
irradiation, salivary gland morphology and flow rate were assessed. 

G-CSF treatment induced homing of large number of labeled BMCs to 
the submandibular glands after irradiation. These animals showed significant 
increased gland weight, number of acinar cells, and salivary flow rates. Donor cells 
expressed surface markers specific for hematopoietic or endothelial/mesenchymal 
cells. However, salivary gland acinar cells neither express the G-CSF receptor nor 
contained the GFP/Y-chromosome donor cell label. 

The results show that BMCs home to damaged salivary glands after 
mobilization and induce repair processes, which improve function and morphology. 
This process does not involve trans-differentiation of BMCs to salivary gland cells. 
Mobilization of BMCs could become a promising modality to ameliorate radiation-
induced complications after radiotherapy. 

InTRoDUCTIon
During radiotherapy, the most important dose-limiting factor is sensitivity of the 

normal tissue lying in the radiation field. Even with the most optimal radiation schedule, 
damage will still occur in normal tissues. For radiotherapeutic treatment of head and neck 
tumors, the salivary glands are one of the tissues at risk. Exposure of the salivary gland 
to radiation often results in a progressive loss of gland function within the first weeks of 
radiotherapy 154. The reduction in saliva flow rate and alteration of salivary composition 
may persist during the rest of the patient’s life, leading to complications, including oral 
dryness, nocturnal oral discomfort, increased risk for oral infections, dental caries, and 
difficulties in speech, which severely hamper the quality of life 3,4. 

Radiation damage to normal tissue is often due to reduced functioning of the tissue 
stem cells that can no longer replace differentiated functional cells, resulting in loss of 
homeostasis. In the salivary gland, early gland dysfunction (0-10 days after irradiation) 
is evoked by disturbance of intracellular receptor-mediated signaling in differentiated 
functional acinar cells without significant cell depletion 16. At later time-points (10-60 
days after irradiation), progressive loss of acinar cells is observed, which is associated 
with further decrease in saliva production. The lack of replenishment of these functional 
cells is thought to be due to the radiation-induced sterilization of endogenous stem cells. 
Replacement of salivary gland stem cells by stem cell therapy could potentially restore 
tissue homeostasis after radiation. 

At present, there are no reliable methods available to obtain sufficient numbers 
of well-characterized salivary gland stem cells that could be applicable in such a stem 
cell therapy approach. Recently, however, bone marrow-derived cells (BMCs) were 
suggested to serve as a valuable source for the regeneration of damaged tissues 155. 
Homing and engraftment of BMCs in damaged non-hematopoietic organs such as 
vascular tissue 73, myocardium 78,156-163 brain 63-65, liver 66-69, kidney 74-76, lung 70,72-164,165 
and skin 77 have been observed and were suggested to contribute to the wound 
healing process. In some tissues like myocardium 157,160-163,166, kidney 75 and liver 66, 
even improved function has been observed. These studies have provided the proof of 
principle of damage repair by the application of BMCs. A clinically attractive approach 
is to use granulocyte colony-stimulating factor (G-CSF) to mobilize bone marrow cells 
to the circulation. It has been reported that G-CSF is associated with improved cardiac 
function and survival after myocardial infarction in mice 157,160.166,167. 

Many investigators use radiation as conditioning regimen for stem cell 
transplantation. However, the prevention/repair of therapeutic radiation-induced damage 
to organs has not been assessed. 
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The salivary gland not only provides a unique model, but it is also clinically very relevant 
to prevent normal tissue toxicity after radiotherapeutic treatment of head and neck 
cancers. Because these side-effects are mainly caused by damage to the stem cells, a 
proof of principle in this area may also shed light on the general therapeutic use of stem 
cells. The architecture of the salivary gland is well known: cells can be readily identified 
morphologically, and precise function measurements in time have been developed and 
extensively used in our laboratory for both rats and mice. Thus, the exact time-points 
of loss of function, the accompanying morphological changes and the incapability of 
regeneration after stem cell depletion are well known 3,4,16,51,168-171. 

In the current study, we assessed the capability of G-CSF-mobilized BMCs to 
regenerate and functionally restore irradiated salivary glands.

RESUlTS
MoBIlIZED BMCs HoME To IRRADIATED SAlIvARy GlAnDS

To be able to identify bone marrow-derived cells (BMCs) after mobilization, the 
endogenous bone marrow of wild-type female mice was destroyed by a total body 
irradiation of 9.5 Gy (salivary glands were shielded) and replaced by male bone marrow 
isolated from eGFP transgenic mice (Fig. 1). Eight weeks later, mice with peripheral 
blood chimerism levels > 60 % were selected and received an additional irradiation on 
the salivary glands. At 10, 30 or 60 days after gland irradiation, two doses of G-CSF 
given 3 days apart were used to induce circulation of BMCs in the blood. A clonogenic 
assay revealed that this mobilization protocol induced circulating levels of 10,000 
granulocyte macrophage colony-forming units and about 1,000 hematopoietic stem 
cells per mL blood for at least 1 week.

One hundred thirty days after gland irradiation, the number of eGFP+ cells in 
the salivary glands was established. Figure 2 shows that the irradiated salivary gland 
in non-G-CSF-treated animals (Fig. 2A) contained few eGFP+ cells. About the same 
number of eGFP+ cells were found in unirradiated salivary glands of mice after G-CSF 
treatment (Fig. 2B). The highest level of eGFP+ cells was observed in salivary glands of 
mice treated with G-CSF 30 days after irradiation (Fig. 2C-D). Quantification of the % of 
eGFP+ cells (Fig. 2E) revealed a low level of eGFP in all glands of animals which were 
not subjected to the combination of G-CSF treatment and salivary gland irradiation 
(Fig. 2E, left panel). However, a significant 5- to 8-fold increase in eGFP+ cells was 
observed in irradiated salivary glands of G-CSF-treated animals, irrespective of the 
time point of mobilization (10, 30 or 60 days after irradiation). For further analysis, these 
groups were all pooled and treated as one group.

These data show that BMCs home to the salivary gland specifically after 
irradiation. This effect can be strongly enhanced by mobilizing BMCs by G-CSF. 

FIGURE 1. SCHEMATIC REPRESEnTATIon oF EXPERIMEnTAl SETUP. Mice were total body 
irradiated excluding the salivary glands and transplanted with whole bone marrow of eGFP+ transgenic 
mice (middle left clockwise). Hereafter, the salivary glands were locally irradiated. At different time points, 
G-CSF was given, and several parameters were determined 90 to 130 days after irradiation.
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FIGURE 2. HoMInG oF BMCs To IRRADIATED SAlIvARy GlAnDS. Confocal Laser Scanning 
Microscopy slides of submandibular gland 130 days after (sham)-irradiation. Similar amounts of eGFP+ cells 
can be seen in sham-irradiated, sham-mobilized (-/-, E), irradiated, sham-treated (+/-) (A,E), and mobilized, 
sham-irradiated mice (-/+) (B,E). In irradiated mobilized mice, a significant higher number of eGFP+ cells 
were detected (C-E). DAPI nuclear staining (blue) and eGFP expression (green). Original magnification, 
200x (A-C) and 630x (D). eGFP+DAPI+ cells were enumerated in 200 counted cells and standarized to a 
100% detection rate of a eGFP+ normal salivary gland. Columns, mean. Bars, SEM. *, P < 0.05.
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G-CSF InDUCED CHAnGES In MoRPHoloGy oF IRRADIATED 
SAlIvARy GlAnD

Macromorphological examination of glands, extirpated 130 days after radiation, 
revealed a 60% reduction in gland weight (Fig. 3B). In addition, the color of the gland was 
changed after radiation (Fig. 3A). When mice were treated with G-CSF after irradiation, 
gland weights were significantly increased and gland color was normalized. Although 
no significance difference in endothelial area was found between the irradiated/G-
CSF-treated group and the non-G-CSF-treated or non-irradiated mice, morphological 
differences were observed. Blood vessels appeared somewhat larger after irradiation 
and G-CSF treatment, possibly resulting in an improved blood flow, observed as an 
improved gland color. 

Histological analysis revealed that 130 days after irradiation, the number of acinar 
cells with remaining ducts was substantially reduced compared to normal gland tissue 
(Fig. 3C, a), and inflammatory aggregations were prevalent, consistent with previous 
studies 51,174 (Fig. 3C, d). Periodic Acid Schiff (Fig. 3C, b versus e) and Alcian Blue (Fig. 
3C, c versus f) staining for mucins and mucopolysaccharides, respectively, showed the 
reduced presence of acinar cells. When present, these cells were often enlarged and 
disorganized and surrounded by ductal cells and fibrotic tissue. In animals that were 
irradiated and subsequently mobilized, however, the reduction in acinar cell number 
was less pronounced and the glands overall showed improved morphology (Fig. 3C, g, 
h, and i). Detailed quantitative analysis (Fig. 4A) confirmed a significantly higher acinar 
cell number in the pooled G-CSF-treated group. 

These results imply that G-CSF treatment after irradiation improves 
micromorphology and macromorphology of the salivary glands, which coincides with 
homing of BMCs into the glands.

G-CSF ADMInSTRATIon InCREASES SAlIvARy GlAnD FUnCTIon
To examine whether the improved morphology after G-CSF treatment is 

associated with restored function, total salivary flow rates were measured. As expected, 
irradiation with a single dose of 15 Gy results in a severe drop of stimulated saliva 
secretion (3.7 ± 2.3 µL/15 minutes, Fig. 4B) when compared to control non-irradiated 
animals (194.2 ± 10.4 µL/15 minutes). Secretion increased significantly after gland 
irradiation and G-CSF treatment (21.1 ± 6.2 µL/15 minutes, P < 0.05), when compared 
with irradiated non G-CSF-treated animals. Only two irradiated, but otherwise untreated 
mice had a saliva yield of > 10 µL/15 minutes. In contrast, 17 of the 28 mice of the 
G-CSF treated group responded with a level higher than 10 µL/15 minutes of saliva 
secretion. These results indicate that G-CSF treatment increases the function of 
irradiated salivary glands of most animals.
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FIGURE 3. IMPRovED MoRPHoloGy AFTER GlAnD IRRADIATIon AnD MoBIlIZATIon oF 
BMCs. Salivary glands were photographed (A) and weighted (B) at 130 days after irradiation. An improved 
gland color and a significant increase in gland weight were observed after G-CSF treatment compared 
to irradiated gland. The salivary gland morphology (C) was visualized with a H&E (a,d, and g), PAS 
(b,e, and h) and Alcian Blue staining (c,f, and i), indicating tissue structure, the presence of mucin and 
mucopolysaccharides containing acini, respectively. Loss of acinar cells (*) with remaining duct cells (∆) 
appeared after irradiation (d-f) compared to a normal salivary gland (a-c). Irradiated G-CSF-mobilized 
mice revealed more acinar groups which were normal sized, as visualized by pictures g, h, and i. Ruler, 
mm. Mean ± SEM. *, P < 0.05. Original magnification, 200x.
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EnDURInG ACInAR CEllS ARE nEARly All noT DERIvED FRoM 
THE BonE MARRoW 

Next, we investigated whether the increased number of acinar cells responsible 
for the morphological and functional improvement of the irradiated salivary glands 
after G-CSF treatment were derived from BMCs. We hardly observed any acinar cells 
expressing the eGFP protein. However, even not all acini of eGFP transgenic mice 
expressed the eGFP protein to a detectable level (data not shown). It may be that the 
newly formed cells, although BMC-derived, do not express the eGFP protein. Therefore, 
Y-chromosome in situ hybridization was also used to detect male cells originating from 
the donor bone marrow. As control, positive staining (Y+) was revealed in the majority of 
cells of the male salivary glands (Fig. 5A), whereas no positive staining was observed 
in glands of female mice (Fig. 5A, inset). In agreement with the eGFP data shown 
earlier, irradiated/sham-treated mice showed few Y+ cells in open spaces or in close 
vicinity of duct and acinar cells (Fig. 5B). 
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FIGURE 4. InCREASE In ACInAR CEllS AnD AUGMEnTATIon oF SAlIvA PRoDUCTIon AFTER 
GlAnD IRRADIATIon AnD MoBIlIZATIon oF BMCs. (A) Histology slides were scored for acinar cells 
as described in Material and Methods. G-CSF treatment induced an increase in acinar cells in irradiated 
submandibular glands () when compared to irradiated glands () from untreated (O) or G-CSF-treated 
mice (). Line, mean. *, P < 0.05, significant different from irradiation only. (B) Saliva flow rate was 
measured 90 days after irradiation. G-CSF treatment significantly increased the saliva production after 
irradiation () compared to irradiated, sham-treated mice (). An arbitrarily chosen responder line of 10 
μL/15 minutes saliva production revealed that 61% (17/28) of the mobilized mice responded with a higher 
organ function. N = 5, 12, and 28 for the normal (O); irradiated, sham-treated; and irriadiated G-CSF-
treated mice, respectively. Line, mean. *, P < 0.05.

As expected, more Y+ cells were observed in the irradiated/G-CSF-treated mice, 
occurring either as clusters of infiltrating cells in open spaced nodules and arranged 
around central veins or as single cell connected to duct or acinar cells (Fig. 5C). However, 
only very few were detectable as potential acinar or ductal cell (Fig. 5D). Anti-eGFP 
staining confirmed these results showing rare if any overlap with mucopolysaccharide 
containing acini (Fig. 6A,B). 

Since many eGFP+ cells were found to reside in close vicinity with duct and 
acinar cells but not being acinar cells, an immunohistochemical staining (Cy3, red) 
for a-smooth-muscle-actin (a-SMA) was performed. Figure 6C shows colocalization, 
although no overlap of the two signals. Both signals were also found as myofibroblasts 
(Fig. 6D) known to be involved in the tissues reaction to irradiation. So, it is still possible 
that BMCs are involved in the formation of myoepithelial cells surrounding ducts and 
acini. Although a significant part of the interstitial eGFP+ cells were CD45+ (Fig. 6E), 
most were unrelated to hematopoietic cells. CD31 staining revealed that these cells 
at least in part are likely to be mesenchymal cells derived from the bone marrow (Fig. 
6F). These results indicates that at best a very limited number of cells potentially 
transdifferentiate from BMCs to salivary gland cells. The majority of the eGFP+ seem to 
be hematopoietic or mesenchymal cells. 
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FIGURE 5. DonoR oRIGIn oF SAlIvARy GlAnD CEll: IN SITU HyBRIDIZATIon. Untreated male 
salivary gland (A) showed Y+ chromosome expression compared to female ones (A, inset). The amount of 
male BMCs in the irradiated gland (B, arrows) was enhanced by G-CSF treatment (C, arrows). Y+ BMCs 
infiltrate in open spaces in the nodules and surrounding the salivary gland cells in irradiated glands of 
G-CSF-treated mice (C). Occasionally, Y+ staining was seen in an acinar cell (*, D). Original magnification, 
200x (A-C), 400x (D). Nucleus staining is seen by methyl green (B-D).
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To elucidate whether the morphological and functional improvements were due 
to a direct protective or stimulatory effect of the cytokine G-CSF, we examined the 
expression of the G-CSF receptor (G-CSFR) in the mouse salivary glands using reverse 
transcription-PCR, real-time quantitative PCR, and immunohistochemistry. Reverse 
transcription-PCR revealed very low, barely detectable amount of g-csfr expression in 
the salivary glands (Fig. 7A, lane 3). 

C
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FIGURE 6. DonoR oRIGIn oF SAlIvARy GlAnD CEll AnD CHARACTERIZATIon oF BMCs By 
IMMUnolABElInG. Anti-eGFP labeling (brown) showed BMCs lying around or in close vicinity with 
Alcian Blue - stained mucopolysacharides containing acinar cells (A-B). (C) α-smooth muscle actin (red) 
costaining with eGFP on salivary myoepithelial cells (arrow). (D) α-smooth muscle actin (red) costaining 
with eGFP on myofibroblast (arrow). (E) CD45 (red) costaining with eGFP on interstitial cells (arrow). (F) 
CD31 (red) co-staining with eGFP on mesenchymal and endothelial cells (arrow). Original magnification, 
200x (A), 400x (B), 1200x (C, E, and F) and 2400x (D). Nucleus staining is seen by DAPI (C-F).

However, measured with a more sensitive method real-time quantitative PCR, some 
g-csfr expression was detectable although much lower than the expression in bone 
marrow (data not shown). Furthermore, irradiation of the salivary glands with 15 Gy, 
did not increase the expression of g-csfr measured at different time points after the 
irradiation (data not shown). To indicate which cells in the salivary glands expressed 
the G-CSFR, immunohistochemistry was used. Figure 7B indicates that the expression 
of the G-CSFR is solely detectable in endothelium and myoepithelial cells surrounding 
ducts and acini. This is confirmed with double labeling for G-CSFR and a-smooth 
muscle actin (Fig. 7C,D). At the time of G-CSF treatment (10, 30, or 60 days after 
irradiation), no changes in G-CSF receptor expression were observed.

These results indicate that it is unlikely that G-CSF directly stimulates the 
morphological (i.e. formation of new acinar cells) and functional improvements.

*
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FIGURE 7. EXPRESSIon oF g-csfr In MoUSE SUBMAnDIBUlAR GlAnD By RT-PCR AnD 
IMMUnoHISToCHEMISTRy. (A) Expression of g-csfr was detected by reverse transcription-PCR in 
mouse bone marrow (lane 2) as a positive control. Lane 3, g-csfr can only slightly be detected with 
reverse transcription-PCR in the submandibular gland of normal mice. Lane 4, water is used as a negative 
control to exclude the possibility from contamination, Lane 1, marker. (B) Anti-G-CSFR labeling (brown) 
detected in the salivary gland, 30 days after irradiation. The receptor is present on myoepithelial (C, 
arrow) and endothelial cells (D, arrow), visualized by costaining of G-CSFR and α-smooth muscle actin. 
Nuclei (blue). Original magnification, 200x (B) and 630x (C-D).
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In summary, a significant higher number of acinar cells associated with improved 
salivary function were observed when BMCs were mobilized with G-CSF after irradiation. 
Most, if not all, newly formed cells, however, were not derived from BMCs. 

DISCUSSIon
Coirradiation-induced hyposalivation after cancer therapy for head and neck 

cancers remains a major clinical problem. The depletion of resident viable stem cells 
after treatment has directed efforts to a search for alternative stem cell sources. Although 
bone marrow cells have been suggested to take part in the regeneration of damaged 
organs after irradiation, no study has yet shown improved organ function after radiation 
with clinically relevant doses. In the current study, we have assessed the ability of 
G-CSF to stimulate salivary gland regeneration by promoting mobilization of bone 
marrow cells to the irradiated tissue. The presence of eGFP and male Y chromosome-
positive cells in irradiated glands was clearly enhanced by G-CSF treatment. The 
accompanying morphological and functional improvements, however, are unlikely to 
be related to bone marrow-derived stem cell transdifferentiation. 

The present study provides the first evidence that mobilization of bone marrow 
cells after salivary gland irradiation has beneficial effects in preventing/reducing 
radiation-induced damage. 

Yet, many researchers have observed that bone marrow cells transplanted in 
lethally irradiated subjects were detectable in tissues, such as heart, lung, liver and 
skin. Most of these studies used radiation doses (≤ 10 Gy) that are necessary to allow 
formation of a chimeric hematopoietic system. Although these doses induce damage in 
numerous tissues, they are well below the ED50s as described for organ dysfunction 
in relation to curative radiotherapy 174. This is of importance as the number of bone 
marrow cells that home to the irradiated organ is likely to be dependent on the extent 
of damage inflicted. 

In our experimental set-up, we used a dose that inflicts damage to a similar level 
as what is observed in clinical practice 174. We observed a high number of BMCs homing 
to the salivary glands as well as morphological and functional improvements. Potentially, 
G-CSF could directly protect salivary gland stem cells and stimulate surviving stem 
cells to divide, resulting in the abundance of acinar cells. It has been shown that G-CSF 
is able to directly bind to G-CSF receptors (G-CSFR) present on cardiomyocytes to 
promote their survival after myocardial infarction 175. Also, Schneider et al. 176 revealed 
that G-CSF directly protects against programmed cell death in neurons after ischemia. 
We did detect the presence of G-CSF receptors on myoepithelial and endothelial cells. 

These cells are probably responsible for the very low expression of the G-CSF receptor 
in the gland as determined by real time quantitative-PCR. However, we were not able to 
detect the expression of G-CSFR on salivary gland acini or ducts, which are suggested 
to contain the salivary gland stem cell 128 and thus normally will not be able to respond 
to G-CSF.

Possibly, irradiation induces up-regulation of the G-CSF receptor as has been 
shown to occur on neurons in the brain after ischemia 176. Irradiation, however, did not 
enhance the expression of G-CSF receptors in the salivary glands. Furthermore, our 
treatment was performed rather long after irradiation damage was inflicted 16, and, if 
anything, we observed a rather enhanced beneficial effect of G-CSF after delayed 
application (10 versus 30 days after irradiation). This is in contrast to the observed 
reduction in beneficial effect on cardiac function by delayed start of G-CSF receptor 
stimulation 175. Taken these findings together, it seems unlikely that G-CSF directly acts 
on acinar cells in our experimental setup.

The question remains what is responsible for the improvement of salivary glands 
function after irradiation and G-CSF treatment. In view of the very low (if any) numbers 
of salivary gland cells found to be potentially derived from the bone marrow (mostly 
myoepithelial and fibroblasts), it seems that “trans-differentiation” of bone marrow cells 
to acinar salivary gland cells is not observed. 

However, still many bone marrow-derived cells resided in the salivary gland 
long after irradiation and mobilization. Most of these cells were interstitial and CD45-, 
indicating that they lost epitopes characteristics of hematopoietic cells. This is in 
agreement with results described in a study using an ischemia/reperfusion model of 
kidney damage 177. Moreover, like us, they also showed the presence of bone marrow-
derived myofibroblasts cells in the interstitium, which is also known to occur after a 
radiation insult 165. 

The finding that some of the interstitial GFP+ cells were also CD31+ indicates 
that these cells are of mesenchymal cell origin. Thus, apparently, G-CSF also induces 
the mobilization of these cells from the bone marrow in the irradiated salivary glands. 
Indeed, it is known that next to hematopoietic stem cells, G-CSF also induces the 
mobilization of a number of mesenchymal progenitor cells 178, which may even home to 
salivary glands in healthy mice 179. Therefore, one can postulate that mesenchymal cells 
are involved in the amelioration of radiation-induced damage to the salivary gland. 
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Because the percentage of donor-derived bone marrow cells trans-differentiated 
in salivary gland cells is at the best very low, we must assume that G-CSF-induced 
mobilization and homing of hematopoietic and/or mesenchymal cells somehow 
stimulates the recovery of the salivary gland cells. The most likely hypothesis is that 
this occurs through cytokine secretion and subsequent induction of proliferation of the 
endogenous tissues progenitor/stem cell. A study with long-term follow-up will need to 
be performed to reveal whether the effects observed are transient or long lasting.

In summary, our data indicate that G-CSF treatment is effective in ameliorating 
radiation-induced salivary gland dysfunction after radiotherapeutic treatment of head 
and neck cancer, likely via homing of bone marrow-derived cells, which subsequently 
secrete stimulatory or protective factors. This study indicates a clinical applicable 
protocol for the use of bone marrow-derived cell mobilization to ameliorate radiation-
induced damage. In order to be able to exploit this treatment most effectively, the 
molecular mechanism behind the observed protection and duration needs to be further 
explored.
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MATERIAlS AnD METHoDS 
ANIMALS
Female C57BL/6 mice, 6 to 8 weeks old, were purchased from The Jackson Laboratory (Bar Harbor, ME) 
and used in a sex-mismatched transplantation setting. Enhanced GFP male C57BL/6-TgN (ActbeGFP) 
mice, were bred in the animal facility of the University Medical Center Groningen and used as donor mice 
for GFP+ whole bone marrow. All mice were kept under clean conventional conditions and fed ad libitum 
with food pellets (RMH-B, Hope Farms B.V., Woerden, The Netherlands) and acidified tap water (pH = 
2.8). All experiments were approved by the animal Ethical Committee on animal testing of the University 
of Groningen. 

TRANSPLANTATION PROTOCOL
Mice were splenectomized under halothane/O2-anesthesia and allowed to recover for at least two weeks. 
Splenectomized female acceptor mice were given 9.5 Gy total body irradiation of X-rays (Philips CMG 
41 X, 200 kV, 10 mA, 5 Gy/minute) shielding the salivary glands (12 x 50 x 3 mm lead plate) and were 
transplanted with 3 x 106 male bone marrow cells obtained from femurs from GFP+ transgenic mice by 
orbital injection. Bone marrow cells were obtained by flushing the femoral content with Iscove’s Modified 
DMEM (IMDM, GibcoBRL, Paisley, Scotland). Chimerism in peripheral blood was documented 8 weeks 
later by analysis on a FACS Calibur flow cytometer (Becton Dickinson, Erembodegem, Germany). Only 
mice with > 60% chimerism were used for the experiments. 

IRRADIATION AND MOBILIZATION PROTOCOL
One month post-transplantation, the salivary glands of the chimeric mice were locally irradiated with a 
single dose of 15 Gy (as described above), shielding the rest of the body with 3-mm lead. This dose is 
known to induce sufficient damage without compromising the general health of the animals. At days 10, 
30, or 60 after gland irradiation, bone marrow cells were mobilized by s.c. injections of 2 x 25 µg PEG-
rHu-G-CSF (Amgen, Inc., Thousand Oaks, CA) given 3 days apart. 

COLONY-FORMING CELL ASSAYS
Progenitor cells were assayed as described earlier 172. Briefly, cells were plated out in alpha-medium 
(StemCell Technologies, Inc., Vancouver, Britisch Columbia, Canada) containing 0.8% methylcellulose 
(Fluka, Bachs S.G., Switzerland), 30% fetal calf serum (Life Technologies), and 10-4 mol/L 
2-mercapthoethanol (Merck, Darmstadt, Germany) at concentrations varying from 104 to 5 x 105 nucleated 
cells/mL. Colony growth is stimulated by granulocyte macrophage colony-stimulating factor and stem cell 
factor. Cultures were plated in 35-mm polystyrene culture dishes (Falcon, Becton Dickinson, Lincoln Park, 
NJ) and grown at 37°C in a 5% CO2 humidified atmosphere. Colonies (> 50 cells) were scored after 7 
days of culture. 
The cobblestone area-forming cell (CAFC) assay allows the assessment of primitive hematopoietic stem 
cells 172. The CAFC assay was performed by establishing confluent FBMD-1 cell cultures in 96-well plates 
(Costar, Corning, NY). The confluent cell cultures were overlaid with mobilized peripheral blood cells in 
a limiting dilution set-up. Eight dilutions 2-fold apart were used with 10 replicate wells per dilution. The 
cells were cultured in Iscove’s modified Dulbecco’s medium supplemented with 20% horse serum (Life 
Technologies) at 33°C in a 10% CO2 humidified atmosphere with a half-volume medium change every 
week. 
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The percentage of wells with at least one phase-dark hematopoietic clone of at least five cells beneath 
the stromal layer was determined 4 to 5 weeks after initiating the culture. Cobblestone area frequencies 
were calculated using Poisson statistics.

SALIVA COLLECTION
Before and 90 days after irradiation, whole saliva flow rate was determined. The animals were placed in 
a restraining device 173 after pilocarpine injection (2 mg/kg, s.c.). Saliva was collected for 15 minutes and 
determined gravimetrically, assuming a density of 1 g/mL for saliva.

IMMUNOHISTOCHEMISTRY
At 130 days after irradiation of the salivary glands, animals were sacrificed for immunohistochemistry. The 
submandibular glands were extirpated and incubated for 29 hours at 4°C in 4% buffered formaldehyde. 
Following dehydration, the tissue was embedded in paraffin. Five-micrometer sections were analyzed 
for the presence of eGFP using a Confocal Scanning Laser Microscopy (CSLM) (Leica TCS SP2). 
Counterstaining was done with 4’,6-diamino-2-phenylindole (DAPI). Overnight staining with anti-
eGFP antibody (Chemicon, Temecula, CA; MAB3580; 1/500) was visualized with light microscopy by 
diaminobenzidine (DAB) chromogen. Avidin-biotin-horseradisch peroxidase complex (Vector Elite Avidin-
Biotin Complex Kit) and anti-mouse rabbit F(ab’)2 biotine (Dako, Carpinteria, CA; E 0413; 1/300) were used 
after a 0.01 mol/L citrate antigen retrieval, following dewaxing and blocking the endogenous peroxidase 
with 0.3% H2O2 for 30 minutes. Anti-G-CSF receptor (G-CSFR; Santa Cruz Biotechnology, Santa Cruz, CA; 
clone H-176; 1/100) overnight labeling was done using 0.01 mol/L citrate antigen retrieval and anti-rabbit F(ab’)2 
biotine (Dako; E 0431; 1/300). In addition, anti-a-smooth muscle actin (Sigma, St. Louis, MO; clone 1A4; 
1/100) staining was done using anti-mouse rabbit F(ab’)2 biotine for 1 hour at room temperature each. 
Visualization was made by using streptavidine-Cy3 (Sigma; S 6402) for 30 minutes. Counterstaining was 
performed using DAPI.Overnight CD31 (BD Pharmingen, San Diego, CA; 550274; 1/100) labeling was 
done following 0.05% trypsin pretreatment at 37°C. Visualization was made by using anti-rat rabbit biotine 
(Dako; E 0468; 1/300) and streptavidine-Cy3. In addition, anti-CD45 (RDI-MCD45-F11; 1/100) labeling 
required the anti-rat biotine and streptavidine-Cy3 in combination with a double labeling for anti-eGFP 
using avidine-FITC (Sigma; A 2050). Double labeling of G-CSFR and anti-smooth muscle-actin was done 
using avidine-FITC and streptavidine-Cy3, respectively. 
The Y chromosome was stained by fluorescence in situ hybridization (Cambio, Cambridge, UK; 1187-†MB) 
according to manufacturer’s instructions. The following changes were made: 5 minutes of 1 mol/L sodium 
thiocyanate and 0.4% pepsin instead of 10 minutes. Nuclear staining was performed with methyl green. 
Negative controls were included in the protocols. Gland morphology was visualized by routine histologic 
techniques with hematoxylin-eosin. Acini were detected by Periodic Acid Schiff’s base and Alcian Blue 
staining by which mucin and mucopolysacharides are detected, respectively. 

QUANTIFICATION OF eGFP+ CELLS AND ACINI
Tissue sections were analyzed using the CSLM at a magnification of 630x. The number of eGFP+DAPI+ 
cells in 200 counted cells was enumerated. The amount of eGFP+ cells in a salivary gland of C57BL/6 
eGFP+ transgenic mice, was set at 100%, as not all salivary gland cells appear to express the eGFP 
protein. The percentage of surface area occupied by acinar cells was counted by light microscopy 
(Olympus CX40, Germany) under 400x magnification using 100 squares of 0.25 mm2 each. Of each gland 
5 squares in three sections (top-middle-bottom) were scored, and subsequently the data were pooled.

RNA ISOLATION AND PCR METHODS
From mice, the submandibular glands were excised, cut into small pieces, snap frozen in liquid nitrogen, 
and stored at -80 ºC until used. Total RNA was isolated from frozen submandibular gland tissue using 
TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Total RNA was 
isolated from fresh mouse whole bone marrow using the RNeasy Mini Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. RNA was checked on an agarose gel for integrity, and RNA 
concentration was measured spectrophotometrically. Reverse transcription was performed on 2.5 µg of 
total RNA using random primers in a final volume of 38 µL (Reverse Transcription System, Promega, 
Madison, WI) for 10 minutes at 25 ºC, followed by 1 hour at 45 ºC. Samples were subsequently heated for 
5 minutes at 95 ºC to terminate the reverse transcription reaction. The cDNA was amplified using mouse 
g-csfr (Csf3r) primers with the following sequences: sense primer, 5’-GTACTCTTGTCCACTACCTGT-3’ 
and anti-sense primer, 5’-CAAGATACAAGGACCCCCAA-3’ (accession no. NM_007782). The PCR was 
performed under the following conditions: an initial denaturation at 94ºC for 2 minutes followed by a cycle 
of denaturation at 94 ºC for 1 minute, annealing at 58 ºC for 1 minute, and extension at 72ºC for 1 minute. 
The samples were subjected to 40 cycles, and the PCR products were analyzed on an ethidium bromide 
stained agarose gel.
Real-time quantitative PCR was performed on the (irradiated) submandibular gland and bone marrow 
cDNA samples on a Bio-Rad iCyler iQ Real-Time Detection System. The following primer sequences 
were used for ß-actin; sense primer, 5’-AGACCTCTATGCCAACACAG-3’ and anti-sense primer, 5’- 
TAGGAGCCAGAGCAGTAATC-3’ (accession no. NM_007393) and for g-csfr (Csf3r): sense primer, 
5’-ATTGGCCCTGATGTAGTCTC-3’ and anti-sense primer, 5’-CACTCCTGTTCCATGTACTC-3’. Real-
time PCR was conducted by amplifying the cDNA with the iQ SYBR Green Supermix (Bio-Rad, Hercules, 
CA). For each set of primers, the PCR-efficiency was determined. Melting curve analysis of amplification 
products was performed at the end of the PCR reaction to confirm that a single PCR product was detected. 
For every PCR reaction, ß-actin was used as the internal control. Quantification of the samples was 
calculated from the threshold cycle (Ct) by interpolation from the standard curve. 

STATISTICAL ANALYSIS
The results were analyzed using an unpaired Student’s t tests and the Mann-Withney test. Statistical 
significance was defined as P < 0.05 using SPSS.
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AbSTRACT
During radiotherapy for head and neck cancer, co-irradiation of salivary 

glands results in acute and often life-long hyposalivation. Recently, we showed that 
bone marrow-derived cells (BMCs) can partially facilitate post-radiation regeneration 
of the mouse submandibular gland. In this study, we investigate whether optimized 
mobilization of BMCs can further facilitate regeneration of radiation-damaged 
salivary glands.

Salivary glands of mice reconstituted with eGFP+ bone marrow cells were 
irradiated with a single dose of 15 Gy. One month later, BMCs were mobilized 
using Granulocyte-Colony Stimulating Factor (G-CSF) or the combination of FMS-
like tyrosine kinase-3 Ligand (Flt-3L), Stem Cell Factor (SCF), and G-CSF, termed 
F/S/G, as mobilizing agents. Salivary gland function and morphology was evaluated 
at 90 days post-irradiation by measuring the saliva flow rate, the number of acinar 
cells and the functionality of the vasculature. 

Compared to G-CSF alone, the combined F/S/G treatment mobilized a 
higher number and different types of BMCs to the blood stream and gave rise to a 
higher number of eGFP+ cells in the irradiated submandibular gland. Both treatments 
reduced radiation-induced hyposalivation compared to the untreated group, with 
the same magnitude. Surprisingly, however, F/S/G treatment resulted in significant 
less damage to submandibular blood vessels and induced BMC-derived neo-
vascularization. 

Post-irradiation F/S/G treatment facilitates regeneration of the submandibular 
gland and ameliorates vascular damage. The latter is partly due to BMCs differentiating 
into vascular cells as well as likely direct stimulation of existing blood vessel cells by 
cytokines. 

InTRoDuCTIon 
Radiation-induced damage to normal tissues may result in organ dysfunction, 

may limit the optimal treatment dose, and/or cause a reduction in the patient’s post-
treatment quality of life. Radiotherapy of head and neck cancer patients, which often 
involves co-irradiation of the salivary glands, induces hyposalivation with concomitant 
symptoms like oral dryness, dental caries, oral infections, difficulties in speech and 
food mastication 3,4. Although Intensity Modulated Radiation Therapy, IMRT, enables 
a reduction of the dose delivered to the salivary gland, many patients still suffer from 
salivary gland dysfunction. Therefore, a treatment to reduce post-irradiation salivary 
gland damage would be of major benefit. One approach to achieve this may be the 
use of stem cells to allow regeneration of the radiation damaged tissue. 

Radiation-induced sterilization of salivary stem cells precludes the replacement 
of functional differentiated saliva producing acinar cells. In addition, radiation affects 
the vasculature 180-182 which is very important for the proper functioning of the salivary 
glands. Capillary endothelial cell swelling and increased capillary permeability, resulting 
in the detachment of endothelial cells from the basal lamina, cell pyknosis, thrombosis, 
and even loss of entire capillary segments 183 are typical signs of radiation-induced 
damage to the vasculature. Next to the reduced capillary density, dilation of larger 
blood vessels can induce ischemia and secondary tissue function loss 184. 

We recently showed that treatment with Granulocyte-Colony Stimulating 
Factor (G-CSF), inducing mobilization of bone marrow-derived cells (BMCs) to the 
blood stream, resulted in the abundant presence of BMCs in irradiated salivary glands, 
improved morphology and reduced dysfunction 185. Similar observations have been 
made in tissues like skin 77, lung 71, kidney 75,76, liver 66, brain 64, and myocardium 161. 
However, although G-CSF treatment resulted in the improvement of salivary gland 
function and formation of new acinar cells, very few were bone marrow-derived 185. 
Therefore, it was suggested that the process of glandular regeneration was likely to 
result from BMC-mediated paracrine stimulation of radiation-surviving stem/progenitor 
cells, as was proposed for the infarcted heart 186. Mobilization protocols that induce an 
enhanced number and different types of circulating BMCs may augment acinar cell 
formation, and may also induce the circulation of BMC-derived endothelial progenitor 
cells, known to be involved in the promotion of angiogenesis in ischemic tissues 187. 

Mobilization of BMCs to the blood stream can be stimulated by several hematopoietic 
cytokines (e.g. Flt-3 Ligand, G-CSF, SCF, TPO, IL-3) 188,189, chemokines (C-X-C module, 
SDF-1), and antibodies against adhesion molecules (VLA-4, selectin) 178. 
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Moreover, Stem Cell Factor (SCF) and Flt-3 Ligand (Flt-3L) synergize with G-CSF 
to stimulate the migration of hematopoietic progenitor cells 190-195. Consequently, 
treatment with combinations of these cytokines (G-CSF and SCF or G-CSF and Flt-
3L) enhanced mobilization of BMCs 196-199, and improved regeneration of damaged 
organs, such as injured heart 160,162,196,199, cerebral ischemia 197, and hyperglycaemia-
induced pancreas 198. 

Therefore, we questioned whether an altered composition and a higher number 
of circulating BMCs, mobilized by a cytokine cocktail, would enhance the regenerative 
capacity of the gland stem/progenitor cells thereby preventing radiation-induced 
vascular damage, and thus resulting in an improved protection against radiation-
induced salivary gland dysfunction, compared to what we previously observed with 
G-CSF 185. 

RESulTS 

CombInED TREATmEnT wITH flT-3l/G-CSf/SCf (f/S/G) mAxImIzES 
CIRCulATInG bonE mARRow CEllS

To increase the number of bone marrow cells circulating in the blood, several 
BMC mobilizing agents and combinations were tested. G-CSF as previously used 185 

induced the circulation of CFU-GM and CAFC-day-28 cells (Fig. 1B and C). Flt-3 Ligand 
or SCF showed similar responses (not shown). The combined treatment with Flt-3L/
SCF/G-CSF (F/S/G), however, lead to a pronounced (± 10 fold) enhancement and 
prolonged circulation time in blood of CFU-GM (Fig. 1B) and to a somewhat lesser 
extent CAFC-day-28 (Fig. 1C) cells. Therefore, F/S/G was used in further experiments 
for comparison to G-CSF as used before 185.

InCREASED EnGRAfTmEnT of bmCs InTo IRRADIATED GlAnDS 
AfTER f/S/G ComPARED To G-CSf DoES noT lEAD To ImPRoVED 
funCTIon oR moRPHoloGy

G-CSF-, F/S/G-treated or (sham)-irradiated mice were compared to test whether 
the enhanced mobilization of BMCs lead to a higher number of BM-derived cells in 
the gland. Sham-irradiated control glands (Fig. 2A, Normal), contained a base level 
of BM-derived cells (14%, Fig. 2B). This was not changed 90 days after irradiation 
(IR) (13%, Fig. 2B), meaning that IR alone does not induce BMCs to engraft in the 
damaged gland. Subsequently, we compared irradiated G-CSF (Fig. 2A, IR + G-CSF) 
or F/S/G-treated animals (Fig. 2A, IR + F/S/G). As shown before 185, after IR + G-CSF 
treatment significantly more eGFP+ cells were present in the irradiated gland 90 days 
after irradiation (49%, Fig. 2B), an effect that was further augmented after IR + F/S/G 
treatment (65%, Fig. 2B, P < 0.05). 

Next, to evaluate whether this enhanced number of BMCs in the submandibular 
gland resulted in improved tissue function and morphology, saliva production (Fig. 3A) 
and the number of saliva producing acinar cells (Fig. 3B) were measured. As shown 
before 185, G-CSF treatment after IR significantly increased saliva production when 
compared to IR alone. F/S/G also ameliorated radiation-induced hyposalivation, but 
not more than G-CSF alone. Similarly, the obliteration of PAS+ acinar cells (Fig. 3C, 
dark purple cells), seen 90 days after IR, was significantly ameliorated after G-CSF 
treatment (Fig. 3C, IR + G-CSF). Again, F/S/G treatment also resulted in an amelioration 
of acinar cell loss (Fig. 3C, IR + F/S/G), but not significantly more than after G-CSF 
alone (Fig. 3B). Although, function and morphology were not improved after F/S/G, 
further examination of the tissue indicated a pronounced change in blood vessel, which 
is further analyzed below. 

fIGuRE 1. mobIlIzATIon of bonE mARRow-DERIVED CEllS. (A) A clockwise schematic 
representation of the experimental protocol. (B) Effect of the G-CSF and the mixture of Flt-3L, SCF and 
G-CSF (F/S/G) mobilization protocols on hematopoietic stem/progenitor cells as measured by the CFU-
GM assay and the (C) CAFC-28 assay. 
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REDuCTIon In RADIATIon-InDuCED VASCulAR DAmAGE AfTER 
bmC mobIlIzATIon

Radiation-induced damage to the vasculature will cause secondary damage to 
the tissue. Since G-CSF, alone or in combination with Flt-3L or SCF has been shown to 
promote the formation of blood vessels after myocardial infarct 196, the vascular structure 
of irradiated glands was investigated. Microscopically comparison of the vasculature of 
glands of all groups, visualized by CD31 staining, immediately indicated differences 
in blood vessel morphology at 90 days post-irradiation. Typical abnormally dilated 
large blood vessels 180,200 with a morphology clearly distinct from the vessels in control 
glands (Fig. 4A, inset, CD31+ cells are brown) were observed in the irradiated glands 
(Fig. 4A, IR). This effect was quantified by measuring the surface area of the blood 
vessels in relation to the rest of the tissue. The percentage of surface area occupied 
by enlarged (≥ 200 μm2) blood vessels was clearly enhanced in irradiated glands (Fig. 
4B). Interestingly, after G-CSF treatment a significant improvement of surface area with 
dilated blood vessels was observed (Fig. 4B). 
This effect was significantly better after F/S/G treatment, resulting in an almost 
normalized vasculature (Fig. 4B). The surface area occupied by capillaries (≤ 10 μm2), 
as identified by their typical flattened (Fig. 4C, arrow) or circular (Fig. 4C, arrowhead) 
shape, was also strikingly lower in irradiated untreated glands when compared to 
control glands (Fig. 4D). After F/S/G treatment, however, a significantly increase in the 
percentage of area with capillaries (Fig. 4D) was observed, indicative of an improved 
vascularization. To evaluate whether the improved morphology of the vasculature was 
translated into improved function of blood vessels, gland vasculature was tested for 
expression of nitric oxide synthase (eNOS). Through this enzyme can endothelial 
cells produce nitric oxide (NO), causing the surrounding smooth muscle cells to relax, 
resulting in vasodilation and an increased blood flow. In all blood vessels and small 
capillaries of the normal submandibular gland eNOS was clearly expressed (Fig. 5A, 
Normal). In contrast, an almost complete absence of eNOS expression was observed 
in the dilated blood vessels of irradiated glands (Fig. 5A, IR). This was improved after 
G-CSF (Fig. 5A, IR + G-CSF). However, after F/S/G-treatment (Fig. 5A, IR + F/S/G) 
many more normal eNOS expressing blood vessels were observed in irradiated glands, 
indicating that also the glandular vasculature function was improved.

Next, endothelial PCNA expression was determined to investigate active 
proliferation indicative of ongoing tissue replacement. Indeed, in normal glands (Fig. 
5B, Normal) and irradiated glands (Fig. 5B, IR), only few, if any, endothelial cells 
expressed PCNA. 

However, in the endothelium of most vessels PCNA was expressed after G-CSF (Fig. 
5B, IR + G-CSF). Again, after F/S/G treatment (Fig. 5B, IR + F/S/G) many proliferating 
endothelial cells were observed as well.

To evaluate whether more proliferation indeed leads to neo-vascularization, 
expression of endoglin, a TGFβ type I receptor (CD105) 201 was investigated. This 
endoglin plays a crucial role in the promotion of neo-vasculogenesis by inducing 
endothelial cells to proliferate and migrate 202,203 and by stimulating blood cell–mediated 
vascular repair 204. Normal glands clearly expressed endoglin both in arterioles and 
capillaries (Fig. 5C, Normal). In contrast, in irradiated glands (Fig. 5B, IR) endoglin is very 
poorly, if at all, expressed. However, the endothelium of most vessels clearly expressed 
endoglin after G-CSF (Fig. 5C, IR + G-CSF). Again, after F/S/G treatment (Fig. 5B, IR + 
F/S/G) more endoglin expressing cells were observed in the endothelium. 

These results suggests that besides a better morphology also a functional 
glandular (neo)vascularization is preserved after mobilization, being most pronounced 
after F/S/G treatment.

fIGuRE 2. mobIlIzED bmCs RESIDE In IRRADIATED SAlIVARy GlAnDS. (A) Detection of eGFP+ 

BMCs in the glands of normal, irradiated untreated (IR), irradiated and G-CSF (IR + G-CSF) or irradiated 
and F/S/G-(IR + FSG) treated mice 90 days post-irradiation. (B) eGFP+ BMCs were present in glands of 
mobilized (F/S/G or G-CSF) mice in significantly higher numbers compared to non-mobilized (irradiated) 
mice. In the glands from the F/S/G-treated group significantly more BMCs were present than in the 
G-CSF-treated group after irradiation. Scale bar = 50μm. *, P < 0.05.
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mECHAnISm bEHInD VASCulAR REPAIR
Two mechanisms can be involved in the repair of vascular damage. First, BMCs 

could travel to and trans-differentiate into endothelial cells and/or secrete cytokines 
inducing proliferation, or the administered cytokines could directly stimulate receptors 
on the endothelial cell surface of radiation surviving vascular cells and stimulate 
proliferation. 

To investigate whether neo-vascularization was caused by BMCs, eGFP 
expression of endothelium was investigated. Indeed, many eGFP+ BMCs were located 
at infiltration sites in irradiated glands of both G-CSF and F/S/G-treated mice (Fig. 
6A, arrows). Several of these cells not only clearly co-expressed the endothelial cell 
marker CD31 (red) (Fig. 6A, insets), but also some of the eGFP/CD31 co-expressing 
cells clearly showed capillary morphology (Fig. 6B). This clearly indicates the direct 
involvement of BMCs in the repair of vascular tissue. It is known that endothelial cells 
do express G-CSF receptors 185,205. However, G-CSF treatment does not ameliorate 
vascular damage to the same high extent as F/S/G treatment. Although endothelial cells 
of salivary glands did not express c-Kit (data not shown) they did express Flt-3 (Fig. 6C, 
arrows). Therefore, next to G-CSF, also Flt-3L may directly stimulate endothelial cells 
to proliferate.

These data suggest that the re-vascularization process induced by F/S/G and to 
a lesser extent by G-CSF, at least partly, originates from bone marrow-derived cells. Co-
activation pathways induced by direct activation of cytokine receptors on pre-existing 
endothelial cells can not be excluded. Either way, radiation-induced vascular damage 
can be prevented by G-CSF and especially F/S/G treatment, and may contribute to the 
repair of irradiation damaged tissues. 

DISCuSSIon
G-CSF mobilized bone marrow-derived cells (BMCs) contribute to the repair of 

irradiated glands, by reducing the loss of (saliva producing) acinar cells and improving 
function, but without significant differentiation into salivary glands cells 185. This suggests 
that BMCs in the damaged gland induced radiation-surviving stem/progenitor cells 
to enhance tissue repair. In this study, we investigated whether a more pronounced 
mobilization of BMCs would lead to a higher number of BMCs in the irradiated gland. 
Subsequentially, this would enhance the regeneration of the gland, resulting in an 
improved protection against radiation-induced salivary gland dysfunction. We show 
that indeed enhancement of the number of circulating BMCs does yield more BMCs 
in the damaged salivary glands, but this does not further augment the amelioration of 
radiation-induced hyposalivation. 

However, we also show that vascular injury was reduced after F/S/G treatment by active 
repair, even at 90 days after irradiation involving BMCs. This provides opportunities 
for the development of new strategies to potentially prevent late tissue damage after 
irradiation in general. 

Tissue regeneration in this model is suggested to be mainly caused by BMC-mediated 
paracrine stimulation 185,186. The additional BMCs induced to travel to the salivary gland 
by F/S/G treatment does not seem to add anything to this. Therefore, the BMC-induced 
regeneration of saliva secretory acinar cells is probably limited by the amount of stem cells 
surviving the radiation insult. Indeed, we observed (unpublished data) that increasing the 
irradiation dose reduces the positive effect of G-CSF on salivary gland function. 

fIGuRE 3. ImPRoVED moRPHoloGy AnD funCTIon of IRRADIATED SAlIVARy GlAnDS 
AfTER bmC mobIlIzATIon. (A) Saliva flow rate measurements revealed significant reduction in 
hyposalivation in the F/S/G- and G-CSF-treatment group compared to untreated mice. (B) Quantification 
of the glandular acinar surface confirmed a significant protection against acinar cell loss with F/S/G- or 
G-CSF-mobilized BMCs after irradiation compared to untreated mice. (C) Gland morphology of the mice 
showed a pronounced loss of purple PAS+ acinar cells after irradiation (IR) when compared to normal 
(unirradiated, untreated). Duct cells are PAS-. Mobilization, either with G-CSF (IR + G-CSF) or F/S/G (IR 
+ FSG) prevented the loss in acinar cells. Scale bar = 50 μm. *, P < 0.05.
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Interestingly, however, the finding of repair of vascular damage by G-CSF and 
more pronouncedly after F/S/G treatment may be of great importance. Late radiation-
induced gland blood vessel damage (90 days post-irradiation) is characterized by blood 
vessel dilation, which contributes to decreased blood perfusion of the salivary gland 206. 
We show that irradiated vessels clearly lost their capacity to proliferate and showed 
reduced endoglin expression, which is important for neo-angiogenesis 207 and a crucial 
factor in vascular repair 204. Furthermore, the reduced expression of eNOS in irradiated 
salivary glands is consistent with the lack of eNOS-mediated relaxations observed in 
irradiated rabbit ear arteries 208, and in cervical arteries of patients after radiotherapy 209. 
Interestingly, suppression of endoglin is accompanied by eNOS protein downregulation 
in cultured endothelial cells 210, emphasizing the importance of our observations. 

All these deleterious effects of irradiated glandular vasculature were ameliorated 
after BMC mobilization and most pronouncedly after F/S/G. The improved morphology 
of not only the large vessels but also of capillaries was due to active replacement of 
the endothelium. The regenerated/newly formed blood vessels, especially after F/S/G 
treatment, were partly bone marrow-derived, as indicated by the capillary co-expression 
of CD31 and eGFP. This is the first time such an observation has been reported in 
irradiated vessels, although it has been shown to occur after ischemia in arterioles 
and capillaries of the limb 211,212 and the infarcted heart 160,196. The more pronounced 
improvement of the vasculature after F/S/G treatment may be due to an enhanced 
mobilization of endothelial progenitor cells (EPCs), which are not only capable of 
differentiating into endothelial cells 213, but can also release growth factors that act in a 
paracrine way to support the endothelium 214. Therefore, a change in composition of the 
mobilized BMCs may be responsible for the different effects between G-CSF alone and 
F/S/G. Interestingly for potential future clinical use, in humans, G-CSF alone already 
pronouncedly increases circulating EPCs and angiogenic cells 215.

An alternative or collaborative mechanism may be the direct activation of 
cytokine receptors inducing repair of the vasculature. Both treatment modalities included 
G-CSF of which receptor activation leads to migration and proliferation of endothelial 
cells 216. G-CSF not only mobilizes endothelial progenitor cells, but also seems to 
promote angiogenesis in ischemic tissues 217,218 through the induction of the release of 
angiogenic growth factors. It is unlikely that SCF directly stimulates neo-vascularization 
as, in contrast to human blood vessels 219, mouse endothelia lack the SCF receptor 
c-Kit 220. Further, we observed presence of Flt-3 on endothelia of the spleen, bone 
marrow and salivary gland, and Flt-3L is known to be released by endothelium cells in 
the bone marrow 221, suggesting also Flt-3L may directly activate neo-vascularization. 

Apparently, a more pronounced neo-vascularization as induced by F/S/G 
treatment does not lead to an improved function of the irradiated salivary gland. In 
salivary glands, however, the loss of acinar tissue is the determining event for radiation-
induced hyposalivation 154. Vascular damage is secondary (in time) to that and its repair 
may therefore not allow improvement of function when the functional units are already 
damaged. However, damage to the vasculature is a major factor that contributes to 
radiation-induced damage in a number of other tissue 183,222-224. Our results may therefore 
be of relevance for tissues in which vascular damage contributes to tissue dysfunction.

fIGuRE 4. QuAnTIfICATIon of RADIATIon-InDuCED VASCulAR DAmAGE. (A) CD31 expression 
highlighted the presence of dilated blood vessels 90 days after irradiation (IR), which are absent in normal 
glands (inset). (B) Quantification of the dilated blood vessel area (≥ 200 μm2) revealed a significant 
reduction in radiation-damaged blood vessels after G-CSF (IR + G-CSF) treatment compared to untreated 
irradiated (IR) glands. This effect was even more pronounced in the F/S/G group. (C) Further visualization 
and (D) quantification of capillaries (≤ 10 μm2) revealed a pronounced decrease in irradiated glands (IR). 
Glands from the G-CSF (IR + G-CSF) and F/S/G (IR + F/S/G) treated groups contained significantly more 
capillaries compared to untreated irradiated ones. Scale bar = 50 μm. *, P < 0.05.
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← fIGuRE 5. RESToRED ExPRESSIon of enoS, PCnA, AnD EnDoGlIn AfTER f/S/G/ 
TREATmEnT In THE IRRADIATED GlAnDulAR VASCulATuRE. (A) eNOS is clearly expressed by 
endothelia of normal blood vessels and capillaries, while after irradiation (IR) and G-CSF-treatment (IR + 
G-CSF) only few blood vessels expressed eNOS. In the F/S/G-treated group (IR + FSG), normal eNOS 
levels were expressed. (B) Endothelial cells from normal blood vessels do occasionally divide, as indicated 
by PCNA expression. After irradiation (IR), no PCNA expression could be detected in endothelial cells. In 
contrast, in glands from G-CSF- and F/S/G-treated mice, a substantial number of dividing endothelial cells 
were found. (C) Normal blood vessels and capillaries are characterized by endoglin expression. Strikingly, 
90 days post-irradiation (IR), endoglin expression was lost. After both G-CSF- (IR + G-CSF) and F/S/G- 
treatment (IR + F/S/G) endoglin expression reappeared. Scale bar = 10 μm.

fIGuRE 6. eGfP AnD flt-3l RECEPToR ExPRESSIon In blooD VESSElS. (A) At the infiltration 
site in glands of both G-CSF- and F/S/G-treated mice, eGFP+ BMCs were detected. Some eGFP+ cells 
co-expressed CD31 (red), while also CD31+ eGFP- cells were noticed (insets). (B) Co-expression of eGFP 
expressing CD31+ blood vessels was observed. (C) The receptor for Flt-3L in salivary glands was present 
on blood vessels (arrows). Scale bar Flt3-L receptor = 20 μm. Scale bar eGFP+CD31+ = 10 μm.
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mATERIAlS AnD mETHoDS
ANIMALS
Female C57BL/6 mice, 8-12 weeks old, were purchased from Harlan (Horst, NL), and used as recipient 
mice in a sex-mismatched bone marrow transplantation setting. Donor mice were GFP+ male C57BL/6-
TgN (ActbeGFP) bred in the animal facility of the University Medical Center Groningen. All mice were kept 
under clean conventional conditions, and fed ad libitum with food pellets (RMH-B, Hope Farms B.V., Wo-
erden, The Netherlands) and acidified tap water (pH 2,8). All experiments were approved by the Animal 
Ethical Committee on animal testing of the University of Groningen. 

BONE MARROW TRANSPLANTATION PROTOCOL
Mice were splenectomized under halothane/O2 anesthesia, and allowed to recover for at least two weeks. 
Splenectomized female mice were given 9.5 Gy total body irradiation of X-rays (Philips CMG 41 X, 200 
kV, 10 mA, 5 Gy/minute) while shielding the salivary glands (12 x 50 x 3 mm lead plate), and were trans-
planted with 3 x 106 male whole bone marrow cells from GFP+ transgenic mice by i.v. injection (Fig. 1A). 
Bone marrow cells were obtained by flushing the femoral content with Iscove’s modified Dulbecco’s me-
dium (Life Technologies, Paisley, Scotland). Using the FACS Calibur flow cytometer (Becton Dickinson, 
Erembodegem, Germany), chimerism in peripheral blood samples was evaluated 8 weeks later (Fig. 1A). 
Only mice with more than 60% chimerism were used for further experiments. 

GLAND IRRADIATION 
Eight weeks after eGFP bone marrow transplantation, the salivary glands of the chimeric mice were lo-
cally irradiated with a single dose of 15 Gy (as described above), now shielding the rest of the body with 
3-mm lead (Fig. 1A). This dose is known to induce sufficient damage without compromising the general 
health of the animals.

DETERMINATION OF OPTIMAL PROGENITOR MOBILIZATION PROTOCOL
To determine the best protocol to mobilize BMCs to the blood, normal mice were treated with 3 different 
cytokines or combination thereof. BMCs were mobilized by two s.c. injections of 25 μg PEG-rHu-G-CSF 
(Amgen, Inc., Thousand Oaks, CA) given 3 days apart 185, 10 μg of Flt-3 (FMS-like tyrosine kinase 3) 
Ligand (Amgen Inc., Thousand Oaks, CA) or 2.5 μg of Stem Cell Factor (SCF) (Amgen Inc., Thousand 
Oaks, CA) via a s.c. implanted osmotic pump (Alzet, Cupertino,CA) for 7 constitutive days. A combined 
treatment protocol consists of PEG-rHu-G-CSF in combination with Flt-3 Ligand and SCF, all as described 
above, starting on the day of the first G-CSF injection. The combined treatment with Flt-3 Ligand, SCF, 
and G-CSF is depicted as F/S/G. Blood samples were taken from mice at day 3, 6, 10, and 14 after the 
first injection day. Hematopoietic progenitor cells were assayed as described earlier 172. Briefly, cells were 
plated in alpha-medium (StemCell Technologies, Inc., Vancouver, British Columbia, Canada) containing 
0.8% methylcellulose (Fluka, Bachs S.G., Switzerland), 30% FCS (Life Technologies, Carlsbad CA), and 
10-4 mol/L 2-mercapthoethanol (Merck, Darmstadt, Germany) at concentrations varying from 104 to 5 x 
105 nucleated cells/mL. Colony growth was stimulated by granulocyte macrophage colony-stimulating 
factor (10 ng/ml) and SCF (100 ng/ml). Cultures were plated in 35-mm polystyrene culture dishes (Falcon, 
Becton Dickinson, Lincoln Park, NJ), and grown at 37°C in a 5% CO2 humidified atmosphere. Colonies (> 
50 cells) were scored after 7 days of culture. 
More primitive cell subsets were assayed by the cobblestone area-forming cell (CAFC) assay 172. This 
assay consist of a confluent FBMD-1 cell culture in 96-well plates (Costar, Corning, NY) overlaid with mo-
bilized peripheral blood cells in a limiting dilution setup. Eight dilutions 2-fold apart were used with 10 rep-
licate wells per dilution. The cells were cultured in Iscove’s modified Dulbecco’s medium supplemented 
with 20% horse serum (Life Technologies, Carlsbad CA) at 33°C in a 10% CO2 humidified atmosphere 
with a half-volume medium change every week. The percentage of wells with at least one phase-dark 
hematopoietic clone of at least five cells beneath the stromal layer was determined 4 to 5 weeks after 
initiating the culture. Cobblestone area frequencies were calculated using Poisson statistics.
At 30 days post-gland irradiation (Fig. 1A), bone marrow cells were mobilized with PEG-rHu-G-CSF or 
F/S/G as described above. Untreated normal mice and normal mice with irradiated salivary glands served 
as controls. 

SALIVA COLLECTION
Whole saliva flow rate was determined 90 days post-gland irradiation (Fig. 1A). The animals were placed 
in a restraining device 173 after pilocarpine injection (2 mg/kg, s.c.). Saliva was collected for 15 minutes 
and determined gravimetrically, assuming a density of 1 g/mL for saliva 185.

IMMUNOHISTOCHEMISTRY
At 90 days post-irradiation of the salivary glands, animals were sacrificed for immunohistological analy-
sis. The submandibular glands were extirpated and incubated for 29 hours at 4°C in 4% buffered form-
aldehyde. Following dehydration, the tissue was embedded in paraffin. Five-micrometer sections were 
analyzed for the presence of eGFP using a confocal scanning laser microscopy (Leica TCS SP2, Ban-
nockburn IL). Counterstaining was done with 4’,6-diamidino-2-phenylindole (DAPI). Acini were visualized 
using Periodic Acid Schiff’s base staining which detects mucins.
CD31 expression was evaluated by overnight staining with anti-CD31 antibodies (BD PharMingen, San 
Diego, CA; 550274; 1:100) following 0.25% trypsin pre-treatment (Gibco, Invitrogen, CA; 27250-018) at 
37°C, and visualization with light microscopy of diaminobenzidine chromogen, using anti-rat rabbit biotine 
(DAKO, Carpinteria CA; E 0468) and an avidin-biotin-horseradish peroxidise complex (Vector Elite Avidin-
Biotin Complex kit). To investigate the prevalence of blood vessels, labelling using an anti-Flt3 R antibody 
(Cell Signaling Technologies, Danvers MA; 3462), anti-endoglin (CD105) (Developmental Studies Hybri-
doma Bank, University of Iowa; MJ7/18), anti-PCNA (Dako, Carpinteria CA; M 0879), anti-eNOS (Santa 
Cruz Biotechnology, Santa Cruz CA; sc-654) following citrate or trypsin pre-treatment was performed. Co-
expression of CD31 with eGFP was evaluated by labeling the tissue sections with anti-CD31 and subse-
quent anti-rat biotine and avidin-Cy3 (Sigma, St. Louis MO; S 6402). Nuclei were visualized using DAPI.

QUANTIFICATION OF eGFP+ CELLS, ACINAR CELLS, AND BLOOD VESSELS
Tissue sections were analyzed using confocal scanning laser microscopy at a magnification of 630x. 
The frequency of eGFP+DAPI+ cells in 200 counted cells was enumerated. As not all salivary gland cells 
express eGFP in a salivary gland of untreated control C57BL/6 eGFP+, the frequency of eGFP+ cells in 
normal transgenic mice was set at 100%. The percentage of surface area occupied by acinar cells was 
assessed by light microscopy (Olympus CX40, Germany) under 400x magnification using 100 squares 
of 0.25 mm2 each. Of each gland, five squares in three sections (top-middle-bottom) were scored, and 
subsequently the data were pooled. 
Blood vessels were visualized using CD31 staining, and pictures of three sections of each gland were 
taken. Using the AnalySIS program (Olympus, Soft Imaging System, Münster, Germany), the surface 
area occupied by each blood vessel/capillary was measured, and blood vessels with a surface area 
above 200 μm2 were determined as being vasodilated blood vessels and vessels ≤ 10 μm2 as capillaries. 
Subsequently, the surface area of blood vessels was calculated as a percentage per measured 100 μm2 
gland surface. The number of capillaries per 180,000 μm2 measured gland area was enumerated and 
converted into a percentage per 100 μm2. 

STATISTICAL ANALYSIS
The results were analyzed using an unpaired Student’s t-tests or Mann-Whitney test. Statistical signifi-
cance was defined as P < 0.05 using SPSS.
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AbSTRACT
Head and neck cancer is the fifth most common malignancy and accounts 

for 3% of all new cancer cases each year. Despite relatively high survival rates, the 
quality of life of these patients is severely compromised because of radiation-induced 
impairment of salivary gland function and consequential xerostomia (dry mouth 
syndrome). In this study, a clinically applicable method for restoration of radiation-
impaired salivary gland function using salivary gland stem cell transplantation was 
developed. 

Salivary gland cells were isolated from murine submandibular glands and 
cultured in vitro as salispheres, which contained cells expressing the stem cell 
markers Sca-1, c-Kit and Musashi-1. In vitro, the cells differentiated into salivary 
gland duct cells and mucin- and amylase-producing acinar cells. Stem cell enrichment 
was performed by flow cytrometric selection using c-Kit as a marker. In vivo, intra-
glandular transplantation of a small number of c-Kit+ cells resulted in long-term 
restoration of salivary gland morphology and function. In vitro, the cells differentiated 
into amylase producing acinar cells. In vivo, intra-glandular transplantation of a small 
number of c-Kit+ cells resulted in long-term restoration of salivary gland morphology 
and function. Moreover, donor-derived stem cells could be isolated from primary 
recipients, cultured as secondary spheres and after re-transplantation ameliorate 
radiation damage. 

Our approach is the first proof for the potential use of stem cell transplantation 
to functionally rescue salivary gland deficiency.

InTRoduCTIon
Each year 500,000 patients world-wide are treated for head and neck cancer. The 

majority of these patients are treated with radiotherapy either alone or in combination 
with other treatment modalities such as surgery and/or chemotherapy, resulting in a 5 
year-survival rate of approximately 50% for non-metastatic locally advanced disease. 
Unfortunately, the quality of life of a large proportion of the surviving patients is severely 
compromised because of radiation-induced impairment of salivary gland function and 
consequential xerostomia (dry mouth syndrome). As a result, these patients suffer from 
hampered speech, dental problems, difficulties with swallowing and food mastification, 
impaired taste and nocturnal oral discomfort 3,4.

Salivary glands consist of several cell types: 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 tubule and excretory 
duct cells 34,225. Regeneration originates from putative stem cells residing in the ductal 
compartment from which complete recovery is induced within a week after ductal 
obstruction 121,124,127. 

Irreversible hyposalivation after irradiation-induced damage is mainly caused 
by sterilization of these primitive glandular stem cells, which prevents replenishment 
of aged saliva producing cells 154. Bone marrow-derived cells (BMCs) have been 
suggested as an easy accessible  source for multipotent stem cells that could potentially 
transdifferentiate and/or repair other non-hematopoietic organs 66,75,161,226, including 
salivary glands 185. However, the use of BMCs in solid tissue repair is surrounded by 
controversies and the effects are limited. Transplantation of salivary gland stem cells 
may be a more adequate and elegant way to therapy. Surgical removal of salivary gland 
tissue during lymph node dissection prior to radiotherapy could provide autologous 
stem cells to be transplanted post-irradiation. Although the existence of salivary gland 
stem cells has been well documented in a series of in vivo studies 128,129, such cells 
have never been isolated. FACS isolated Sca-1+/c-Kit+ mouse salivary gland cells 
have been shown to transdifferentiate into pancreas and liver lineages 143. Several 
studies have revealed that stem cells derived from tissues such as brain 227, mammary 
gland 99, pituitary gland 228, retina 229, skin 230, inner ear 231 and pancreas 232 can be 
isolated, characterized and cultured in in vitro floating sphere cultures. Undifferentiated 
cells in some of these spheres have been shown to be able to generate new tissue 
specific structures, e.g. mammary gland pads 101,102. However, the functional in vivo 
characterization of cells within these spheres has only sparsely been investigated.
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In this study, we developed an in vitro culture system to enrich, characterize, 
and harvest primitive mouse and human salivary gland stem cells. After intra-glandular 
transplantation in mice this salivary gland cell population, containing stem cells, restores 
saliva production to clinically relevant levels. Our approach and method can be readily 
adopted to explore the potential of these cells to improve saliva production in patients. 

RESulTS

ISolATIon oF SAlIvARy GlAnd STEm CEllS
We developed an in vitro floating sphere culture system for mouse salivary gland 

tissue similar to methods used for other tissues 96,228,233-238. Small clumps of hyaluronidase 
and collagenase dissociated submandibular gland cells were transferred to defined 
DMEM/Ham’s F12 medium containing EGF, FGF-2, N2 and insulin (Fig. 1A). Within 3 
days, from the initial 2-3 x 106 cells plated, ~9,000 spheres per digested submandibular 
gland were formed (Fig. 1B). More extensive enzymatic treatment using trypsin in 
addition to the enzymes described resulted in a complete single cell suspension, but 
we were unable to culture spheres from these single cell suspensions. This suggests 
that initial cell-cell contact immediately after isolation is necessary for sphere formation. 
However, the growth of the spheres in time (Fig. 1B-D) was not due to cell aggregation, 
but was the result of proliferation since plating of gently dissociated glands (clusters 
of 2-5 cells) in immobilizing semi-solid medium gave rise to sphere formation (data 
not shown). In addition, within spheres that were cultured up to 10 days, many cells 
stained positive for BrdU, indicating extensive proliferation (Fig. 1E-H). After prolonged 
culturing, cells detaching from spheres were predominating the culture. These detached 
cells were incapable of forming secondary spheres, suggesting extensive differentiation 
in the culture conditions used.

CHARACTERIZATIon oF SAlIvARy GlAnd STEm CEllS 
To characterize the origin and differentiation state of the cells in the spheres, a 

series of (immuno-)histochemical analyses were performed (Fig. 2). Immediately after 
isolation (D0) (Fig. 2A HE, PAS), typical triangular shaped mucin-containing (PAS+) 
acinar cells (AC) and PAS- duct cells (D) could be observed, as normally present in the 
tissue (Fig. 2A, Tissue). Two days later PAS+ cells became undetectable in the culture, 
indicating selective loss of acinar cells. After 3 days the developing spheres consisted 
of small cells (Fig. 2A HE: D3) with a morphology resembling glandular duct cells (Fig. 
2A HE, tissue (D)). 

With time, more than 90% of the spheres contained cells which had differentiated into 
PAS+ acinar like cells (Fig. 2A PAS: D5-10). At early time-points, cells in the spheres 
expressed the distinctive submandibular gland duct cell type markers CK 7 (Fig. 2A, 
CK7) and CK14 (Fig. 2A, CK14) revealing the ductal origin of the cells that initiated 
the sphere. Strikingly, when 3 day old spheres were transferred to 3D collagen, ductal 
structures were formed (Fig. 2B) that expressed CK14 (Fig. 2C). Closely associated 
to these ducts, morphologically distinct mucin-containing acini-like structures were 
formed at places distant from the original position of the sphere (Fig. 2D,E). These 
results indeed suggest that it is the ductal compartment of the salivary gland that 
contains stem cells 128,129. These cells were able to differentiate into acinar cells as also 
indicated by the increase in expression of the key enzyme amylase, analyzed either 
by immuno-histochemistry (Fig. 3A) and RT-PCR (Fig. 3B). Taken together, these data 
show that spheres are duct-derived and are capable of differentiating in vitro towards 
acinar phenotypes. From here on, these spheres are referred to as salispheres. 

FIGuRE 1. IN VITRO SAlISPHERE FoRmATIon. (A) Dissociation of submandibular glands using 
hyaluronidase and collagenase resulted in clustered cell suspensions. 9723 ± 795 spheres were formed 
after 2-3 days of culturing (B), which increased in size in time (C,D). BrdU incorporation indicated that the 
cells in the culture were actively dividing (E-H). BrdU incorporation stained in brown, nuclei in blue. Scale 
bar = 50 µm. Inset shows negative control for BrdU, scale bar = 20 µm.
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FIGuRE 2. SAlISPHERES oRIGInATE FRom duCT CEllS. (A) Cells from salispheres visualized by 
dye staining and immunohistochemistry in submandibular gland tissue (vertical lane Tissue) and after 0, 
3, 5 or 10 days of culture (vertical lanes D0, D3, D5, D10, resp.). Hematoxylin-Eosin (horizontal lane HE) 
staining emphasized the morphology of typical submandibular gland duct (small) (D) and acinar cells 
(AC), recognized by their polarized nucleus. Acinar cells were present at the onset of cultivation (HE-D0), 
but disappeared within 3 days (HE-D3). Horizontal lane PAS: Acinar presence was confirmed by PAS 
staining (pink) which revealed the formation of mucin/mucopolysaccharide containing cells from day 5 on 
(PAS-D5). Specific ductal markers CK7 (horizontal lane CK7) and CK14 (horizontal lane CK14) showed 
the ductal origin of the sphere. When three day cultured spheres were transferred into 3D collagen 
formation, duct-like branches (B) appeared within the next 7 days of culture. The branches contained 
specific CK14 positive duct cells (C) whereas acinar-like (D, enlargement of B) structures contained 
granulae and were PAS positive (E). Antibody labeling is shown in brown, nuclei in blue. Scale bar = 50 
µm, inset  = 20 µm. (D = ductal cell type, AC = acinar cell, MY = myoepithelial cell).

Next, we explored whether salispheres indeed contain cells with stem cell 
characteristics. It has been shown that putative stem cells from multiple organs 
express Sca-1 96,228,233,238, c-Kit 237 and Musashi-1 234. In agreement with observations 
that salivary gland stem cells reside in the ductal compartment 128,129, we observed 
Sca-1 expressing cells in the excretory and striated ducts, but not in the acini of intact 
glands (Fig. 4A). At the start of cultures, Sca-1+ cells as well as Sca-1- acinar cells 
were present in isolated cell clumps (D0). After 3 days almost all cells in the spheres 
were Sca-1+ with the highest expression at day 5. From day 10 on Sca-1 expression 
was confined to the periphery of the spheres whereas the inner acinar cell layer was 
Sca-1 negative. We independently confirmed Sca-1 staining patterns in the ductal 
compartment by evaluating GFP expression in salivary glands harvested from Sca-1/
GFP knock-in mice 93 (Suppl. Fig. 1). 

FIGuRE 3. dIFFEREnTIATIon oF SAlISPHERE InTo ACInAR CEllS. (A) Amylase expressing cells 
(AC) in submandibular gland tissue (Tissue) were present at the onset of culture (A-D0), and were also  
visualized in the sphere at the onset of day 5 (A-D5), whereas granulae-containing spheres appeared in 
culture at later time-points (A-D10). Antibody labeling is shown in brown, nuclei in blue. Scale bar = 50 µm. 
(D = duct cells, AC = acinar cells, D0-3-5-10 represent days in culture). (B) Real time RT-PCR confirmed 
the enhanced expression of amylase during in vitro culturing and differentiation. Error bars represent SEM 
(N = 2). Amylase mRNA expression levels at 2 days of culture were normalized to one.
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Besides ductal expression (double staining with CK7, Suppl. Fig. 1B,C), also blood 
vessels expressed Sca-1 as indicated by double staining with CD31 (Suppl. Fig. 1D,E) 
or α-smooth muscle antigen (SMA, Suppl. Fig. 1F,G). Sca-1 localization was confirmed 
to be expressed on duct cells on the periphery of cultured Sca-1 (Ly-6A) gland-derived 
spheres (Suppl. Fig. 1H). Flow cytometry indicated the presence of 52.0 +/- 3.1 % 
Sca1+ cells in D3 salispheres (Fig. 4B).

Expression of c-Kit was exclusively confined to the excretory ductal compartment 
in intact glands (Fig. 4C). Isolated cells and spheres expressed c-Kit very similar to 
Sca-1 (Fig. 4C: D0-10). Finally, Musashi-1 was expressed almost exclusively in the 
nuclei of excretory duct cells and very rarely in striated duct cells (Fig. 4D). Again, the 
strongest expression was observed at day 3 and 5 of culture, but disappeared at 10 
days (Fig. 4D: D0-10). These results strengthen the notion that primitive cells reside 
in the ductal compartments of the salivary gland. Furthermore, the data in figures 2-4 
demonstrate that we successfully isolated and cultured salispheres that contain cells 
with stem cell characteristics, which were able to differentiate in vitro into acinar-like 
cells. The onset of differentiation after 5 days of culture and the gradual loss of Sca-1, 
c-Kit and Musashi-1 expression after 3 days of culture indicated that for subsequent 
functional experiments employing transplantation, cells that had been cultured for 3 
days were most suitable.

SAlIvARy GlAnd STEm CEll TRAnSPlAnTATIon
To test the in vivo capacity of cells obtained from cultured spheres to produce 

saliva, glands of female mice were irreversible damaged by 15 Gy local irradiation. As 
expected, ninety days post-irradiation, a pronounced loss of acinar cells was evident in 
irradiated non-transplanted glands when compared to unirradiated controls (Fig. 5A,B). 
Recipient glands were transplanted by direct intra-glandular injection of dissociated 
cells obtained from 3 days cultured spheres, derived from male (Actbe-)GFP transgenic 
mice. Intra-glandular injection was used since intravenously injected cells did not home 
to the irradiated gland (data not shown). Prior to transplantation, approximately 60% 
of the injected donor cells expressed GFP, as determined by FACS analysis. Figure 5 
shows the morphology of transplanted submandibular glands. From left to right, normal 
unirradiated glands (A,E,I), irradiated untreated glands (B,F,J), irradiated transplanted 
glands (C,G,K) at the site of injection and irradiated transplanted glands away from 
injection site (D,H,L) are shown. Ninety days after transplantation of 60-95,000 
cells/gland, ductal structures were formed at the injection site (Fig. 5C, encircled). 
Transplanted glands appeared similar in morphology as non-irradiated glands (Fig. 5 
A,D) and contained a large number of acinar cells. 

FIGuRE 4. SAlISPHERES ConTAIn STEm CEllS. (A) Sca-1 is present in the mouse submandibular 
gland on endothelial cells as well as on excretory and striated duct cells (D), and was clearly present 
at the onset of cultivation (D0) whereas acinar cells (AC) did not express Sca-1. At day 3 and later 
time-points, nearly all cells at the periphery of the salispheres showed high Sca-1 expression which 
decreased in time (D10). (B) Approximately 52.0 +/- 3.1 % (Mean +/- STDEV) of cells in D3 cultured 
spheres expressed Sca-1, as quantified by flow cytometry. (C) c-Kit is only expressed by excretory duct 
cells (Tissue). Salispheres showed similar c-Kit staining patterns as for Sca-1. (D) Most nuclei in excretory 
duct compartments and few nuclei in striated duct cells showed Musashi-1 presence (Tissue). Whereas 
Musashi-1 was still present in the nuclei of some cells at the onset of culturing (D0-arrow), most cells 
showed cytoplasmic localization which diminished in time (D3-5-10). Cells were visualized with DAPI 
(blue). Scale bar = 50 µm, inset = 20 µm. D = duct cells, AC = acinar cell, D0-3-5-10 represent days in 
culture. 
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The functionality of these cells was demonstrated using PAS staining (Fig. 5E-H). 
Control glands have high levels of mucin-producing cells (pink staining in Fig. 5E), 
which is strongly reduced after irradiation (Fig. 5F). Cells without mucins are present 
at the injection site (blue staining in Fig. 5G), whereas mucin-containing acinar cells 
colonized large areas of the gland 90 days after transplantation (Fig. 5H). Whereas in 
normal glands (Fig. 5I) only a low number of proliferating PCNA+ cells was observed, in 
irradiated glands proliferation was almost absent (Fig. 5J). In contrast, a high number 
of proliferating cells was found at the injection site (Fig. 5K) and also at more distant 
morphologically normal-appearing tissue (Fig. 5L). This unusual high level of proliferation 
indicates ongoing repair of the tissue even at this late time point.

In unirradiated glands of GFP transgenic mice (Suppl. Fig. 2A) GFP expression 
in duct cells is higher than in acinar cells. As expected, no (donor-derived) GFP 
expression was observed in non-transplanted irradiated glands (Suppl. Fig. 2B). In 
reconstituted animals, however, many cells expressed GFP at the site of injection 90 
days post-transplantation (Suppl. Fig. 2C,E). GFP expression diminished, but was still 
detectable at more distance from the injection site (Suppl. Fig. 2D,F). Anti-GFP bright 
field immunolabeling confirmed these results (Suppl. Fig. G-L), and indicated that the 
expression of GFP was limited to ducts. This may be due to selective silencing of the 
actin promoter driving the ectopic expression of GFP in acinar cells. In situ hybridization 
to detect the donor Y-chromosome indeed confirmed that newly formed acinar cells were 
donor-derived (Fig. 5M-T). Unirradiated glands of female mice were clearly negative 
(Fig. 5M), whereas male glands were positive for the Y-chromosome (Fig. 5N,R). At the 
site of injection (Fig. 5O,S), many Y-chromosome containing male cells were detectable, 
as well as male acinar cells in tissue distant from this site (Fig. 5P,T). Collectively, these 
histological analyses revealed that radiation-damaged salivary gland tissue could be 
rescued by transplantation of submandibular gland-derived salisphere cells. 

Quantification of the total surface area comprising of acinar cells revealed a 
strong increase after salivary gland stem cell transplantation in most transplanted 
recipients (Fig. 6A). To assess whether these newly formed cells were fully functional, 
total saliva secretion after pilocarpine stimulation was measured in normal mice, in 
irradiated non-transplanted and transplanted mice. Saliva production, measured 60 
and 90 days post-irradiation, was significantly enhanced after cell transplantation in 
42% (5/12) of the animals (Fig. 6B) compared to irradiated non-transplanted animals. 
Whereas unirradiated mice produced ~220µl saliva, successfully transplanted mice 
restored saliva production to 23-70% of control values. It should be noted that the 
total saliva flow measurement method collects saliva from both parotid, sublingual and 
submandibular glands. 

FIGuRE 5. RESToREd moRPHoloGy AFTER InJECTIon oF CulTuREd STEm CEllS. Single 
cells from day 3 salispheres were intra-glandularly injected 30 days post-irradiation and glands were 
analyzed 90 days post-irradiation. From left to right, normal unirradiated glands (A,E,I), irradiated non-
transplanted glands (B,F,J), irradiated transplanted glands (C,G,K) at the site of injection and irradiated 
transplanted glands away from the injection site (D,H,L). Irradiated glands hardly contained acinar cells 
(B,F) as visualized by HE or PAS. In contrast, in transplanted glands, ductal cells at the site of injection 
(dashed line) (C,G), and acinar cells further in the tissue were readily detectable (D,H). In normal (I) and 
irradiated glands (J) hardly any cell stained for PCNA. In contrast, PCNA labeled proliferating cells were 
present at and outside the site of injection (K,L). In situ hybridization to detect Y chromosomes of male 
transplanted cells in female recipient mice. (M) No staining in female control tissue and specific staining 
in male control mice (N, enlargement in R). Cells at the site of injection (O, enlargement in S), as well as 
distant ductal cells (P, enlargement in T) and acinar cells were donor-derived. Nuclei are visualized in blue 
or green. Scale bar = 50 µm, enlarged pictures (R,S,T) = 20 µm. 
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However, whereas all glands have been irradiated, only the submandibular gland received 
a transplant. Therefore, comparison of total saliva production is likely to underestimate 
gland recovery after transplantation. Strikingly, a clear separation in 3 groups was 
observed; either very few, an intermediate number or a large number of acinar cells 
were found after transplant. A strong correlation (R2 = 0.94, P < 0.05) between the 
restored acinar cell surface and quantity of saliva secreted was obtained (Fig. 6C). Saliva 
restoration was not achieved in all animals, which is most likely due to the technical 
difficulties of the injection procedure. 

To further characterize salivary stem cells, c-Kit+ cells were isolated by flow 
cytometry from 3 day cultured spheres. We selected the 0.3% c-Kit highest fraction 
of the cultured cells and compared these with the c-Kit negative population (Fig. 6D). 
Strikingly, intra-glandular injection of only 300-1,000 c-Kit+ cells resulted in a pronounced 
improvement in saliva secretion of 9 out of 13 animals (69%) at 120 days after irradiation 
(Fig. 6E). In contrast, transplantation of 10,000-90,000 of c-Kit- cells resulted in only 1 
complete and 2 minor responders.

Next, animals that were successfully transplanted with c-Kit+ cells were sacrificed 
90 days post-transplantation and salivary glands were analysed for salispheres 
content. Secondary spheres could be cultured from dissociated recipient glands and 
spheres expressing eGFP (i.e. were donor derived) could be detected (Fig. 7A-C). In 
addition, most salispheres were shown to originate from male donors, as detected by 
Y-chromosome specific PCR (Suppl. Fig. 3). We re-purified 100 c-Kit+ cells obtained 
from these secondary spheres at day 3 and transplanted these once more. Again, an 
amelioration of radiation-induced gland dysfunction in secondary recipients was evident 
(Fig. 7D, P < 0.01). Moreover, many Y-chromosome+ duct and acinar cells were observed 
(Fig. 7E-G). These results document enrichment of long-term repopulating stem cells 
in the c-Kit+ cell fraction of 3 day cultured spheres from mouse submandibular glands 
capable of rescuing glands from radiation damage.

To explore the potential clinical relevance of these findings, we next investigated 
if we could isolate a similar population from human salivary glands. Human parotid and 
submandibular glands were dissociated in a comparable way as mouse submandibular 
glands. Indeed, after 3 days of culturing human salispheres could be detected (Suppl. 
Fig. 4A-E). Similar to mouse cells, the differentiated human acinar cells (AC) were PAS+ 
(Suppl. Fig. 4G), whereas duct cells (D) and 3 days cultured spheres were not. Later in 
time, the cells in the spheres differentiated into PAS+ mucin containing cells identical to 
what was observed in the mouse (Suppl. Fig. 4I,J). Both the human submandibular and 
parotid gland (Suppl. Fig. 4K,L and M,N, respectively) responded similar to irradiation 
(Suppl. Fig. 4O) as mice, with a complete depletion of acini. 

FIGuRE 6. RESToREd oRGAn FunCTIon by TRAnSPlAnTEd PRoGEnIToR/STEm CEllS. 
(A) Quantifying the surface area occupied by acinar cells at 90 days post-irradiation revealed that 
transplanted glands contain significantly more acinar cells (○) compared to irradiated glands (▲). Saliva 
production measured on 90 days post-irradiation (B) was significantly higher enhanced in transplanted 
mice (○) compared to irradiated mice (▲). Gland function was restored in successfully transplanted mice 
to 23% up to 70% of normal production (Gray area). (C) Saliva production correlated strongly with acinar 
cell restoration. Each symbol indicates a unique animal, at each time point two glands per animal were 
evaluated. (D) After 3 days in culture, the c-Kit brightest cells were FACS purified based on the indicated 
gate. (E) Injection of c-Kit+ cells (300 to 1,000 cells per gland) restored gland function in 9 out of 13 
recipients until 120 days post-irradiation, whereas 3/9 responded when 10,000-90,000 c-Kit- cells were 
transplanted. 
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Furthermore, human glands also expressed c-Kit exclusively in ductal cells (Suppl. Fig. 
4P,Q) and a subpopulation of these c-Kit+ cells could be isolated from 3 day old spheres by 
flow cytometry (data not shown). These results indicate that a similar population of putative 
salivary gland stem cells can be cultured and isolated from human salivary glands.

FIGuRE 7. RESToREd oRGAn FunCTIon by TRAnSPlAnTATIon oF c-KIT+ CEllS FRom 
SECondARy SPHERES In SECondARy RECIPIEnTS. Primary recipients were sacrificed 120 days 
after transplantation and secondary spheres were cultured from isolated glands. (A) Bright field image 
of secondary sphere, (B) GFP expression of this sphere, (C) overlay. (D) c-Kit+ cells were re-isolated 
from secondary salispheres and 100 cells were serially transplanted into irradiated gland of secondary 
recipients. Saliva production of secondary recipients was significantly (P < 0.01) increased compared 
to irradiated control mice. (E,F,G) In situ hybridization to detect precence of Y chromosomes in male 
secondary transplanted cells in female recipient mice. Both ductal cells (F, arrows) and acinar cells (G, 
arrows) were Y chromosome+. Nuclei are visualized in green. Scale bar = 50 µm (E) or 20 µm (F,G). 

dISCuSSIon
Head and neck cancer is the fifth most common malignancy and accounts 

for 3% of all new cancer cases each year 1,239. Radiotherapy alone or in combination 
with chemotherapy and/or surgery results in relatively high survival rates, but is also 
accompanied by hyposalivation, which has a severe impact on the quality of life of 
the patients. Here, we developed a clinically applicable method for future restoration 
of salivary gland function after such therapies. We show restoration of function of 
irreversibly damaged mouse submandibular glands after intra-glandular injection of an 
in vitro cultured c-Kit+ cell population containing salivary gland stem cells. Our findings 
raise the prospect of clinical autologous salivary gland stem cell transplantation after 
radiotherapy. 

We were able to culture spheres from dispersed salivary glands with a similar 
frequency as has been described for other tissues 102,228-232,235,236. Cells from these 
spheres differentiated in vitro in amylase- and mucin-expressing cells. Concomitantly, 
the percentage of cells expressing common stem cell markers Sca-1, c-Kit and 
Musashi-1 decreased in time. We were unable to generate secondary spheres from the 
initial spheres, as has been shown for other tissues. This indicates that the self-renewal 
capacity of the salivary stem cells is restricted in the current culture system. However, 
we did not perform transplants with cells after more extended culturing periods, so it is 
formally possible that stem cells exist beyond three days of culturing. No salispheres 
were formed from single suspended cells. Apparently, cell-cell contact is necessary 
for salivary gland sphere formation. A similar observation has been made for intestinal 
stem cells 240. 

Although our data indicate that the in vitro self-renewal capacity of the salivary 
stem cells seems restricted, the in vivo self renewal and repopulating potential of these 
cells is very evident. Once injected at low cell doses into glands that were irreversibly 
damaged by radiation, cells from spheres cultured for 3 days showed remarkable 
morphological and functional restoring abilities over prolonged time intervals. 
Repopulation of the original ductal compartment and differentiation into less primitive 
acinar cells was readily observed. The ability of a limited number of c-Kit+ cells to 
rescue the irradiated gland with high efficacy, the re-isolation of donor-derived cells 
from primary engrafted glands which can be transplanted repeatedly in successive 
recipients indicates that this population contains cells that meet the stringent definition 
of stem cells. Although the exact quantification of their in vivo amplification remains 
difficult and would rest upon several assumptions (homing efficiency, purity, functional 
read-out), it is evident that these cells extensively self renew in vivo. 
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To further increase the level of successful transplants, several important 
issues remain to be explored. As indicated by the fraction of successfully transplanted 
mice, the c-Kit+ stem cell pool in the salispheres may still be heterogeneous. Further 
characterization of the exact cells with regenerative potential may prevent injection of 
a surplus of cells which do not possess these characteristics and which in fact may 
negatively interfere with the engraftment. 

Furthermore, improved injection techniques into irradiated atrophic salivary 
gland may increase the overall outcome of the stem cell transplantations. Of note, 
intravenously injected spheres or single cells did not home to the irradiated gland, 
which implies the necessity of direct gland environment. Injection into the excretory 
ducts of the glands may resolve this problem. We predict that it will be technically easier 
to perform these transplants in rats and humans in which the glands are substantially 
larger.

Although we have been unable to demonstrate in vitro expansion of salivary 
gland stem cells, this may not be required for future clinical use. In analogy, bone 
marrow stem cell transplantations have been practiced over the past 50 years, but 
their in vitro expansion has been relatively unsuccessful, nor required 241. Our method 
is unique for the treatment of irradiation-induced organ failure. Although it has been 
shown that salivary gland cells can be cultured and produce saliva in vitro 141, this has 
not been described in a transplantable pre-clinical model where the cultured cells can 
be harvested in adequate numbers, without contamination of other potentially damage-
inflicting cells. 

The presently described model appears readily transplantable to the clinic, and 
may lead in the near future to clinically applicable use of salivary gland tissue stem 
cells. Our data predict that transplantation of these cells will result in amelioration of the 
severely reduced quality of life of surviving cancer patients. Furthermore, our approach 
is the first proof for the potential use of stem cell transplantation to functionally rescue 
solid organ deficiency.
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SuPPlEmEnTAl FIGuRE 1. SCA-1 EXPRESSIon In duCTAl And EndoTHElIAl CEll TyPES. 
(A) Expression of Sca-1 on endothelial and duct cells was confirmed using Sca-1(Ly-6A) GFP transgenic 
mice. (B,C) The GFP signal overlapped with the specific duct cell marker CK7 (C, enlargement of B) or 
CD31+ (D, enlargement in E), and α-smooth muscle actin myoepithelial (MY) cells (F, enlargement in G) 
remained negative for GFP expression. (H) Culture of Sca-1(Ly-6A) GFP salivary gland cells revealed 
GFP expression in duct cells whereas polarized acinar cells were negative (D0-inset). After 3 days of 
culture only cells at the periphery of the sphere showed high Sca-1 GFP expression (D3). Cells were 
visualized with DAPI (blue, A-G) or PKH-26 (H, red). Scale bar = 50 µm, inset = 20 µm. D = ductal cell 
type, MY = myoepithelial cell, BV = blood vessel, D0 and D3 represent days in culture. 
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SuPPlEmEnTAl FIGuRE 2. vISuAlIZATIon oF GFP EXPRESSIon by FluoRESCEnCE And 
bRIGHT FIEld mICRoSCoPy. (A) GFP was not expressed in all cells of glands from GFP transgenic 
donor mice, and was absent in recipient irradiated glands from normal mice prior to transplantation. (B) 
GFP+ transplanted cells were present in the injected area (C, enlargement in E), and GFP was also 
detected in duct compartments in the surrounding area (D, enlargement in F). Fluorescent GFP data were 
confirmed using anti-GFP antibody (G-L) for light microscopy. Scale bar = 50 µm, inset = 20 µm. Nuclei 
are stained in blue. 

mATERIAlS And mETHodS
ANIMALS
Female C57BL/6 mice, 8-12 weeks old, were purchased from Harlan (The Netherlands). Enhanced 
GFP male C57BL/6-TgN (Actbe-GFP) mice, were bred in the animal facility of the University Medical 
Center Groningen and used as donor mice for GFP+ salivary gland cells. The mice were kept under 
clean conventional conditions, and fed ad libitum with food pellets (RMH-B, Hope Farms B.V., Woerden, 
The Netherlands) and acidified tap water (pH = 2.8). Salivary glands of female Sca-1/Ly-6 C75BL/10 x 
DBA transgenic GFP+ mice were kindly provided by Prof. Dr. Dzierzak of the Cell Biology and Genetic 
Department, Medical Center, Erasmus University, Rotterdam, the Netherlands. All experiments were 
approved by the Ethical Committee on animal testing of the University of Groningen. 

ISOLATION OF SALIVARY GLAND CELLS
Mice were euthanized via terminal anesthesia (N2O/O2/isoflurane) after blood removal (via heart 
punction). Submandibular glands were dissected carefully, without contamination from other tissues. Cell 
suspensions were prepared by mincing and enzymatically dissociation by adding collagenase type II 
(0.025%), hyaluronidase (0.04%) and CaCl2 (6.25mM) at 37°C for 40 minutes with gentle mechanical 
movement. After an additional 40 minutes of fresh enzyme digestion, the tissue cell suspension was 
filtered with a 100 μm and 50 μm mesh using a 25G needle, and plated in non-coated 12-wells plates 
at 400,000 cells per well. Per gland 2.4 to 3 x 106 cells were isolated. The culture medium consisted of 
DMEM/F-12 (Gibco, Invitrogen, Carlsbad, CA; 41966-029, 21765-029), penicillin, streptamycin, glutamax, 
EGF (20 ng/mL), FGF-2 (20 ng/mL), N2 supplement (1/100), insulin (10 μg/mL) and dexamethasone (1 
μM). Fresh medium was added every three days. All growth factors were purchased from Sigma-Aldrich 
(St. Louis, MO), except for N2 (Gibco, Invitrogen, Carlsbad, CA). To obtain total single cell suspensions 
an additional treatment of 0.05% trypsin-EDTA (Gibco, Invitrogen, Carlsbad, CA; 25300) was used that 
released 3.6 to 4.8 x 106 cells per gland.

SuPPlEmEnTAl FIGuRE 3. GEnoTyPInG SECondARy SPHERES. Agarose gel showing nested-
PCR products of spheres cultured from transplanted recipients contain cells with donor Y-chromosome 
marker. PCR on the X-chromosome and the GAPDH gene was used to verify DNA loading.
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The incorporation of BrdU (Sigma-Aldrich, St. Louis, MO) was determined by adding 10 µM BrdU to the 
culture medium for 24h. After BrdU addition, the cells were collected and embedded in paraffin for BrdU 
and other immuno-labeling processes. 
Rat tail collagen (2.5 mg/mL, Roche, Indianapolis, MI; 1179179) was mixed with 3 day old spheres and 
cultured for seven additional days until branches and acinar-like outgrowth could be visualized. CK14 
immuno-histochemistry was used as a marker for duct cells, and PAS for acinar cells. 
Cytospots of undissociated spheres or single cells obtained from cultured spheres were made by spotting 
on glass slides through centrifugation at 400 rpm for 2 minutes. 
In vivo visualization of GFP expression in salivary glands or in vitro cultured spheres was accomplished by 
the use of a fluorescence microscope (Olympus IMT-2, Japan) or Confocal Laser Scanning Microscopy 
(CSLM) (Leica TCS SP2), with or without PKH-26 cell linker visualization (Sigma-Aldrich, St. Louis, MO, 
P-9691). 
Human normal parotid and submandibular salivary gland tissue was obtained from patients (after informed 
consent) with a squamous cell carcinoma of the oral cavity in whom a neck dissection procedure was 
performed. Care was taken to obtain only tissue from normal salivary glands. None of the patients had 
received any other cancer treatment before the surgical procedure. Culture conditions for the formation of 
human salispheres were similar to the mouse.

IMMUNO-HISTOCHEMISTRY AND IMMUNO-FLUORESCENT ANALYSIS OF SPHERES AND 
SALIVARY GLAND TISSUE 
Cells were processed in paraffin following HistoGel (Richard-Allan Scientific, Kalamazoo, MI; HG-4000-012) 
embedding. Five-μm sections were dewaxed and labeled for the following markers: cytokeratin 7 (CK 
7) (Monosan, Burlingame, CA; Mon3007), cytokeratin 14 (CK 14) (Abcam, Cambridge, MA; ab7800), 
BrdU (Abcam, Cambridge, MA; ab6326), Sca-1 (R&D Systems, Minneapolis, MN; AF1226), PCNA (Dako, 
Carpinteria, CA; M0879), c-Kit (R&D Systems, Minneapolis, MN; MAB1356), Musashi-1 (Chemicon, CA, 
AB5977), amylase (Sigma-Aldrich, St. Louis, MO; 8273), GFP (Chemicon, Temecula, CA; MAB3580), and 
GFP FITC (Abcam, Cambridge, MA; ab6662). Visualization for bright field microscopy was accomplished 
by adding specific secondary 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 or methylene green. Control 
sections without primary antibodies were all negative. 
Cytospots made of cultured cells or salivary gland tissues were labeled for visualization under Confocal 
Laser Scanning Microscopy (CSLM) (Leica TCS SP2), using avidin-FITC (Sigma-Aldrich, St. Louis, CA; 
A2050) and nuclear staining with 4,6-diamino-2-phenylindole (DAPI). 
Cell morphology was visualized by routine histologic techniques using hematoxylin-eosin staining. Mucin 
and mucopolysaccharide containing acinar cells were detected by Periodic Acid Schiff’s base (PAS). 

IN SITU HYBRIDIZATION
The Y chromosome was stained by fluorescence in situ hybridization (Cambio, Cambridge, United 
Kingdom; 1187-YMB) according to manufacturer’s instructions, but with 5 minutes of 1 mol/L sodium 
thiocyanate and 0.4% pepsin instead of 10 minutes. Nuclear staining was done with methyl green. 
Negative controls were included in the protocols. 

SuPPlEmEnTAl FIGuRE 4. HumAn SAlIvARy GlAndS ConTAIn c-KIT+ CEllS And CAn yIEld 
SPHERES. (A-E) Dissociated human submandibular and parotid (F) glands form spheres. Initially these 
cells lacked mucins (PAS-) (G,H), but they differentiate in time into mucin expressing cells (I,J, PAS+). 
Normal human submandibular glands (K,L) contain mucous PAS+ and serous cells, whereas normal 
human parotid gland contain serous acini (M,N). (O) Irradiated human submandibular gland lose acinar 
cells very similar to the mouse. Both human submandibular (P) and parotid (Q) glands express c-Kit 
exclusively in duct cells. D = ductal cell type, AC = acinar cell, D0-3-5-10 represent days in culture. Scale 
bar = 50 µm, inset = 20 µm.
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IRRADIATION AND SALIVA COLLECTION OF THE MOUSE SALIVARY GLANDS
Salivary glands were locally irradiated with a single dose of 15 Gy of X-rays (Philips CMG 41 X, 200kV, 
10mA, 5 Gy/minutes). This dose is known to induce sufficient damage without compromising the general 
health of the animals. At 60, 90, and 120 days post-irradiation whole saliva flow rate was determined. 
Animals were placed in a restraining device 173 after pilocarpine injection (2 mg/kg, s.c.). Saliva was 
collected for 15 minutes, and the quantity was determined gravimetrically, assuming a density of 1 g/mL 
for saliva. 

FLOW CYTOMETRIC ANALYSIS AND CELL PURIFICATION
Cultured cells were dissociated by 0.05% trypsin-EDTA (Gibco 25300, Invitrogen) with mechanical use of 
26G needles. Anti-mouse Sca-1 FITC (BD Biosciences Pharmingen-553335) and anti-mouse c-Kit FITC 
(BD Biosciences Pharmingen-553354) or anti-human c-Kit APC (BD Biosciences Pharmingen-550412) 
antibody incubation was performed at 4°C for 20 minutes, followed by a wash step in PBS/0.2% BSA. 
Finally, Propidium Iodide (PI, 1 µg/mL) was added to the cells before analysis using a FACS Calibur Flow 
Cytometer (BD) with at least 100,000 events for each measurement. Data were analyzed by FlowJo 
software (Tree Star, Ashland, OR). Gates for viable Sca-1+ or c-Kit+ cells were set by using isotype-
controls (BD Biosciences Pharmingen) for APC, FITC and PI. Cell sorting for c-Kit+ cells was performed 
using a MoFlo flow cytometer (Dako, Carpinteria, CA), and only 0.3% of the brightest c-Kit expressing 
cells were selected. 

INTRA-GLANDULAR INJECTION OF CULTURED CELLS
For transplantation studies, day 3 spheres were collected and dissociated by 0.05% trypsin-EDTA. Cells 
were suspended in an equal volume of α-MEM (Gibco, Invitrogen, Carlsbad, CA; 22561-021) (containing 
2% of fetal calf serum, Gibco, Invitrogen, Carlsbad, CA; 10099-141) and Indian Ink (1/200) solution to 
visualize the injected fluid. Both submandibular glands of irradiated mice were injected 30 days post-
irradiation with 5 µl suspension containing single cells (60,000-95,000 cells per gland), undissociated 
spheres (4,000-7,000), sorted c-Kit+ (300-1,000, or 100 in case of secondary recipients), or c-Kit- (10,000-
90,000) cells, using a 28G needle and a Microliter Syringe (Hamilton, Reno, NV) under anesthesia. 

QUANTIFICATION OF ACINAR CELLS IN THE SALIVARY GLAND
Tissue sections of glands were analyzed using bright field microscopy (Olympus CX40, Germany) under 
400x magnification using 100 squares of 0.25 mm2 each. The percentage of surface area occupied by 
acinar cells was counted from two different sections (upper-middle) of each gland. 

GENE EXPRESSION ANALYSIS BY RT-PCR 
Total RNA was isolated from salispheres at different time-points using the RNeasy Micro Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions. RNA concentration was measured 
spectophotometrically. Reverse transcription was performed on 600 ng of total RNA using oligo dT primers 
and M-MLV Reverse Transcriptase in a final volume of 20 µl (Invitrogen, Carlsbad, CA) for 5 min at 65°C, 
followed by one hour at 37°C. Samples were subsequently heated for 15 min at 70°C to terminate the 
reverse transcription reaction. Real-time quantitative PCR was performed on the cDNA samples using a 
Bio-Rad iCyler iQ Real-Time Detection System. 

The following primer sequences were used for gapdh: sense primer, 5’ ATG GCC TTC CGT GTT CCT 
AC 3’ and antisense primer, 5’ GCC TGC TTC ACC ACC TTC TT 3’ (accession no. NM_001001303) 
and for amylase: sense primer, 5’ GGTGCAACAATGTTGGTGTC 3’ and antisense primer, 5’ 
ACTGCTTTGTCCAGCTTGAG 3’ (accession no. NM_007446). Real-time PCR was conducted by 
amplifying the cDNA with the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). The PCR-efficiency 
was determined for each of the primers. Melting curve analysis of amplification products was performed at 
the end of the PCR reaction to confirm that a single PCR product was detected. For every PCR reaction, 
Gapdh was used as the internal control. Quantification of the samples was calculated from the threshold 
cycle (Ct) by interpolation from the standard curve. The experiments were repeated twice.

NESTED Y CHROMOSOME SPECIFIC PCR
Spheres were cultured from submandibular glands of transplanted recipients. As controls, spheres from 
submandibular gland of control male and female mice were used. After 3 days of culture individual spheres 
were selected by micromanipulation and subjected to Y-chromosome specific PCR. Single spheres were 
lysed in 5 μl 400 ng/μL proteinase K/17 μM SDS. 1 μL of the lysate was used for nested PCR using the 
following primer sequences: Y-chromosome sense primer, 5’AATTGACAGCATCTACGTACTGGAGC3’ 
and antisense primer, 5’TCCAGGAGCTGATAAGCATAGAGAGC3’, second sense 
primer 5’AGCTCTACAGTGATGACAGGATTTTAAACC3’, second antisense primer 
5’TGACCTCAGAGCCATCTTTCCTCTC3’. 
Nested PCR was conducted by amplifying the DNA with the Platinum Blue PCR Supermix (Invitrogen).

STATISTICAL ANALYSIS
The results were analyzed using a Mann-Whitney test or t-test. Statistical significance was defined as P < 
0.05 using SPSS. Numbers represent average ± SEM, unless otherwise specified. 
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ABSTRACT
In the previous chapter, we have shown that transplantation of c-Kit+ cells, 

derived from cultured submandibular salispheres, can rescue recipient glands from 
radiation-damage. The ability to self-renew, proliferate and differentiate into all major 
tissue cell types after (serial) transplantation demonstrated that the selected cell 
population contained stem cells. Salivary gland stem cell transplantation has the 
potential to be translated to a clinical application to treat patients at risks for life-long 
hyposalivation after radiotherapy. However, comprehensive characterization of the 
stem/progenitor cell population is a pre-requisite to ultimately isolate and transplant 
the most optimal cell type. In this study, we investigated the localization of potential 
murine submandibular gland stem/progenitor cells and their fate in irradiated tissue 
after transplantation. 

Cytoskeleton CK 7, CD24, and Sca-1 are all specifically expressed by duct 
cells, which are thought to contain the stem/progenitor cells of salivary glands. Within 
the ductal compartment, stem cell proteins expression such as c-Kit, Musashi-1, 
p63, and Notch-1 were restricted to a specific cell population in the excretory ducts. 
In irradiated tissue, immunostaining for virtually all these markers was negative. 
After cell transplantation into irradiated glands, tissues were again positive for these 
stem cell markers, indicating a recovery of the tissue from the radiation insult by 
virtue of the graft.

In conclusion, our results strengthen the notion that the salivary gland 
stem cells reside in the excretory ducts. Most salivary gland cell types, including 
excrectory duct cells, are completely obliterated by irradiation leading to irreversible 
tissue damage. This can partly be restored by cell transplantation. Selection of 
cells based on the expression of a combination of proteins such as CD24, CD29, 
Sca-1 and c-Kit may allow further isolation of the most primitive submandibular 
gland stem/progenitor cell for future use in stem cell therapy.

InTRODUCTIOn
Radiation-induced sterilization of tissue stem cells impairs the replacement of 

differentiated cells, and consequently results in organ dysfunction. In patients treated 
for head and neck cancer, unavoidable co-irradiation of the salivary glands occurs, and 
this can lead to life-long hyposalivation. Consequential oral/dental damage and elicited 
xerostomia (=dry mouth syndrome) severely hamper the quality of life of these patients. 
Recent experimental studies 185,220,242 show that post-irradiation stem cell treatment can 
rescue the salivary gland from radiation-induced dysfunction. Improved salivary gland 
function and morphology were obtained after cytokine-induced bone marrow (stem) cell 
(BMC) mobilization following irradiation 185,242. However, although BMCs did contribute to 
an improved vascularization, virtually no trans-differentiation into submandibular gland 
cells was observed, indicating that irradiation-surviving resident salivary gland stem 
cells were stimulated by the infiltrated BMCs 185,242. These studies indicate that post-
irradiation stimulation of surviving stem cells indeed restores tissue function. Strikingly, 
an almost complete restoration of saliva flow rate and tissue morphology was obtained 
after transplantation of submandibular gland specific stem/progenitor cells 220. Serial 
transplantation of selected c-Kit+ cells isolated from cultured salispheres appeared to 
be highly successful. In contrast, the c-Kit negative progenitor population could only 
temporarily ameliorate radiation-induced hyposalivation. However, the exact nature of 
stem cells responsible for the tissue regeneration still needs to be determined. 

Until recently, salivary gland stem cells were believed to reside in the intercalated 
duct compartment 122-125,128,129. In contrast, our cell transplantation study indicates that 
c-Kit+ cells are confined to the excretory duct compartment 220. Apparently, intercalated 
ducts contain progenitor cells responsible for acinar cell formation 128,129, while excretory 
ducts contain the actual stem cells, which provide long-term reconstitution of all cell 
types. 

More profound characterization of salivary gland stem cells may improve 
their purification and will be important to identify and characterize their niche. This is 
relevant for potential multiplication of the tissue specific stem cells in vitro, and may be 
a prerequisite for clinical application. Identification of specific cell-surface markers and 
subsequent selection and transplantation of cells expressing these markers, have led to 
the prospective isolation of pluripotential mammary gland stem cells 244. 
Such stem cell-related markers include a variety of proteins, some of which are tissue 
specific. Potential salivary gland candidate genes include cytoskeleton proteins, such 
as (cyto)keratin 15 used for the identification of hair follicle stem cells 94. 
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In addition, the membrane-related CD29 (β1-integrin) protein has been correlated 
with murine mammary gland 101, skin 245, human liver 246, and rodent/human brain 247-249 
stem/progenitor cells. Similarly, CD24 is used to isolate mammary gland 101,102 stem 
cells, but also for early B-cell progenitor cells 250, renal progenitor cells 251, prostate 
stem cells 252, and brain progenitor cells 253. A general stem/progenitor cell-related 
marker seems to be Sca-1, which is present on mouse hematopoietic stem cells 
254,255, mammary gland 238, prostate 233,256, lung 257, dermis 230,258,259, liver 260, heart 116, 
and even skeletal muscle cells 261,262. Unfortunately, as there is no human homologue 
of Sca-1, this protein is of little clinical applicability. On the other hand, the receptor for 
Stem Cell Factor, c-Kit, is not as commonly expressed as Sca-1, and has so far only 
been found in a small group of tissues (pancreas 263, gut 264, mammary gland 265,266, 
and hematopoietic stem cells 267). 
Other potential stem cell markers may be proteins involved in self-renewal, such as 
Notch-1 and Msi-1 (murine small intestine 268, hair 269, stomach 270, and mammary 
gland 271) or proteins necessary for developmental tissue structure such as p63, which 
is correlated with ocular surface cells 272, skin 273, mammary gland 274, lung 275 and 
prostate 276 stem cells. 

The aim of this study is to determine the localization in the salivary gland 
of cells expressing putative stem cell markers and, subsequently, to determine how 
they respond to irradiation and cell transplantation. Irradiation will induce a loss of 
salivary gland stem cells 243 which can be visualized and quantified by assessing 
marker expressions. Cells expressing stem cell markers should re-appear after stem 
cell transplantation, enabling the determination of potential stem cells in the tissue. 
Our results provide information that can be used for selection and characterization of 
salivary gland stem cells, and reveal information on the stem cell niche.

RESULTS/DISCUSSIOn

THE GEnERAL MORPHOLOGY OF THE MURInE SUBMAnDIBULAR 
GLAnD

The salivary parenchyma has a well-known structure that comprises three major 
cell types 277. The largest part of the submandibular gland (±60%) consists of typically 
triangle shaped mucin-expressing (dark purple, PAS stained) saliva-producing acinar 
cells (AC) 185 (Fig. 1A,B, Control, insert). Spherically joined acinar cells called acini (Fig. 
1A, Control, insert-dashed line) surround a small lumen that collects the primary saliva. 
Contractile myoepithelial cells (MY) assist duct cells (PAS-) (Fig. 1B, Control, insert-dashed 
line) to further modify and transport the saliva to the oral cavity 31. The submandibular 
gland ductal system is thought to contain the stem/progenitor cells 128. It consists of 
three different ductal cell types aligned as intercalated duct (ID) cells, striated duct (SD) 
cells or granular containing tubules (GCT, profoundly in males), and excretory duct cells 
(ED). Ninety days after irradiation, the tissue is virtually devoid of acinar cells and mainly 
striated duct cells remain 243 (Fig. 1A,B, IR). Transplantation of c-Kitbright cells obtained 
from 3 days old cultured salispheres can prevent the loss of acinar cells (Fig. 1A,B, IR-
SCT) 220, albeit with a somewhat less well-organized tissue structure when compared to 
control situation. Apparently, a severe lack of cell replacement has resulted in the relative 
survival of striated duct cells and an almost complete loss of other cell types. Evaluating 
the expression of (stem) cell markers after irradiation and transplantation will provide 
important information on the localization of the tissue stem cells. 

CYTOSkELETAL PROTEInS 
Cytoskeletal cytokeratin (CK) filaments, which ensure cell shape, cell motion, 

and regulate cellular divisions, are differentially expressed in each tissue. This makes 
them potentially useful for fingerprinting of certain cell types. Therefore, CK expression 
patterns have been widely examined in many studies. Human 278,279, rabbit 280-282, dog 283 
and rat 284-286 parotid/submandibular glands widely express CKs, although information 
on murine glands is scarce 287-288. For example, CK 8 was shown to be expressed on 
acinar and duct cells and not on GCT cells 287. We observed that this is not only true for 
CK 8 (Fig. 2A, Control), but also for CK 18 (Fig. 2B, Control). Moreover, the expression 
of both CKs was most pronounced in intercalated duct (ID) and excretory duct (ED) 
cells. Even more specific staining was observed with CK 19 (Fig. 3A, Control) and CK 
7 (Fig. 3B, Control), which mark only the three different duct cell types, whereas CK 14 
(Fig. 3C, Control) is restricted to ducts in the excretory and striated duct compartment 
and to myoepithelial cells.
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Clearly, irradiation affects the number of cells expression these cytokeratins 
(Fig. 2, IR and 3, IR). After cell transplantation, some highly CK expressing cells re-
appeared locally in the duct compartment, suggesting duct reconstitution (Fig. 2A,B, 
IR-SCT, Fig. 3C, IR-SCT). Interestingly, also acinar cells with normal CK levels re-
appeared (Fig. 2B, IR-SCT). Additionally, at the site of transplantation, clusters (CC) of 
CK expressing cells were observed (Fig. 2B, IR-SCT). 

FIGURE 1. GEnERAL MORPHOLOGY OF THE MOUSE SUBMAnDIBULAR GLAnD. (A) HE staining for 
general morphology. (B) PAS staining for mucin containing acinar cells. Control: unirradiated submandibular 
glands, IR: submandibular glands 90 days after irradiation, IR-SCT: submandibular glands 90 days after 
irradiation and 60 days after cell transplantation. Salivary glands consist of acinar cells (AC) clustered in 
acini (A: dashed lines) and duct cells, both surrounded by myoepithelium cells (MY). The duct compartment 
can be divided into intercalated ducts (ID), striated ducts (SD), and excrectory ducts (ED), connecting the 
acini to the oral cavity. After IR, a pronounced loss in acinar cell number was observed which was (partially) 
restored after stem cell transplantation (IR-SCT). Scale bar = 50 μm, insets = 20 μm.

In summary, CKs are indeed clearly differentially expressed among duct and 
acinar cells. The strong reduction after irradiation reflects a strong reduction in acinar 
and ductal cells, but may also be an expression of loss of tissue integrity. Apparently, 
both parameters are (partly) re-established after transplantation. CK 7 and 19 are the 
most appropiate for selection of duct cells. Additional precision may be obtained with 
selection based on expression levels of CK 8, 18 (high/low) and CK 14. CKs, however, 
do not select for stem/progenitor cells, and can only be used as co-markers to localize 
the position of such a cell. 

FIGURE 2. Ck 8 AnD Ck 18 EXPRESSIOn In THE MOUSE SUBMAnDIBULAR GLAnD. Control: the 
filaments CK 8 (A) and CK 18 (B) are expressed by both acinar (AC) and duct cell types (intercalated ducts 
(ID), striated ducts (SD), and excrectory ducts (ED)). After irradiation(IR), glands showed a diminished CK 
8 and 18 expression which was partly restored after stem cell transplantation (IR-SCT) as these glands 
contained acinar and duct cells with reconstituted filament levels. CK-expressing cells were noticed both 
as clustered cells (CC) at the site of injection of transplantation. Scale bar = 50 μm, insets = 20 μm.
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FIGURE 3. Ck 19, Ck 7 AnD Ck 14 EXPRESSIOn In THE MOUSE SUBMAnDIBULAR GLAnD. 
Control: Filaments CK 19 (A), CK 7 (B) and 14 (C) are exclusively expressed by ductal cells (intercalated 
ducts (ID), striated ducts (SD), and excrectory ducts (ED)) and completely absent on acini (AC). Still, CK 
14 is also expressed by myoepithelial cells (MY). Irradiation (IR) dramatically affects the CK expression 
which was partly restored after IR-SCT. Scale bar = 50 μm, insets = 20 μm.

MEMBRAnE CD (CLUSTER OF DIFFEREnTIATIOn) PROTEInS

CD29 (β1 integrin reCeptor)
Beside cytoskeletal proteins, adhesion molecules may be used for cell type 

selection. By re-arranging the internal actin cytoskeleton, integrin receptors influence 
cellular activities like cell growth, adhesion, polarization and differentiation 289. High 
expression of one of these proteins, β1 integrin receptor (CD29), has been related to the 
regulation of stem cell maintenance and stem cell migration during differentiation 290, and 
has been found to be expressed on stem cells of mammary gland 101, skin 245, liver 246, and 
brain 247-249. In normal mouse submandibular glands, CD29/β1-integrin seems ubiquitously 
expressed, with intermediate expression on striated duct cells (SD) (Fig. 4A, Control-
insert SD) and especially high expression on interlobular excretory duct cells (ED). CD29 
expression is strongly reduced after irradiation (Fig. 4A, IR). Although CD29 was still 
present on striated duct cells (SD), hardly any CD29high expressing excretory duct cells 
(ED) could be found. The importance of CD29 is further emphasized by a study on a 
human salivary gland cell line HSG 291. Once CD29 expression was lost, any further duct 
cell formation was blocked, resulting in immediate acinar cell-like differentiation and loss 
of migration. Assumingly, after irradiation this would result in the loss of acinar cells and 
tissue integrity. 

After transplantation, normal CD29+ cells were found in regenerating glands, 
indicative of restored tissue integrity (Fig. 4A, IR-SCT). Moreover, many CD29high 
expressing cells in EDs were observed, indeed suggesting that the salivary gland stem 
cells express high levels of CD29.

These data show that environmental changes resulting from radiation damage 
have impact on extracellular matrix-cell protein interactions, and are indicative of the 
incapability to regenerate. Furthermore, it proposes CD29high excretory duct cells as 
potential stem cells.

CD24
Like CD29, CD24 is suggested to play a role in the proliferation/differentiation 

of progenitor cells 292. Possibly, CD24 is expressed by potential stem/progenitor cells in 
salivary glands, as has been shown for mammary gland stem cells 101,102, and prostate 
stem cells 252. In the submandibular gland, CD24 expression is restricted to duct cells 
and is highest on excretory duct cells (ED) (Fig. 4B, Control). From striated ducts (SD) 
to intercalated duct cells the expression seems to be progressively reduced. Strikingly, 
CD24 expression is severely affected after irradiation, leaving only few CD24 expressing 
cells (Fig. 4B, IR). 
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In IR-SCT glands, CD24high cells re-appear in the entire duct system (Fig. 4B, IR-SCT). 
These findings are in agreement with the expected loss of stem cells after irradiation 
and re-appearance after stem cell transplantation. It also indicates that CD24bright cells 
may well be potential stem cells of the submandibular gland, and may well be used as 
a selection marker for stem cells. 

FIGURE 4. EXPRESSIOn OF CD29 AnD CD24 BY THE MOUSE SUBMAnDIBULAR GLAnD. Control: 
(A) All gland cell types express CD29, albeit to variable levels. (B) CD24 is exclusively expressed in 
duct cells (intercalated ducts (ID), striated ducts (SD), and excrectory ducts (ED), and brightly CD29- 
and CD24-expressing cells seem to be present in the transplanted glands (IR-SCT) when compared to 
irradiated only glands (IR). Scale bar = 50 μm, insets = 20 μm.

PROTEInS InVOLVED In DEVELOPMEnT

14-3-3 σ (stratifin)
The group of 14-3-3 proteins, which consist of 7 isoforms, interact with many 

molecules, exerting numerous crucial intracellular functions such as cell proliferation 
and differentiation and cellular trafficking 293. Interestingly, it has been demonstrated in 
skin that the isoform 14-3-3σ (stratifin) is expressed by cells that are about to undergo 
differentiation 294,295. Functional inactivation of stratifin leads to continued proliferation 
and immortalization. In submandibular glands, 14-3-3σ/stratifin was expressed in cells 
of all the duct types (Fig. 5A, Control). In striated (SD) and excretory ducts (ED), several 
high stratifin expressing cells were observed, probably indicating ongoing differentiation. 
Strikingly, hardly, if any, expression of stratifin was observed after irradiation (Fig. 5A, 
IR), indicative of a strongly reduced differentiation activity. As expected, after IR-SCT, 
the gland contains many stratifin expressing cells, which is in agreement with the high 
level of proliferation observed before 220 both in the duct compartments as well in cell 
clusters (CC) at the injection site (Fig. 5A, IR-SCT). These data confirm the strong 
capability of duct cells to proliferate, differentiate, and initiate the regeneration process. 
Stratifin could be used as negative marker in combination with other markers to select 
for stem cells.

ΔNp63 
The protein p63, the most ancient member of the p53 family 296, became 

interesting as a stem cell marker when it was shown that mice lacking this gene 
(p63-/-) die neonatally due to the absence of a large number of tissues, among which 
craniofacial organs 297. Although p63 expression is not limited to stem cells, it has been 
reported that these express the highest levels of p63 295. Its exact function is still not 
fully elucidated since the two isoforms, TAp63 and ∆Np63 seem to have opposing 
functions. A balance between both isoforms is required for normal development where 
in stem cells the ∆N isoform is highly expressed 296,298. 

In mouse submandibular glands, ∆Np63 is expressed in myoepithelium cells 
(MY) and in certain cells in the excretory duct (ED) (Fig. 5B), similar to what has been 
observed in human salivary glands 299. After irradiation a dramatic reduction in ∆Np63 
expressing cells is observed (Fig. 5B, IR). Strikingly, after cell transplantation, ∆Np63+ 
cells were arranged either around or within duct segments, and at the site of injection as 
clustered cells (CC) in IR-SCT glands (Fig. 5B, IR-SCT). These observations indicate 
that ∆Np63 expressing cells may be involved in regeneration processes. 
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Although the precise function of p63 needs to be elucidated for the submandibular gland 
cells, it might be a putative marker for excretory duct stem cells, when myoepithelial 
cells can be excluded. This observation further indicates a particular role of ∆Np63 in the 
myoepithelial cells, which have been less well studied, compared to other epithelial cell 
populations. However, it was recently hypothesized that the myoepithelial cell population 
might have crucial input on the stem cells 300,301, and have its own progenitors 302. 

FIGURE 5. EXPRESSION OF 14-3-3σ (STRATIFIN) AND ΔNp63 BY THE MOUSE SUBMANDIBULAR 
GLAnD. Control: (A) 14-3-3σ (stratifin) expression is confined to intercalated ducts (ID), striated ducts 
(SD), and excretory ducts (ED). (B) ΔNp63 is uniquely expressed in excretory duct cells (ED) and 
myoepithelial cell types (MY). Both 14-3-3σ and ΔNp63 expression is affected by irradiation (IR) and 
restored after transplanation. (CC) clustered cells at the site of injection of transplantation. Scale bar = 
50 μm, insets = 20 μm.

STEM CELL SELF-REnEwAL/MAInTEnAnCE

sCa-1
Sca-1 (Stem cell antigen-1 or lymphocyte activation protein-6A (Ly-6A)) is one 

of the best-known stem cell markers 303, which has been shown to be expressed in a 
variety of mouse tissues 228,233,238,254-257. Its expression pattern in the adult submandibular 
gland has already been addressed in our previous study 220. In short, Sca-1 is exclusively 
expressed by striated duct (SD), excretory duct (ED), and endothelial cells (Fig. 6A). 
However, differences are found with males (Fig. 6B): the GCT (Granular Convoluted 
Tubules) ducts, mostly absent in females, lacked expression of the protein. Also, 
Sca-1 expression is greatly reduced after irradiation (Fig. 6C), and re-appears after 
IR-SCT, especially in excretory ducts (ED) (Fig. 6D) and in clustered cells (CC) at 
the transplantation site. The observation that excretory duct cells express Sca-1 more 
brightly than striated cells indicates that it can be used as a selection marker for stem 
cells. 

C-Kit

The stem cell marker c-Kit is the receptor for Stem Cell Factor (SCF). Expression 
of c-Kit was found to be related to survival and renewal of the earliest multi-lineage 
hematopoietic progenitors 303 and other tissues like skin and testis 304. Cells expressing 
this marker are able to rescue the salivary gland form irradiation-damage 220. They are 
exclusively expressed by excretory duct cells (ED) (Fig. 6B, Control). c-Kit expression 
is very much reduced after irradiation (Fig. 6B, IR) and re-appears after IR-SCT (Fig. 
6B, IR-SCT), c-Kit cells were again abundantly present in the excretory ducts and in 
clustered cell (CC) groups at the place of transplantation. This suggests that c-Kit cells 
contain the essential cells that are able to (re-)generate organ function and morphology. 
Although c-Kit mutant mice are viable, this model showed the importance of these cell 
types in other tissues for adequate sperm cell formation, skin pigmentation 305 and 
hematopoietic activity 306. Expression of the c-Kit marker may be a starting point for 
selection of salivary gland stem cells.

notCh-1
Stem cell fate is partly regulated by signaling pathways such as Wnt, Hedghehog, 

and Notch 307. Depending on the circumstances, Notch can be involved in inducing 
differentiation and maintenance of stem cells as it is involved in a variety of pathways 
regulating stem cell number, cell survival, and lineage decisions 308. 
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Most of the Notch genes, which are transmembrane receptors (Notch 1-4), have 
been found in organs such as skin 309, brain 249, mammary gland 310, pancreas 311, the 
hematopoietic system 312, and intestine 313.

In the submandibular gland, Notch-1 was found to be expressed in the cytoplasm 
of interlobular excretory duct cells (Fig. 7A, Control). This suggests that Notch-1 is only 
expressed in a small percentage of unique cells. Ninety days post-irradiation, only a 
single Notch-1+ surviving cell was observed (ED, arrow) out of all sections evaluated 
(Fig. 7A, IR). In IR-SCT glands, Notch-1 expressing cells were found in close proximity 
to excretory duct structures (Fig. 7, IR-SCT). These observations indicate that Notch-1 
signaling plays a role during the regeneration of irradiated glands and be a selection 
marker. 

Musashi-1
The RNA binding protein Musashi-1 (Msi-1) seems to function in cooperation 

with Msi-2 to activate Notch signaling, and as such seems to be involved in stem cell 
self-renewal. Although not much is known about Msi-1, it was originally associated 
with asymmetric division of neural progenitor cells, and seems to be down-regulated 
with differentiation into progeny 314. In the submandibular gland, a high nuclear Msi-1 
expression was correlated with specific interlobular excretory duct cells, and some 
striated duct cells (Fig. 7B, Control). After irradiation (IR), none of these cells could be 
observed, and only very infrequently Msi-1+ cells were noticed in a regenerated gland 
(IR-SCT). Nevertheless, if Msi-1 down-regulation is linked with differentiated progeny, 
this does strengthen the hypothesis that the majority (but not all) of the excretory 
duct and a minority of striated duct cells have some level of stem cell potential. Thus, 
potential Msi-1 could be used as a marker although its exact role in the regeneration 
process still needs to be determined.

Musashi-2
Musashi-2 also belongs to a conserved group of RNA binding proteins, exhibits 

high sequence similarity Msi-1, and is thought to play role in the proliferation and 
maintenance of tissue specific stem cells 315. Although Msi-2 has been correlated with 
neural stem/progenitor cells 316 and hair follicle stem cells 269, its expression pattern in the 
gland does not seem to be as specific as Msi-1. High expression levels were observed 
in intercalated and excretory duct cells and in some large small striated duct shaped 
cells. Despite the reduction in Msi-2 expression in some duct cells, and especially the 
excretory ducts, after irradiation, it was not completely diminished. Although IR-SCT 
glands did show some Msi-2 expressing clustered cells at injection places, the protein 
seems to be not suitable for isolating gland stem/progenitor cells. 

FIGURE 6. EXPRESSION OF SCA-1 AND c-KIT. Control: (A) Sca-1 expression in glands of female 
mouse is confined to excretory (ED), striated duct cells (SD) and endothelia. Male glands only show Sca-1 
expression on excretory duct cells and endothelia. Granular convoluted tubules (GCT) lack Sca-1. Sca-1 
expression is abrogated after irradiation (IR), while regenerated glands (IR-SCT) contained again Sca-1 
expressing cells in both duct system (ED) as (CC) clustered cells at the site of injection of transplantation. 
(B) c-Kit is exclusively expressed by excretory duct cells (ED). Similar to Sca-1 is c-Kit expression 
diminished post-irradiation (IR), but bright cells could be noticed again after stem cell transplantation (IR-
SCT). Scale bar = 50 μm, insets = 20 μm.
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FIGURE 7. nOTCH-1, MUSASHI-1 AnD -2 EXPRESSIOn. Control: (A) The receptor Notch-1 is only 
present on few cells in the interlobular excretory duct system. (B) Musashi-1 is expressed in the nucleus 
of excretory (ED) and striated duct compartment (SD). (C) Musashi-2 is expressed by both acinar and 
gland duct cells, but a clear high expression pattern is noticed in intercalated (ID), excretory duct cells, 
and unique cells in the striated duct (arrows). Expression of all these proteins is clearly affected after 
irradiation (IR), while some bright expressing cells re-appeared after IR-SCT. (CC) Clustered cells at the 
site of injection of transplantation. Scale bar = 50 μm, insets and A and B = 20 μm.

COnCLUSIOn
Irradiation clearly affects many glandular protein immunostaining. Although the 

loss of almost the complete acinar, intercalated and excretory duct compartment 243 
would on its own already affect overall expression of the proteins, it is clear that the 
loss of cytoskeletal regulation, CD antigens and proteins involved in development and 
stem cell maintenance are severely affected. This is caused by, or the result from, 
loss of tissue integrity after irradiation. It also emphasizes the general lack of ability 
to regenerate the tissue although still some viable cells may be present 16,220,243. The 
remaining protein-expressing cells either lost their functional ability to restore the gland 
and/or their architectural position and connection with their environment to be functional. 
In contrast, in regenerating IR-SCT glands, the re-appearance of cells expressing 
both membrane, CK, developmental and self-renewal-related proteins implies that the 
transplanted cells might either integrate/fuse into the remaining duct system or even 
initiate the formation of new ducts, restoring tissue integrity. 

Our data indicate a possible location of stem cells in the excretory ducts and 
reveal potential markers to isolate and study the submandibular gland stem/progenitor 
cell. Isolation of enriched duct cells could be performed using combinations of CD29high 
or CD24 (Table 1). On top of this, Sca-1 and/or c-Kit selection seems to be promising 
for stem cell selection (Table 1). Next to this, p63, Msi-1 and/or Notch-1 expression 
could be used to verify the localization of excretory duct stem cells. Based on the 
morphological observations of these stem cell-related markers, this investigation opens 
new abilities in the search towards the salivary gland stem cell. 
Further research need to be performed to characterize and test cell types expressing 
these proteins and include isolation, repopulation and regeneration studies, both in 
vitro and in vivo in irradiated recipients in order to reveal their potential.
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MATERIALS AnD METHODS
ANIMALS
Female C57BL/6 mice, 8-12 weeks old, were purchased from Harlan (Horst, The Netherlands), kept under 
clean conventional conditions, and fed ad libitum with food pellets (RMH-B, Hope Farms B.V., Woerden, 
The Netherlands) and acidified tap water (pH 2.8). All experiments were approved by the Animal Ethical 
Committee on animal testing of the University of Groningen. 

IRRADIATION OF SALIVARY GLANDS AND CELL TRANSPLANTATION
Salivary glands were locally irradiated with a single dose of 15 Gy of X-rays (Philips CMG 41 X, 200kV, 
10mA, 5 Gy/minute). This radiation dose is known to induce sufficient damage without compromising the 
general health of the animals 185. Mice were protected from off-target radiation by a 3 mm lead shield. One 
group of mice received a submandibular gland cell transplant at 30 days post-irradiation, as described 
previously 220. 

TABLE 1. Expression pattern of proteins in the mouse salivary gland. In short, cells from hyaluronidase and collagenase dissociated submandibular gland cells were transferred 
to defined DMEM/Ham’s F12 medium containing EGF, FGF-2, N2 and insulin. After 3 days, ~9,000 
salispheres per digested submandibular gland were formed. Subsequently, the spheres were trypsinized 
and purified c-Kitbright cells (100-1,000) were intra-glandularly injected in the irradiated submandibular 
glands of recipient mice. 
Submandibular glands from mice, sacrificed 90 days after irradiation (IR) only or irradiation + stem cell 
transplant (IR-SCT), were used for morphological examination. After sacrificing the mice, submandibular 
glands were extirpated for further processes. At least three mice (6 glands) per group, and a minimal of 
three sections per gland were evaluated. 

IMMUNOHISTOCHEMISTRY
The extirpated submandibular glands were incubated for 30 hours at 4°C in 4% buffered formaldehyde. 
Following dehydration, the tissue was embedded in paraffin. Five-micrometer sections were analyzed for 
the presence of various epitopes. The pre-treatment protocol and company name of each antibody used 
is depicted in Table 2. Visualization was further performed using biotinylated secondary antibodies (Dako, 
Carpinteria, CA), an avidin-biotin-horseradish peroxidise complex (Vector Elite Avidin-Biotin Complex 
kit) and DAB. Nuclei were stained with Hematoxylin. Periodic Acid Schiff’s base staining, which detects 
mucins, was used to show acinar cells. Control sections without primary antibodies were all negative. 
Tissue sections of glands were analyzed using a bright field microscopy (Olympus CX40, Germany). 

Table 2. Specific antibodies and conditions used.
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AbSTRACT 
Irradiation of salivary glands during radiotherapy treatment of patients 

suffering from head and neck cancer evokes persistent hyposalivation. This results 
from depletion of stem cells rendering the gland incapable to replenish saliva 
producing acinar cells. This study aims to investigate whether it is possible to expand 
the salivary gland stem/progenitor cell population, thereby preventing acinar cell 
depletion and subsequent gland dysfunction after irradiation. 

To induce cell proliferation, ∆N23-KGF (Keratinocyte Growth Factor, 
Palifermin) was administered to C57BL/6 mice for 4 days before and/or after local 
irradiation of salivary glands. Salivary gland vitality was quantified by in vivo saliva 
flow rates, morphological measurements, and a newly developed in vitro salisphere 
progenitor/stem cell assay. Irradiation of salivary glands led to a pronounced 
reduction in the tissues stem cells, resulting in severe hyposalivation and a reduced 
number of acinar cells. ∆N23-KGF treatment for 4 days prior to irradiation indeed 
induced salivary gland stem/progenitor cell proliferation, increasing the stem- and 
progenitor cell pool. This did not change the relative radiation sensitivity of the stem/
progenitor cells, but as a consequence an absolute higher number of stem/progenitor 
cells and acinar cells survived after radiation.  Post-irradiation treatment with ∆N23-
KGF also improved gland function, and this effect was much more pronounced 
in ∆N23-KGF pre-treated animals. Post-treatment with ∆N23-KGF seemed to act 
through accelerated expansion of the pool of progenitor/stem cells that survived the 
irradiation treatment. 

Overall, our data indicate that ∆N23-KGF is a promising drug to enhance the 
number of salivary gland progenitor/stem cells and consequently prevent radiation-
induced hyposalivation.

inTRoDUCTion 
Yearly, more than 500,000 new patients are diagnosed with head and neck 

cancer world-wide 1,317. Radiotherapy, either alone or in combination with surgery and 
chemotherapy, is often applied as treatment of these patients. The radiation dose by 
which the tumor can be treated is limited by the sensitivity of surrounding normal tissues 
within the field of radiation. For head and neck cancers, even with the most optimal 
radiation schedule, salivary glands are one of these tissues at risk. Progressive loss of 
function may occur already within the first weeks of radiotherapy, and can persist for 
life 318. Radiation-induced salivary gland dysfunction may cause oral dryness, dental 
caries, hampered speech and xerostomia (= dry mouth syndrome), which collectively 
severely limit the quality of life of the patients 3,4. 

The delayed loss of gland function after radiation is thought to be due to a loss 
of stem cells that are no longer able to replenish aged saliva-producing acinar cells 16. In 
normal salivary glands, the ductal system that include excretory, striated, and intercalated 
ducts, biochemically modifies and transports saliva, produced by acinar cells, into the oral 
cavity. This ductal system also contains the tissue stem/progenitor cells 128,129. Proliferation 
and differentiation of these primitive cells within the ducts maintains homeostasis of the 
acinar cells. In theory, expansion of the salivary gland stem/progenitor cell population 
may prevent acinar cell depletion and subsequent gland dysfunction after radiation. 

Although the effect of ∆N23-KGF (Keratinocyte Growth Factor, FGF-7, 
Palifermin) on the salivary gland has not been studied, ∆N23-KGF has been shown to 
ameliorate radiation-induced damage in a variety of other tissues, such as lung 319-322, 
gut 323,324, tongue 325, and oral mucosa 326. The mechanism is believed to result from 
either stimulation of proliferation 324,327-331, direct radioprotection 332, and/or stimulation of 
cell motility 333. 

In this study, several ∆N23-KGF treatment schedules were evaluated for their 
efficacy to reduce salivary gland morphology and function after irradiation in mice. 
In addition, effects were evaluated using a recently developed in vitro salivary gland 
stem/progenitor assay 220. It was found that ∆N23-KGF administration before and after 
irradiation of salivary glands induced a long-term expansion of duct stem/progenitor 
cells, which elicited a short- and long-term maintenance of the acinar cell compartment, 
resulting in permanent preservation of the salivary gland function after irradiation. 
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RESUlTS

∆N23-KGF preveNts radiatioN-iNduced salivary GlaNd 
DySfUnCTion

To investigate whether administration of ∆N23-KGF could reduce radiation 
toxicity to salivary glands, mice receiving local salivary gland irradiation (15 Gy, IR) were 
treated with ∆N23-KGF either 4 times before (K-IR) or after irradiation (IR-K), or for a 7 
day schedule with irradiation in the middle of the treatment (K-IR-K) (Fig. 1). As control 
groups, mice that were only irradiated and mice that received only ∆N23-KGF were 
included. Salivary gland function measurements (30, 60 and 90 days post-irradiation) 
showed that saliva production in non-irradiated mice that were treated with ∆N23-KGF 
for 4 or 7 days (4D and 7D K) was not significantly different from untreated animals 
(Fig. 2A), albeit with some gland hypertrophy as indicated by an increase in wet weight 
of the submandibular glands (Suppl. Fig. 1). As expected, irradiated mice that did not 
receive ∆N23-KGF developed severe hyposalivation (Fig. 2A). In contrast, ∆N23-KGF 
treatment, irrespective of the treatment schedule, resulted in significantly more saliva 
production in irradiated mice than non-treated animals. ∆N23-KGF treatment before 
radiation resulted in a delayed onset of radiation-induced reduction in saliva flow rate, 
whereas ∆N23-KGF treatment after radiation was least effective. However, when ∆N23-
KGF was administered both prior to and after radiation, saliva production was best 
preserved (Fig. 2A). To establish potential dosis dependency of a K-IR-K treatment, 
saliva flow rate was measured at 30 days after graded doses of irradiation (Fig. 2B). 
Indeed, a dose dependent reduction in flow rate was observed, however with a virtually 
identical slope as irradiation alone, indicating that the effect of ∆N23-KGF treatment 
before and after irradiation is not radiation dose dependent. 

Significantly higher wet submandibular gland weights were observed 3 months 
after a 4 or 7 day ∆N23-KGF treatment, when compared to untreated animals (Suppl. 
Fig. 1). Ninety days post-irradiation submandibular gland weight decreased to 58% 
of untreated controls. In agreement with the flow rate data, all ∆N23-KGF treatment 
schedules had significant beneficial effects on submandibular gland weight, and gland 
weight correlated with saliva production, suggesting that ∆N23-KGF exerts protective 
effects on gland cells before and after irradiation.

trophic eFFect oF ∆N23-KGF oN aciNar cells
To investigate which cells are responsible for the protective effect of ∆N23-KGF, 

submandibular glands from ∆N23-KGF-treated irradiated and non-irradiated mice were 
examined (Fig. 3). 

A normal salivary gland consists for about 60% of PAS+ mucin containing acinar cells 
grouped in acini (Fig. 3A, purple cells, arrows) connected to the ductal compartment 
(Fig. 3A, blue cells, arrowheads) comprising 3 different cell types; intercalated (ID), 
striated (SD) and excretory duct (ED) cells which are collectively responsible for the 
modification and transport of the saliva produced by the acinar cells 277. 

∆N23-KGF treatment for 4 or 7 days (4D K and 7D K) caused a rapid (24 hours 
after last injection) but modest increase in acinar cell surface area (10%) (data not 
shown) which almost normalized in time (90 days post-treatment) (Fig. 3B,G). 

Massive acinar cell depletion (Fig. 3C, arrows and 3G) and fibrotic cell deposition 
(Fig. 3C, asterisks), hallmarks of late irradiation-damage, were clearly visible 90 days 
post-irradiation. In contrast, post-irradiation treatment with ∆N23-KGF (Fig. 3D,G) 
reduced acinar cell loss, whereas pre-treatment largely (Fig. 3E,G) and ‘pre- plus post-’ 
treatment (Fig. 3F,G) almost completely abrogated the net loss of acinar cells. 

fiGURE 1. SCHEMATiC REPRESEnTATion of EXPERiMEnTAl SETUP. Local 15 Gy salivary gland 
irradiation (IR) was given before (K-IR) or after (IR-K) a 4 days ∆N23-KGF treatment (5 mg/kg/day), or 
on the 4th day of a 7 days ∆N23-KGF treatment (K-IR-K). Mice in the 4D or 7D KGF group only received 
daily ∆N23-KGF injections for 4 or 7 days, respectively. 
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∆N23-KGF eNhaNces stem/proGeNitor cell Numbers 
To assess whether the protective effect of ∆N23-KGF is due to a proliferative 

effect on acinar cells, in vivo BrdU incorporation in submandibular glands from animals 
treated with ∆N23-KGF for 4 days was investigated. Whereas glands from normal mice 
hardly showed any proliferating cells, large numbers of BrdU+ acinar cells were observed 
in salivary glands of ∆N23-KGF-treated animals 24 hours after the last treatment (Fig. 
4A). Similar effects of ∆N23-KGF on the proliferation of oral mucosa were shown before 
by Borges et al. 328. Additionally, BrdU incorporation was clearly present in intercalated 
(ID, arrowheads) and excretory duct cells (ED, arrows), indicating that also these cell 
types were stimulated to proliferate. Remarkably, however, the receptor for ∆N23-KGF, 
FGFR2-III-b, was exclusively expressed on intercalated (Fig. 4B, arrowheads) and 
excretory duct cells (Fig. 4B, arrows), and not on acinar cells. In addition to the 10% 
increase noticed after 24hrs in the 4D KGF treated mice, this implies that the increase 
in proliferation of acinar cells likely originated from a direct stimulatory effect of ∆N23-
KGF on intercalated and/or excretory duct cells which subsequently differentiate into 
acinar cells. To test this, the surface area occupied by these different ductal cell types, 
as a reflexion of cell number, was evaluated after a 4 day exposure of ∆N23-KGF. 
Twenty-four hours after the last ∆N23-KGF injection, an increase in surface area of 
excretory (2.8 fold) and intercalated ducts cells (1.8 fold) in these glands was observed 
(Fig. 4C), reflecting their high proliferation rate. 

FiGure 2. ∆N23-KGF treatmeNt aFFects GlaNd FuNctioN. (A) Saliva flow rates were measured 
30, 60, and 90 days post-radiation. IR-K, K-IR and K-IR-K (see Figure 1) treated mice produced significant 
more saliva compared to the untreated irradiated mice (IR). Saliva flow rates of 4D K and 7D K treated 
mice did not significantly differ from normal mice. (B) Saliva flow rates were measured of IR and K-IR-K 
treated mice 30 days post-irradiation. No change in slope could be detected. For all data a minimum of 3 
mice were used. *, P < 0.05. Error bars, SEM.

FiGure 3. the eFFect oF ∆N23-KGF oN aciNar cell Number. (A-F) Salivary glands of different 
groups (Normal, IR, 4D K, K-IR, IR-K, and K-IR-K, see Figure 1) were evaluated by PAS staining 90 days 
post-irradiation. Arrows represent acinar cells, arrowheads duct cells, and asterisks hallmark fibrosis. 
Enlarged pictures represent duct and acinar cells (dotted line in insets). (G) 90 days post-irradiation, 
glands of K-IR, IR-K, and K-IR-K treated mice contained significant more acinar cells than IR treated 
ones. *, P < 0.05. Scale bar = 50 μm, inset = 20 μm, N ≥ 3, depicted as mean ± SEM.
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After ninety days, the surface area occupied by excretory duct cells remained 
somewhat elevated, whereas that of other cell types was back to baseline values. The 
transient enhancement of the number of intercalated and especially excretory duct cells 
shortly after treatment indeed indicates that the increase in proliferation of acinar cells 
originates from dividing and subsequently differentiating intercalated ducts cells. It also 
suggests that ∆N23-KGF might expand the number of stem/population cells known to 
reside in the ducts 128.

To further substantiate the idea of expanding the pool of stem/progenitor cells, 
we cultured (sali)-spheres from salivary gland stem/progenitor cells 220, similar to 
mammospheres 334 and neurospheres 98. Interestingly, significant more salispheres were 
formed from submandibular glands of mice treated with ∆N23-KGF for 4 days compared 
to untreated animals (Fig. 4D), demonstrating that KGF indeed induced the expansion 
of salivary gland salisphere forming cells. As expected, irradiation (15 Gy) resulted in 
a pronounced reduction in the number of salispheres formed in culture. In the ∆N23-
KGF pre-treated animals, the remaining number of salisphere forming cells that were 
recovered from the glands after 15 Gy was far higher and almost equal to the number 
recovered from glands from untreated controls (Fig. 4D). Salipheres cultured from 
untreated animals contained ~5 % c-Kit+ cells, a percentage that did not change after IR 
and/or ∆N23-KGF treatment (data not shown). This indicates that ∆N23-KGF treatment 
results in a net increase in salivary gland stem/progenitor cells (expansion), and thus the 
absolute number or remaining salispheres forming cells after radiation is increased. 

However, it has also been suggested that ∆N23-KGF may be radio-protective 
for certain types of cells 332,335-337, which would imply that also the relative loss of salivary 
gland stem/progenitor cells may be reduced after ∆N23-KGF pre-treatment. In fact, our 
15 Gy data (Fig. 4D) indeed suggested that the relative loss of salispheres forming cells 
may be reduced after ∆N23-KGF pre-treatment. To test whether this effect is indeed 
significant, glands of mice treated with ∆N23-KGF were subsequently irradiated with 
graded doses (10, 12.5, 15, 17.5 and 20 Gy), and the number of salispheres that were 
formed in vitro 24hrs after last ∆N23-KGF injection was calculated (Fig. 4E). Indeed, a 
dose dependent decrease in salisphere forming cells was observed. At all doses, the 
number of salispheres from irradiated glands was significantly higher after ∆N23-KGF-
treatment than after irradiation alone. However, the relative radiation-induced decrease 
in sphere formation after an ∆N23-KGF pre-treatment was equal over all doses, and the 
slopes of these curves were virtually the same (Fig. 4E). This suggests that ∆N23-KGF 
has no effect on the intrinsic radio-sensitivity of these primitive cells

Taken together, these data show that ∆N23-KGF increases resistance of salivary 
glands to irradiation by increasing the endogenous stem cell compartment, resulting in 
larger absolute number of surviving stem cells after irradiation. 

FiGure 4. ∆N23-KGF iNcreases proGeNitor/stem cells aFter radiatioN. (A) Untreated, 
normal glands and glands from 4D K (see Figure 1) treated mice were evaluated for BrdU incorporation 
presence 24 hours after last ∆N23-KGF/BrdU administration. BrdU staining (brown) was present in 
excretory duct (ED) cells (arrows) and intercalated duct (ID) cells (arrowheads). (B) Immunostaining for 
∆N23-KGF receptor (brown) revealed its expression by ID (arrowheads, inset) and ED cells (arrows). 
(C) Significant increased surface areas occupied by ED and ID cells in 4D K treated mice compared to 
normal glands at day 4. (D) The number of salispheres formed in culture from glands of Normal, 4D K, 
IR and K-IR treated mice sacrificed on day 4 showed that significantly more salispheres were detected 
after ∆N23-KGF treatment compared to untreated groups. (E) Salispheres were counted from IR and K-IR 
treated mice which received different radiation doses. Significantly more salispheres were recovered from 
glands in the K-IR group when compared to IR. However, the irradiation dose-reponse curve (slope) was 
not altered by KGF. For all data in figure C-E, a minimum of 3 mice were used. *, P < 0.05. Error bars, 
SEM. Scale bar = 50 μm, inset = 20 μm. 
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post-irradiatioN ∆N23-KGF treatmeNt expaNds the Number 
oF radiatioN-surviviNG stem cells

If the protection of ∆N23-KGF pre-treatment is due to an increment in the pool 
of progenitor/stem cells, the question arises why the post-treatment with ∆N23-KGF 
enhances gland recovery, especially in glands that were also pre-treated with ∆N23-
KGF (Fig. 2-3). To selectively investigate the effects of post-radiation ∆N23-KGF, we 
analyzed the glands of animals 24 hours after the last injection for proliferative cells 
using BrdU labelling. In glands that were irradiated without ∆N23-KGF, BrdU positive 
cells were totally absent (not shown), but post-treatment with ∆N23-KGF revealed BrdU 
positive cells in ID (Fig. 5A) and ED cells (not in figure). In parallel, the surface area 
of these duct cells was higher at 10 days and even at 90 days after irradiation for the 
animals post-treated with ∆N23-KGF (Fig. 5B). In agreement with this, a post-irradiation 
∆N23-KGF treatment induced almost a doubling in the number of salispheres that could 
be isolated from glands 4 days after irradiation when compared to untreated glands (Fig. 
5C). Similar, albeit more pronounced, results were obtained after a ∆N23-KGF ‘pre- and 
post’-irradiation treatment schedule (data not shown). Summarizing, whilst ∆N23-KGF 
pre-treatment enhances absolute salivary gland cell numbers before radiation, post-
treatment accelerates the expansion of these surviving progenitor/stem cells pool. The 
latter effect is obviously more pronounced when there are more remaining progenitor/
stem cells, explaining why post-treatment with ∆N23-KGF is specifically effective in 
sparing gland function in ∆N23-KGF-pre-treated animals.

DiSCUSSion
This study demonstrates that expansion and activation of stem/progenitor cells 

by administration of ∆N23-KGF prior to and after irradiation of the salivary glands yielded 
an almost normal saliva secretion and a long-term preservation of all submandibular 
gland cell types. 

Several studies have suggested that KGF can increase the radio-resistance of 
epithelial cells by enhancing DNA repair  332, altering expression of mediators or antagonists 
of apoptosis 338, or by altering the ability of cells to scavenge free radicals 335-337. However, 
we were unable to detect any indication for induction of radio-resistance by ∆N23-KGF 
using our ex vivo salisphere assay. Instead, we suggest that the expansion of the stem 
cell pool appears responsible for the observed amelioration of radiation-induced damage 
to the submandibular gland. We showed that pre-treatment with ∆N23-KGF increases 
the number of progenitor/stem cells leading to a higher absolute number after radiation. 

Post-treatment ∆N23-KGF can accelerate the proliferation/expansion of the 
fraction of progenitor/stem cells that survived the radiation, and hence further stimulate 
the effect of pre-treatment ∆N23-KGF.

∆N23-KGF enhanced BrdU labelling in cells of acinar and duct compartments 
of the submandibular gland which suggest that all cell types are proliferating. However, 
acinar cells do not express the FGFR2-IIIb receptor, and are therefore not likely to be 
stimulated by ∆N23-KGF. Differentiation from intercalated duct cells into acinar cells 
has been shown to occur in submandibular glands of mice 128, rats 122,129 and humans 339. 
Therefore, the labelling and enhanced number of BrdU-positive acinar cells is probably 
caused by proliferation and subsequent differentiation of intercalated duct cells. After 
∆N23-KGF stimulation, excretory and intercalated duct cells, both of which do express 
the ∆N23-KGF receptors, rapidly increased in number, resulting in elongation of 
excretory ducts. Interestingly, during normal aging these ducts decrease in length 128. 
The current study shows that after irradiation the number of surviving salivary gland 
stem/progenitor cells can be doubled by a pre-treatment with ∆N23-KGF. 

The capacity of surviving stem/progenitor cells to (partly) repopulate the gland 
after stimulation with ∆N23-KGF provides an interesting opportunity for novel targeted 
therapy. For future clinical use, a potential issue of concern is the possibility that ∆N23-
KGF may stimulate tumor proliferation. 
However, e.g. malignant hematopoietic cells are unresponsive to ∆N23-KGF 340, and 
strikingly ∆N23-KGF is now used in phase III trials to prevent chemo/radiotherapy-
induced oral mucositis in patients with hematopoietic malignancies 340. Furthermore, 
head and neck squamous carcinoma cell lines expressing FGFR2-IIIb receptors, did 
not show an in vitro growth advantage or alteration in radiation sensitivity relative to 
normal nasal epithelial cells upon ∆N23-KGF stimulation 341,342. This may indicate that 
therapeutically effective doses of ∆N23-KGF may not stimulate head and neck tumor 
cell growth. However, this issue needs to be further explored carefully. 

Local intraglandular administration of ∆N23-KGF may be another promising 
tool in clinical use, for example by using intraductal injections or ∆N23-KGF-releasing 
microspheres, similar to EGF/bFGF-releasing biodegradable microspheres that have 
been used in parotid glands 343. Potentially, both hyposalivation and oral mucositis might 
be prevented simultaneously when ∆N23-KGF is administrated systemically. 

Our study provides the first evidence that in vivo induction of expansion and 
differentiation of stem/progenitor cells by ∆N23-KGF protects salivary glands against 
radiation damage. Hence, ∆N23-KGF is a promising therapeutic modality to prevent 
radiation-induced gland dysfunction in head and neck cancer patients. 
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supplemeNtal FiGure 1. iNFlueNces oF ∆N23-KGF oN GlaNd Wet WeiGht. Salivary gland 
wet weight was significantly increased in IR-K, K-IR and K-IR-K treated mice compared to untreated 
irradiated mice (IR), 90 days post-radiation. Glands from 4D and 7D treated mice had a significantly 
higher gland weight compared to normal. *, P < 0.05, N ≥ 3.

FiGure 5. ∆N23-KGF stimulates surviviNG duct cells to proliFerate aFter 
iRRADiATion. (A) BrdU retaining intercalated duct (ID) cells (arrows) were present in glands from IR-K 
(see Figure 1) treated mice, 24 hours after the last ∆N23-KGF/BrdU injection. (B) The surface area 
occupied in by excretory duct (ED) and ID cells, expressed as percentage per gland, was significantly 
increased in IR-K mice compared to IR mice both at 10 and 90 days post-radiation. (C) Significant more 
salispheres could be recovered from glands from IR-K mice compared to IR treated glands. 

MATERiAlS AnD METHoDS
ANIMALS
Female C57BL/6 mice, 8-12 weeks old, were purchased from Harlan (Horst, NL). The mice were kept 
under clean conventional conditions, and fed ad libitum with food pellets (RMH-B, Hope Farms B.V., 
Woerden, The Netherlands) and acidified tap water (pH = 2.8). All experiments were approved by the 
Ethical Committee on animal testing of the University of Groningen.

IRRADIATION OF THE SALIVARY GLANDS
Salivary glands were locally irradiated with a single dose of 10; 12.5; 15; 17.5 or 20 Gy of X-rays (Philips 
CMG 41 X, 200kV, 10mA, 5 Gy/minute). Mice were protected from off-target radiation by a lead shield. 
These radiation doses are known to induce sufficient damage without compromising the general health 
of the animals. 

∆N23-KGF AND BrdU ADMINISTRATION
∆N23-KGF (5mg/kg/day, Amgen, Thousand Oaks, CA) was subcutaneously administered prior to or/and 
directly after irradiation according to the scheme in Figure 1. Unirradiated mice received ∆N23-KGF for 
4 or 7 consecutive days. To determine the effect of ∆N23-KGF on cell proliferation, BrdU (i.p. 50mg/kg) 
was administered together with ∆N23-KGF treatment, when appropriate. Twenty-four hours after the last 
∆N23-KGF/BrdU injection, mice were sacrificed and glands were collected for further investigation. 

SALIVA COLLECTION
At 30, 60 and 90 days post-irradiation saliva flow rate was determined. Animals were placed in a restraining 
device 173 and saliva was collected for 15 minutes after pilocarpine injection (2 mg/kg, s.c.). The saliva 
volume was determined gravimetrically, assuming a density of 1 g/mL for saliva. 

IMMUNOHISTOCHEMICAL PROCESSING
After extirpation, the submandibular glands were weighed and incubated for 30 hours at 4º C in 4% buffered 
formaldehyde. Following dehydration, the tissue was embedded in paraffin. Five-micrometer sections 
were analyzed for acinar cells using PAS (Periodic Acid Schiff’s base) staining. Ductal cells were identified 
using an anti-CK7 (Monosan, Burlingame, CA; MON3007) antibody, the receptor for KGF (KGFR) was 
detected using an anti-FGFR2IIIb (RnD Systems, Minneapolis, MN; MAB7161) antibody after a trypsin 
pre-treatment, and proliferation was assessed by BrdU presence using anti-BrdU antibodies (Abcam, 
Cambridge, UK; ab6326) (1/500 1hr) after citrate treatment. Secondary anti-rat biotine antibodies, (Elite 
ABC-kit, Vector Laboratories, Burlingame, CA) and diaminobenzidine (DAB) were used to detect the 
expression. In addition, nuclear staining was performed (hematoxylin). 

QUANTIFICATION OF ACINAR AND DUCTAL CELLS IN SALIVARY GLANDS
Tissue sections of submandibular glands were analyzed using bright field microscopy (Olympus CX40, 
Germany) under 400x magnification evaluating 100 squares of 0.25 mm2 each. The percentage of surface 
area occupied by acinar cells was counted from two different sections (top-middle) of each submandibular 
gland.
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Quantification of the different duct compartments (excretory, striated, and intercalated ductal cells) 
was conducted by using the AnalySIS program (Olympus, Soft Imaging System, Münster, Germany) 
by measuring the area occupied by the different duct compartments. In further data processing, the 
percentage of the surface area of the ducts and acinar cells per gland was calculated.

DETERMINATION OF STEM/PROGENITOR CELL NUMBER 
Submandibular glands were extirpated and processed for cell isolation as described before 220. Salivary 
gland cells were plated in a defined medium of DMEM/F-12 (Gibco, Carlsbad, CA; 41966-029, 21765-
029), penicillin, streptamycin, glutamax, EGF (20 ng/mL), FGF-2 (20 ng/mL), N2 (1/100), insulin (10 μg/
mL) and dexamethasone (1 μM) 220. All growth factors were purchased from Sigma-Aldrich (St. Louis, 
MO), except for N2 (Gibco, Carlsbad, CA). After 3 days of culture, spheres were counted and recalculated 
as a percentage per plated cells. 
For flow cytometric analysis of c-Kit+ cells, salispheres were dissociated by 0.05% trypsin-EDTA (Gibco, 
Carlsbad, CA; 25300) with mechanical use of 26G needles. Cells were incubated for 20 minutes with 
anti-c-Kit FITC (BD Biosciences Pharmingen-553354) antibodies at 4°C. Cells were analysed on a FACS 
Calibur Flow Cytometer (Beckton Dickinson) after the addition of Propidium Iodide (2 µg/mL) to select for 
living cells.  For each measurement a minimum of 100,000 events were collected. Data were analyzed 
using FlowJo (Tree Star, Ashland OR). 

STATISTICAL ANALYSIS
The results were analyzed using a Mann-Whitney or Student t-test. Statistical significance was defined as 
P < 0.05 using SPSS. Numbers represent mean ± SEM. 
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ADuLT sTEM CELL THERAPY To REGEnERATE iRRADiATED 
GLAnDs

During radiotherapy, coirradiation of salivary glands of head and neck cancer 
patients may lead to long-term hyposalivation, resulting in a secondary health problem, 
namely the dry mouth syndrome (i.e. xerostomia). Hyposalivation can partly be 
prevented by reducing the dose delivered to the tissue (using e.g. IMRT), transfer of the 
gland outside the radiation field, by radical scavengers like Amifostine®, or by enhancing 
the compensatory response of unirradiated or radiation-surviving cells (pilocarpine). 
If unsuccessful, one can opt for symptom reduction using saliva-substitutes or 
sialogogues. All these, however, may be insufficient, and still many patients continue 
to suffer from xerostomia (Chapter 1). Therefore, scientists have been encouraged 
to develop new regenerative medicine strategies. While several tissue engineering 
concepts as culturing salivary gland tissues in vitro 151-153 and post-irradiation gene 
therapy 148-150 are currently being explored, in this thesis, the potential of stem cell 
therapy is investigated. 

First, we showed that bone marrow-derived (stem) cells (BMCs), when mobilized 
to the blood stream, are able to contribute to the regeneration of irradiated salivary 
glands (Chapter 2&3). Next to this, we showed that post-irradiation adult tissue-specific 
stem cell transplantation has the potential to completely and profoundly induce long-
term salivary gland regeneration (Chapter 4). In line with this, in vivo expansion of 
the number of stem/progenitor cells prior to and after irradiation, using ∆N23-KGF, 
pronouncedly restored salivary gland function (Chapter 6).

In this chapter, the experimental data described in this thesis will be discussed, 
and placed in the context of our current understanding of stem cell therapy. 

1. BonE MARRoW sTEM CELL THERAPY
BMCs have been reported to engraft in a variety of organs (reviewed in 

Krause et al. 344), and promote functional regeneration of damaged organs such as 
liver 66, kidney 75, heart 157,160-163,166, and salivary glands (Chapter 2&3). However, the 
mechanism on how these BMCs contribute to organ repair is still an enigma. Several 
suggestions have been put forward, including trans-differentiation of BMCs into non-
hematopoietic epithelial cells, fusion of BMCs with tissue cells thereby adopting 
the phenotype of the tissue, or via secretion of diffusible molecules (e.g. cytokines) 
which stimulate tissue repair. 

In our study, mobilized BMCs clearly engrafted in irradiated mouse submandibular 
glands, which resulted in a partial restoration of tissue integrity and function. Since 
only very low percentages (< 1%) of acinar cells were BM-derived (Chapter 2&3), 
trans-differentiation of BMCs to salivary gland cells 345-346, gland cell fusion with e.g. 
macrophages 347-350 or mobilization and engraftment of rare salivary gland tissue-
specific stem/progenitor cells which may reside in the bone marrow 351,352, is at best 
very rare. Even considering the underestimation of the number of BMC-derived acinar 
cells due to transgene silencing 353 and false-negative Y-chromosome hybridizations, 
these low percentages are unlikely to be sufficient for the improvement of the gland 
after irradiation and mobilization. Therefore, we hypothesized that radiation-surviving 
salivary gland stem/progenitor cells are the main cell types responsible for tissue 
regeneration. The secretion of micro-environmental factors by engrafted BMCs 354,355 

may stimulate these cells to proliferate/differentiate in order to repair the tissue. This 
stimulus is probably not caused by the cytokines that were administered to mobilize 
BMCs, since salivary gland duct and acinar cells lack G-CSF receptors, and addition of 
Flt-3L and SCF did not further increase repair. In contrast, improved vasculature could 
(partly) be responsible for the direct stimulation of endothelial cells, which do express 
G-CSF receptors and Flt-3. This, however, does not seem to add much to the post-
irradiation improvement of submandibular gland function (Chapter 3). 

Strikingly, the beneficial effect of BMC mobilization is radiation dose dependent 
(Fig. 1). The failure of repair at high dose rates can be explained by the lack of 
radiation-surviving stem cells in the gland, which would be in agreement with our 
hypothesis. At low doses (10 Gy), enough stem/progenitor cells survive so that extra 
stimulation seems not essential. Interestingly, a similar explanation was put forward 
for the protective effects observed by prophylactic pilocarpine treatment in exactly the 
same dose range 356 and after post-irradiation KGF treatment (Chapter 6). This not 
only indicates that the regenerative effect can be mimicked by exogenously applied 
pharmaceuticals, but also marks the limitation of the treatment. 

It is not yet clear which BMCs may be responsible for such a paracrine effect. 
Two months after mobilization, we did observe many mesenchymal CD31+ cells (e.g. 
fibroblasts, myoepithelium cells), which are known in embryonic salivary glands to 
induce branching and acinar cell budding by secreting growth factors like FGF-7 and 
FGF-10 357. Mesenchymal stem cells (MSCs) have also been reported to reconstitute 
damaged tissues such as cartilage, bone, heart muscle, and tendon (reviewed in 
Bobis et al. 358), and are able to differentiate into liver, lung and gut cells (reviewed in 
Jiang et al. 354). 
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To directly test their potential we transplanted cultured mesenchymal stem cells 
(reviewed in Delorme et al. 359), and evaluated their potential to regenerate irradiated 
salivary glands. At 30 days post-irradiation, intra-glandular injection of 100,000 or 
500,000 in vitro selected mesenchymal stem cells did not induce protection of the gland 
from malfunctioning (Kok T. et al., unpublished data). Instead, an enhanced fibrotic 
response was observed at the site of injection (Fig. 2, arrow & insert), emphasizing 
that one should be careful with the injection of certain cell types into an organ. 

Next to this, intra-glandular transplantation of irradiated submandibular glands 
with in vitro FGF-1/2 enriched hematopoietic stem cells 360 also failed to induce 
regeneration (Kok T. et al., unpublished data). Even constitutive injections for two or 
three days of 2-10 million freshly isolated whole BM cells, either intra-glandular or intra-
venously injected, failed to induce repair (Kok T. et al., unpublished data). Negative 
results obtained from these experiments do not necessarily imply that the used cells 
are improper for gland repair. Assuming that cytokines secreted by the damaged organ 
(e.g. Stromal Derived Factor-1 361) attract circulating blood cells, the time of circulation 
of intravenously injected cells may be too short to yield substantial homing, or the cells 
might be less attracted compared to mobilized cells. Furthermore, results from the 
direct gland injection of MSC/hematopoietic cells indicate that next to appropriate cell 
populations and adequate cell numbers also the site of homing might be important for 
gland repair.

FiGuRE 1. EFFECT oF BMC THERAPY on sALiVA FLoW RATE FoLLoWinG DiFFEREnT 
RADiATion DosEs. BMC therapy, 30 days post-gland irradiation, is only significantly beneficial in 
ameliorating hyposalivation after radiation doses on the salivary glands between 10 and 17.5 Gy. *, P < 
0.05.

As mobilized BMC population consist of a variety of cells, including MSCs 178, 
endothelial and hematopoietic progenitor/stem cells 362, and mature bone marrow cells 
(e.g. myeloid cells, T-cells, granulocytes) 363, it might also be that cell types other than 
those we selected or a specific combination of cells is necessary to induce gland repair. 

So far, cytokine-induced BMC therapy could be useful as a novel therapeutic 
strategy for irradiated salivary gland repair, but only after a limited radiation dose range 
when significant high numbers of gland stem/progenitor cells remain in the tissue. 

2. sALiVARY GLAnD sTEM CELL THERAPY
To develop salivary gland stem cell therapy to treat radiation-induced 

hyposalivation a number of steps such as the characterization, isolation and optimal 
delivery of an optimized cell population were performed. 

2.1 LocaLization of aduLt saLivary gLand stem/progenitor ceLLs

Results presented in this thesis indicate that excretory ducts, rather than 
intercalated ducts, contain the most primitive stem cells (Chapter 4+5), although multiple 
studies have suggested that salivary gland stem/progenitor cells, responsible for acinar 
cell formation, reside in the intercalated ducts of the salivary gland (Chapter 1) 122-125,129. 
The capacity of excretory duct c-Kit+ cells, in contrast to c-Kit- ducts cells, to restore 
long-term gland function after irradiation, supports our hypothesis (Chapter 4). 

FiGuRE 2. MEsEnCHYMAL sTEM CELLs sTiMuLATE FiBRosis in iRRADiATED MousE 
suBMAnDiBuLAR GLAnD. Intra-glandular injection of in vitro cultured mesenchymal stem cells, 30 
days post-irradiation, evoked fibrotic tissue formation (arrow) at the place of injection, noticeable by the 
co-injection of Indian ink. Scale bar = 50 μm, insert = 20 μm.
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Additionally, the lack of stem cell-related protein expression such as Sca-1, c-Kit, Notch-1, 
p63 and Musashi-1 in intercalated duct cells, and the high levels of CD29 and Musashi-2 
in these cells, (Chapter 5), all indicate that intercalated ducts contain only progenitor 
cells whereas the more primitive stem cells reside in excretory ducts. If so, excretory 
duct cells should first differentiate into striated duct cells, then into intercalated cells, and 
finally into acinar cells. Since 4 days ΔN23-KGF (FGF-7) treatment increases the number 
of stem cells in the mouse submandibular gland (Chapter 6), such a transition should 
be visible when the different compartments are followed in time. Therefore, quantitative 
analysis of the area occupied by the different ductal compartments was performed. This 
revealed that excretory (ED) and intercalated duct (ID) areas were relatively increased 
at the expense of striated ducts (SD) (Fig. 3, day 4) immediately after the last treatment. 
Six days later, the ID area decreased, due to an expansion in acinar cells (Chapter 
6.). Within the following twenty days, the ID areas expanded again at the expense of 
SD areas, while the ED was unaffected. Gradually, all ductal areas returned to normal, 
reducing the ED ducts in favor of SD ducts and ID ducts in favor of acinar cells. Although 
these results do not prove our hypothesis that stem cells reside in excretory ducts, they 
certainly imply that excretory duct cells can convert into acinar cells via a striated and 
intercalated duct transition.

FiGuRE 3. inFLuEnCEs oF KGF ADMinisTRATion on DiFFEREnT CELL CoMPARTMEnTs oF 
THE MousE suBMAnDiBuLAR GLAnD. C75BL/6 mice were treated for 4 days with ΔN23-KGF for 
four constitutive days (starting at day -3), and salivary glands were morphologically evaluated at different 
time-points (day 4, 10, 30, 60, and 90). The mean area of the different ducts: intercalated (ID), striated 
(SD), and excretory duct (ED) were evaluated in time. Mean ± SEM.

2.2 isoLation of saLivary gLand stem/progenitor ceLLs 
To successfully rescue lethally irradiated mammals from fatal hematopoietic 

failure, the isolation and transplantation of the bone marrow mononuclear cell fraction 
is sufficient. Solid tissue stem cell therapy appears to require a population enriched 
for stem cells to achieve clinical acceptable success rates (Chapter 4). Our salisphere 
culture system shows that more mature cells can relatively easy be removed, which 
automatically leads to enrichment for stem/progenitor cells. Nevertheless, additional 
cell type specific cell purification seems necessary, and can be used to obtain the 
most primitive stem cells from this heterogeneous salisphere population. Based on 
our (serial) transplantation studies (Chapter 4), high membrane expression of c-Kit 
was shown to be a reliable marker for the selection of stem cells. Still, the selected 
c-Kit+ population is heterogeneous, containing both progenitor and stem cells. Further 
enrichment is necessary to define the exact stem cells and to potentially increase 
transplantation successes. Immuno-histochemically, we proposed a broad spectrum of 
stem-cell related markers such as CD24, Msi-1 and Sca-1 (Chapter 5). Some of these 
(CD24, CD29, Sca-1) could easily be used for cell sorting and subsequent experimental 
transplantation purposes. So far, determination of cell types in our salispheres indicate 
that the majority of cells are Sca-1 and CD24 positive (81-90%) (Fig. 4). Similarly, 91% 
of these cells were CD29+ (β1-integrin) positive. Although acinar cells are also slightly 
positive for CD29, the brightest population resides in the ducts. These results, together 
with immuno-histochemical data (Chapter 5), support the notion that early salispheres 
(≤ D3) are enriched for duct cells. Although immuno-histochemistry suggested CK7 as 
an ideal duct cell marker, the expression of CK7 on salisphere-derived cells is rather 
low and only represents the brightest ~25% duct cell population. In contrast, CK14 
expression is brightly expressed (~10%), but its use for duct cell determination requires 
additional markers to eliminate myoepithelial cells (Chapter 5). On the other hand, early 
salispheres contain ~12% CD133+ cells, that was shown to be a stem cell marker for 
prostate 364 and neuron stem/progenitor cells 365. Although we have not determined the 
precise location of CD133+ cells, it might be a useful as an additional marker for stem/
progenitor cell selection. 

We also addressed the absence/presence of potentially therapeutically or 
experimentally interesting cell markers on the c-Kit+ cell population of our salispheres. 
Double staining with CD29, CD24, or Sca-1 (Fig. 4B) revealed that only a small 
population of c-Kitbright cells (0.3%) express these markers. Future research will be 
required to investigate the potential of these different cell populations to form salivary 
gland cell lineages and to rescue salivary glands from irradiation damage. 
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Other studies claim to have isolated salivary gland stem cells using FACS sorting for 
α6

+β1
+-integrin cells 144,145, CD49f+Thy-1+ fractions (in humans 147, rats 145, and swines 146), 

or Sca-1+c-Kit+ cells (mice 143). Although it cannot be ruled out that these markers are 
able to select for salivary gland stem cells, so far none of them has been shown to be 
able to in vivo regenerate damaged salivary glands. 

FiGuRE 4. CELL suRFACE EXPREssion oF CELLs in CuLTuRED sALisPHEREs. (A) FACS 
analysis of single cells obtained from salispheres cultured for 2 days, revealed the absence/presence of 
Sca-1, CD24, CD29, CD133, CK 7, and CK 14 proteins (%, mean ± STDEV). (B) Double labelling for c-Kit 
and CD29, CD24, or Sca-1 visualized the co-expression of c-Kit cells for any of these epitopes. Gray box 
represent 0.3% c-Kitbright cells.

Next to stem cell selection based on expression of specific cell surface markers, 
enrichment based on Hoechst 33342 dye exclusion appears promising. Indeed, we 
have been able to select a salivary gland SP (Side Population), representing about 
1% of the freshly isolated cell population (Fig. 5). This is comparable to what has 
been observed in other organs (reviewed in Challen et al. 104). Determination of stem 
cell-related markers on SP cells, their putative presence in in vitro selected c-Kit+ cell 
population, and their ability to form salivary gland cell types in vitro and in vivo will 
reveal their potential use in stem cell therapy. 

To date, salivary gland stem/progenitor cell populations can be harvested via 
salisphere cultures. Subsequent sorting, using cell surface markers and/or Hoechst 
33342 phenotype, may reveal the identity fo the true stem cell. To achieve this, however, 
these cells need to be tested in additional in vitro self-renewal (e.g. serial sphere 
formation) and cell lineage (cobble-stone like) assays that still have to be developed. 

2.3 differentiation and seLf-renewaL in vitro 
An in vitro self-renewal assay (i.e. serial clonal formation from one single cell) 

has not yet been established for salivary gland stem cells. Although Kishi T. et al. 141 
recently described a colony forming assay (Chapter 1), many issues, as described in 
Chapter 1, need to be addressed before their assay can turn into a reliable method. 

Alternatively, potential salivary gland stem cells can be studied in a 3D matrix 
environment for their capability to generate a gland-like structure (i.e. both duct 
and acinar cells) (Chapter 4). In addition, this matrix may also be used to observe 
influences on stem/progenitor cell behavior caused by changing both matrix and/or 
medium composition. 

FiGuRE 5. siDE PoPuLATion in THE noRMAL MousE suBMAnDiBuLAR GLAnD. (A) Staining for 
Hoechst 33342, with or without Verapamil (B), revealed an exclusive population of cells excluding the dye 
Hoechst 33342 (see box). This population (~1% of all cells) is defined as the Side population fraction. 
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In our experiments whole salispheres were placed into culture, but, ultimately, if 
possible, one single cell (type) will have to be seeded and evaluated. 

So far, we have not been able to achieve stem cell self-renewal in our in vitro 
salisphere cultures to increase stem cell numbers. On the contrary, in time, the defined 
medium containing N2, insulin, EGF and FGF-2 seemed to induce cell differentiation 
towards acinar cells. Morphologically, differentiation started after day 3 in culture 
(Chapter 4). Therefore, stem/progenitor cells were collected at that particular day 
for transplantation purposes. However, preliminary results indicate that this specific 
medium already influences the c-Kit+ cell fraction during the first three days of culturing. 
Therefore, transplantation of freshly isolated (D0) c-kit+ cells might be more desirable 
in the future. Moreover, it is clear that media growth factor composition, other than 
described above, may enrich more/less for putative stem cells. We have strong 
evidence for the involvement of FGF’s (Fibroblast Growth Factors) in the regeneration 
of irradiated salivary glands since FGF-7 (KGF) administration in vivo induced a clear 
enhancement in salisphere formation (Chapter 6). It is therefore conceivable that 
other combinations of growth factors might enrich stem/progenitor cells in vitro, and/or 
enhance post-irradiation regeneration after stem cell therapy.

2.4 transpLantation of saLivary gLand stem ceLLs

From our experiments, stem cell therapy to treat hyposalivation after radiotherapy 
seems promising and it should be relatively straightforward to translate this approach 
to clinical applications. Especially, the feasibility to isolate c-Kit+ stem cells from human 
salivary glands would launch its potential clinical use. The treatment of head and neck 
cancer patients follows a strict time-schedule, leaving a period for stem cell culture 
and selection when collected from biopsies of submandibular and/or parotid glands 
before the treatment. Similar to bone marrow transplantations, salivary gland stem cells 
might be transplanted in the recipient organ following cryo-preservation for as long 
as needed after the conditioning therapy. Still, issues concerning cell regrowth after 
cryopreservation and other safety aspects related to the clinical therapy need to be 
investigated, as well as the future possibility of allogenic transplantation.

Intravenously injected day 3 salispheres or salisphere–derived cells did not 
yield any engraftment in irradiated glands (unpublished data). Direct intra-glandular 
injection as performed in the mouse model does not seem to be a preferable method 
for patients as it may not provide an optimal distribution in larger organs. 

Alternatively, retrograde intra-ductal injection can be a clinical applicable way of 
administration in humans. Indeed, intra-ductal cell cannulation, as has been used 
in different animal models in the past for the delivery of adenoviral-mediated gene 
therapy in vivo (reviewed in Baum et al. 366), indicated its potential. Upon succesful 
intraductal injection (Fig. 6A), preliminary experiments documented a broad spectrum 
of salisphere-derived cells (35,000-520,000 cells per gland) 24hrs post-transplantation 
(Fig. 6B, arrows). This method may enhance regeneration as it is not associated 
with needle-induced injuries and reduces the need for migration. Despite the current 
differences in success rate in intra-ductal (3/11, 27%) (Fig. 6C) and intra-glandular 
(42%, 5/12 or 69%, 9/13 for c-Kit injection) transplantations in mice, transfer of this 
procedure to larger species may prove to be beneficial.

2.5 future perspectives 
Understanding complex stem cell-mediated activity in normal and irradiated 

glands requires knowledge of the anatomical organization of the stem/progenitor cell 
hierarchy and inter/intra-cellular signaling pathways influencing stem/progenitor cell 
behavior. Therefore, future research will have to be aimed at isolating more specific 
stem/progenitor single cells from both rodent and human glands. Subsequent in vitro 
3D (differentiation) and 2D (clonogenic) assays, and in vivo transplantation procedures 
should clarify the distinction between more committed progenitor cells and primitive 
stem cells. 

Secondly, it appears that the success in ameliorating radiation-induced 
hyposalivation, evoked by either pilocarpine, ΔN23-KGF or BMC treatment, is 
based on a similar principle. All treatments require a significant extent of (radiation-
surviving) functional gland stem/progenitor cells that are, subsequently, stimulated to 
proliferate and/or differentiate into acinar cells. If (additional) stimulation of stem cells 
after transplantation into irradiated glands is required, we need more comprehensive 
understanding on the relation stem cell behavior and its environment. 

Next to this, the radiation sensitivity of salivary gland stem cells, the minimal 
stem cell number needed to regenerate a salivary gland, the potential to which the 
gland stem cell can be used to generate other epithelial tissues, and the possibility to in 
vitro expand stem cells will (or should) be investigated in the near future. Therefore, it 
has been an exciting four years, but even more excitement lays ahead of us, which will 
reveal many features of putative salivary gland stem cells. 
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FiGuRE 6. inTRA-DuCTAL inJECTion oF sinGLE CELL soLuTion oF CuLTuRED sALisPHEREs. 
(A) Successful injection of cells into the duct system of the submandibular gland can be verified by the 
co-injected Indian ink, which is clearly absent in the sublingual glands. (B) Intra-ductal injection evokes 
a broad spectrum of cells around the ducts into the gland as noticeable by the pattern of Indian ink. (C) 
Three out of twelve transplanted mice produced higher saliva flow rate productions (○) compared to 
untreated irradiated mice (●). 
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Per jaar wordt er wereldwijd bij ongeveer 500.000 patiënten een hoofd- en/
of halstumor gediagnosticeerd. Deze patiënten worden voornamelijk behandeld met 
radiotherapie, eventueel in combinatie met chirurgie en/of chemotherapie. De hoge 
stralingsdosis, die nodig is om het kwaadaardige weefsel te vernietigen, kan echter 
ook normale weefsels gelegen in het stralingsveld beschadigen. In het hoofd- en 
halsgebied zijn de speekselklieren één van de meest stralingsgevoelige organen en 
speekselklier functieverlies kan al na de eerste weken van radiotherapie optreden. 
Uiteindelijk blijft bij meer dan 64% van de patiënten het verlies in speekselproductie 
permanent aanwezig wat kan leiden tot xerostomie (= droge mond syndroom). Dit 
resulteert in een verhoogde kans op mondinfecties en tandbederf, verminderde smaak- 
en geurgevoeligheid en belemmering in het spreken en kauwen van voedsel. Deze 
fysieke klachten beïnvloeden daarnaast op negatieve wijze het psychologisch/sociale 
gedrag van de patiënten. Ondanks het feit dat xerostomie niet levensbedreigend is 
wordt het als één van de meest ernstige stralingsgeïnduceerde neveneffecten bij 
hoofd- en/of halsbestralingen beschouwd. De grote impact die het heeft op de kwaliteit 
van leven maakt de preventie en behandeling tot een belangrijk onderwerp bij hoofd- 
en halstumor patiënten.

Het zijn de “primitieve” cellen (stamcellen) in de speekselklier die zorgen voor 
continue celaanvoer. Echter, vanwege de door de bestraling geïnduceerde DNA schade 
zijn deze cellen niet meer in staat meer om nakomelingen te produceren waardoor er 
na enige tijd een tekort aan functionele cellen ontstaat. Dit leidt tot een onvoldoende 
aanvulling van nieuwe acinaire cellen wat een permanent verlies van speekselproductie 
tot gevolg heeft. Stamceltherapie voor de regeneratie (herstel) van beschadigde 
speekselklieren zou daarom een oplossing kunnen bieden ter preventie van xerostomie. 
Verhoging van het aantal onbeschadigde stamcellen in een bestraalde speekselklier 
zou kunnen leiden tot een herstel van de aanmaak van speekselproducerende acinaire 
cellen en een verhoogde speekselproductie. 

Stamcellen uit het beenmerg kunnen een rol spelen bij het herstel van 
verscheidene beschadigde weefsels zoals hersenen, lever, spieren, en hart en 
kunnen dit wellicht ook doen bij bestraalde speekselklieren. Specifieke cytokinen, 
eiwitten geproduceerd door cellen die signaaltransductie induceren door te binden op 
celmembraan receptoren, kunnen stamcellen uit het beenmerg naar de bloedbaan 
mobiliseren. Toediening van het cytokine Granulocyte-Colony Stimulating Factor 
(G-CSF) leidde in het door ons onderzochte muismodel tot een sterke verhoging 
van beenmerg(stam)cellen in de bestraalde speekselklier en leidde tevens tot een 
verbetering in speekselsecretie. 

Deze verhoging in speekselproductie was het gevolg van een stijging van het aantal 
speekseleiwit producerende acinaire cellen. Het bleek echter dat beenmergstamcellen, 
op hun best slechts in zeer kleine mate (< 1%) in staat waren te veranderen in 
speekselkliercellen (trans-differentiëren). Daarom werd door ons aangenomen dat 
de uit beenmergafkomstige cellen groeistimulerende, differentiatiestimulerende 
en ontstekingsremmende factoren produceren waardoor endogene speekselklier-
stamcellen, die de bestraling overleven, gestimuleerd worden om te delen en acinaire 
cellen te vormen. Dit leidt vervolgens tot regeneratie van de speekselklieren en 
verhoogde speekselsecretie. 

Om deze regeneratie vanuit de endogene speekselklierstamcellen een extra 
stimulans te geven werd een mobilisatie protocol ontwikkeld dat moest leiden tot een 
verhoging van het aantal beenmerg(stam)cellen in de beschadigde speekselklier. 
Een combinatie van cytokinen, te weten Flt-3L, Stem Cell Factor (SCF) en G-CSF 
(kortweg F/S/G genoemd), leidde inderdaad tot grotere aantallen beenmergstamcellen 
en beenmergprogenitorcellen (minder primitief dan stamcellen) in de bestraalde 
speekselklier dan met G-CSF alleen. Desondanks werden niet meer acinaire cellen 
waargenomen en was er geen verdere verbetering van de restfunctie van de klier 
na bestraling dan na een voorbehandeling met G-CSF alleen. Deze observatie 
suggereerde dat de stralingsoverlevende speekselklierstamcellen al maximaal werden 
gestimuleerd met een G-CSF geïnduceerde beenmerg(stam)cel mobilisatie. Voor een 
optimaal herstel van de speekselklier zijn er dus meer weefselspecifieke stamcellen 
nodig. 

Om speekselklier stamcellen te isoleren werd een in vitro kweeksysteem 
ontwikkeld waarin, analoog aan verschillende andere weefsels (b.v. borstklierweefsel), 
sferen (klompjes cellen) werden gevormd. In dit systeem bleken enkel een beperkt 
aantal cellen te overleven en uit te groeien tot sferen terwijl gedifferentieerde celtypes 
verdwenen. Overlevende cellen brachten eiwitten tot expressie die betrokken zijn bij 
stamcel specifieke signaaltransducties. De cellen in de sferen bleken bovendien in 
staat om in vitro in een 3 dimensionale omgeving zowel duct (speekseltransporterende 
cellen) als acinaire cellen te genereren. Dit is in overeenstemming met de eigenschap 
van stamcellen die in staat zijn om gedifferentieerde cellen (acini) te vormen en 
zichzelf in stand te houden (duct cellen). In vivo transplantatie van cellen uit de in 
vitro gevormde sferen in bestraalde speekselklieren resulteerde in zowel een 
morfologische als functionele verbetering. Nieuwe acinaire cellen werden gevormd 
vanuit de getransplanteerde cellen en meer speeksel werd geproduceerd dan in de 
ongetransplanteerde groep. 
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Omdat deze celpopulatie, verkregen via de sferen, heterogeen was, werd geprobeerd 
om een meer zuivere stamcelpopulatie hieruit te isoleren. Op basis van de eiwitexpressie 
van c-Kit, een stamcelreceptor exclusief aanwezig op duct cellen, werden potentiële 
stamcellen uit de sferen geïsoleerd. Transplantatie van slechts 300-1.000 van deze 
cellen resulteerde in een speekselklierherstel in 81% van de dieren, waarvan bij 
sommigen zelfs normale speekselproductiewaarden werden behaald. Dit lukte slechts 
tijdelijk of helemaal niet met (10.000-90.000) c-kit negatieve getransplanteerde cellen. 
Hierna werden c-kit+ cellen volgens dezelfde procedure uit de primaire, succesvol 
getransplanteerde, speekselklieren gehaald en opnieuw getransplanteerd (met slechts 
100 cellen per klier) in een secondaire ontvanger. Ook bij deze seriële transplantaties 
werd speekselklierherstel geobserveerd, wat een sterke aanwijzing is voor het idee dat 
c-Kit+ cellen in staat zijn tot zelfvernieuwing en dus stamcelcapaciteiten hebben.

Ook humane speekselklieren bleken cellen te bevatten die sferen konden vormen. 
Isolatie van c-Kit+ cellen uit deze sferen en hun transplantatie in immunodeficiente 
muizen zal opheldering moeten geven over de potentie die deze cellen hebben 
voor klinische toepassingen. Dit proefschrift behelst de start van dit humaan 
speekselklier stamcelonderzoek dat mogelijk leidt tot een eerste klinische studie van 
stamceltransplantatie ter vermindering van de stralingsschade aan de speekselklier bij 
hoofd- en halstumor patiënten. 

 Dat het verhogen van de aantallen speekselklierstamcellen een uitweg biedt 
tot het verminderen van speekselverlies bleek verder uit ons KGF (Keratinocyte Groei 
Factor) onderzoek. KGF leidde tot de vermenigvuldiging van speekselklier stam- en 
progenitorcellen in vivo. Door deze stimulatie bleven meer stam- en progenitorcellen 
over na bestraling. Als gevolg hiervan was de regeneratie na bestraling beter en waren 
er meer functionele acinaire cellen, waardoor de speekselproducties nagenoeg normaal 
waren. Het klinische gebruik van KGF wordt momenteel onderzocht in een Fase III 
trial voor de behandeling van stralingsgeïnduceerde orale mucositis (mondinfecties). 
Indien deze trial positief wordt bevonden en het blijkt dat KGF de tumor niet beschermt 
of andere negatieve bijwerkingen heeft, biedt KGF ook een mogelijke uitweg tot het 
verminderen van speekselschade na bestraling. 

 Een verbetering in speekselproductie voor patiënten die lijden aan 
stralingsgeïnduceerde vermindering van speekselproductie kan een beduidende 
verbetering betekenen in hun kwaliteit van leven na bestraling. Het isoleren van 
stamcellen uit de speekselklier, verkregen uit de patiënt voorafgaande aan de 
radiotherapeutische behandeling van hoofd- en/of halstumoren en het zorgvuldig 
terug transplanteren van deze cellen na bestraling kan een mogelijke therapie vormen. 

Anderzijds kan het verhogen van deze stamcel aantallen d.m.v. groeifactoren een uitweg 
bieden. Dit concept van stamceltherapie kan leiden tot een geheel nieuwe benadering 
om stralingsbeschadigd weefsel te herstellen die bijgevolg niet enkel gelimiteerd hoeft 
te zijn tot de speekselklier.



ACKNOWLEDGEMENTS

one should always be in love;ThaT is The reason one should never worry. 
(Oscar Wilde)



ACKNOWLEDGEMENTS

168 169

ACKNOWLEDGEMENTS

A
C

K
N

O
W

LE
D

-
G

EM
EN

TS

Four years ago, I first laid my eye on a little spot called Groningen, 
somewhere 400 km from my hometown of Ghent in Belgium. As a 
child, I had never been in contact with many “Hollanders”, though 
I thought I had a pretty good idea of how distinct they were from 
“Flemish” people. Dutch plebs were known to us as “yellow-headed 
cheese eaters” with a funny accent, and as extremely tall beings. 

However, upon my first visit to this northern city, it didn’t feel uncomfortable at all, in 
addition, it was fun to encounter the reactions of Dutch people who, when hearing 
Flemish, desperately longed to hear more of our lovely language. Since then, 
amazing times have been spent puzzling the meaning of certain words or phrases in 
both our language and dialects, often leading to comical (mis)understandings. You 
Dutch people find us Belgians amusing and adorable, but we think you are amusing 
and adorable too! And let’s clear up one thing once and for all: Belgians are just as 
greedy as the Dutch, especially for the free or low-priced stuff!

The road to spit is long. But, it’s so worthy. Sometimes I think the people in the 
room next to me could even hear and see my spit waving from my mouth while I was 
discussing or laughing with my lovely colleagues. It is worth mentioning that my co-
promotor Rob (Coppes) and unofficial (what’s in a word?) supervisor Piet (Wierenga) 
both had their desks in that neighbouring room. I don’t even want to start thinking 
about what they thought while they once again looked at each other with raised 
eyebrows, listening to me yell while chasing someone in the aisle. Nonetheless, 
despite the fact I was feeling quite safe by believing neither of them could spy on me 
through the wall (yes, this is the reason why I put posters on the wall), I was, and still 
am, delighted to have them close-by. Rob’s explosive inspirations mostly needed my 
“gentle touch” to be cut down to size, but all in all he successfully guided me through 
these four amazing years. I hope I didn’t disappoint you, but judging from the many 
victorious moments we shared in that lovely room of yours, and the well-earned 
prizes and invited presentation opportunities, I believe you turned me into a decent 
saliva researcher. Please do forgive yourself if I haven’t reached every quality of a 
top-scientist. Sometimes Belgians are a little stubborn, but eventually, like they say, 
a little change in the quality of cocoa powder may turn into that one perfect chocolate 
flavour you’ve been looking for. I believe both you and Piet have done a fantastic job 
on this project. Looking back, I wouldn’t have had it any other way. When I remember 
all of the moments I walked into that room with complaints about all the downs in 
our research (isn’t it in any?) or when struggling with outcome of results, I do realize 
now why I was never asked to participate as a psychological (and always funded!) 
research subject. 

Mix saliva science with my brain and it gets such a mess of signals racing in 
uncoordinated ways that I can barely understand that my brain is properly functioning. 
Nevertheless, there was only one solution during these freaking-out moments: 
entering that ‘special’ room next door. While any psychologist would have given up 
on me, there was only one person to turn to. Only five minutes, no longer, of calm 
conversations, scratches and drawings on the white board on the wall, and the light 
was there again. Oh, how I did (and still do) miss you when you retired, Piet. You 
made research seem like everything was a piece of cake. Your cooperation with 
Rob was the start for my interest in stem cells and salivary glands, and I’ll always be 
grateful for both your input, both, socially and at work. 

Despite the many visits next door, there were some serious meetings as well 
with my “bosses” Gerald (de Haan) en Harrie (Kampinga). I do remember always 
being prepared with lots of graphs and outlines of the data, gathering the sheets 
just in time for a quick cup of strong coffee before entering that impressive, science-
sparkled (or was it just my imagination?), room of Harrie. Drifting away during these 
brain-storming moments, I felt jealous of not having such a big room of my own (but 
then with an enormous white board!). But seriously, I do hope one day I’ll become 
just as good as both of you. Your insights in science are of exceptional quality, and 
although it might have looked as I was intimidated by that (well, sometimes I was), I 
sure tried to defend my ideas. Maybe I didn’t put forward my opinions strong enough 
according to you, but, hé, I’m Belgian, I’ll learn eventually. You’ve both put a great 
effort into me, and your guidance in the past years (especially at the writing level) 
certainly had considerable input, not only in the obtained data but also the person I 
am now. 

Besides that dream of having a single room and that white board (which I did 
get eventually!), I was kept in good shape by Jeanette (Brunsting). If you saw two 
people chasing each other in these labs, and you finally heard someone cheering 
‘There you are!’, it would have been us. The hours we’ve spent on “re”search 
–actually searching for each other- are not countable. Many moments of laughter, 
joy, and sometimes frustration filled our days. We guided graduate students (Ksenia 
Poliakova, Bas Postema, Chantal Batenburg, and Karin Ruitenbeek), and we hope 
we have provided you the scientific knowledge of this special saliva world, and 
much joy during lab experiences. Jeanette and I were also regularly busy at the 
PDU (Animal Service Unit,) handling these charming little mice (not including the 
bloody scream after being bit at the start) in the early mornings and eagerly trying 
to wake up by turning up the volume on the radio. Thanks to the flexibility of Tjapko 
(Jeanette’s husband), mother-in-law and son Matthijs, we always perfectly managed 
to meet our schedule. 
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I do want to stress that without them and Jeanette’s fantastic inspirations, laughter 
and courage, I wouldn’t have come this far in presenting this lovely thesis. Our 
mutual coordination and complements have led to miraculous findings, and nobody 
will disagree as I say: together we are GOLD! It will be hard to ever experience 
such a match, and I hope it is clear to you, Jeanette, how much I’ll miss you in the 
forthcoming years, both on professional and social level.  

After Piet’s retirement, a young, but very busy man, namely Hette (Faber) had 
to take over the saliva flow rate experiments at the CDL (Central Animal Laboratory). 
His schedule was constantly filled up, and he was certainly not anxious to take over 
these tasks as well. But, there is one thing that men forget, and that is the power of 
the female eye. All it would take was some sultry looks from the doorway, and the 
schedule for the next month was arranged in no time. Looking back though, I’m not 
too sure whether I actually accomplished this through my funny smile or because 
Hette is just such a nice guy. Anyway, the flow rate productions of the mice were 
more than superb; I can only assume he was using his own sultry look to impress the 
female mice. Or, could it have been that he filled the cups with his own spit? 

Other new changes crossed my research path in the last year. All of a sudden 
we received human salivary glands from the Oral and Maxillofacial Research group 
(UMCG). A shining blond-headed Dutch lady (see, I was right – funny yellow-headed 
cheese eaters), Monique (Stokman), entered my room and presented herself as the 
new colleague in our saliva group. Sure, I was pleased to have such a lovely lady. I 
was short-handed and desperately wanting to expand my research to human glands. 
I do hope Monique that Jeanette and I have passed on to you all our expertise (and 
laughter), and I’m looking forward to any future scientific cooperation we might have. 
The road might be hard, but by enforcing our clinical and biological insights, our 
group can hopefully put saliva on the map! Of course this includes an active group 
of radiobiologists, radiotherapeutics, pathologists, and clinicians such as Peter (van 
Luijk), Erwin (Wiegman), Hans (Langendijk), Fons (van den Berg), Arjan (Vissink), 
Fred (Spijkervet), Monique (Stokman), Anke (van den Berg), and Jacqueline (van der 
Wal). Thanks for all the joy at work and during conferences, talks and guidance!

Unfortunately, in the middle of my four years, I had to say goodbye to two 
lovely colleagues, Willy (Visser) and Tineke (Kok). I spent many months with Willy 
trying to set-up an in vitro culture system, which eventually led to the salisphere 
culture. Unfortunately, you left just before we actually realized what we had in our 
hands, and I hope that you can seek comfort in the knowledge that we wouldn’t have 
reached this without your help and efforts. So partly, please consider this work as 
yours as well. As for Tineke, we became roommates, friends and saliva-colleagues 
on the European FIRST project. 

I’m pleased you could cope with my presence, laughter, and some frustrating 
moments as you experienced me in the transition period where ‘Willy’ all of a sudden 
became ‘Jeanette’. Although not many successful results came out of our research, 
I believe we still had a great time together back then in our exclusive two-person 
room, which is now crowded with men (well, I’m not complaining of course!).

Then, during my journey of spitting saliva in culture dishes and stroking mice, 
I had the lovely help of two guys at the FACS cell sorter, Geert (Mesander) and Henk 
(Moes). You were always interested in sending me back to Belgium, not for visiting 
my family or for finally taking some vacation days, no, no, only for the chocolates! 
I should have known it from the start of course. With Belgian chocolates, you can 
achieve anything! But, even without them, you guys simply captured my salivary 
gland cells, and no, there were no sultry looks involved. 

Further regards to the lovely Jane Briggs (Dept. of Pathology, UMCG), the 
club of France (Laboratoire d’Hématopoïèse, Faculté de Médecine, Tours – Pierre 
Charbord and Thierry Dominique), England (King’s College, University of London, 
Dental Institute, Saliva Research Unit – Gordon Proctor and Guy Carpenter), and 
other people from the EU FIRST project (Jan Wondergem, Mohi Rezvani, Michèle 
Martin, and Lisette Eijdems) since without their help some techniques involving FISH, 
culturing mesenchymal stem cells and intra-ductal injections would never have been 
accomplished.

Then, my dear Stem Cell and Radiation & Stress Cell colleagues: 
Ronald (van Os), dear Mister Ronald. What an amazing time we had in Whistler, 
Canada. Picture high mountaintops covered with metres of snow, a conference center 
in the middle of it, some bars with twinkling lights in the evenings, and some odour 
to fall in love with. It was my first big conference overseas, and I was sure amused 
by your, and others of course ;), presence. You were a superb chaperone! One year 
later, in Australia, your job was succesfully taken over by Bart (Eggen), Suzanne 
(Kooistra), Vincent (van den Boom), Alice (Gerrits), and Gerald (de Haan).
Ellen (Wiersema), Bertien (Ausema), and Bert (Dontje), I do appreciate the techniques 
you taught me and the many funny moments we had in the lab. Alice (Gerrits), 
Lenya (Bystrykh), Leonie (Kamminga), Alexandra (Rizo), Karin (Klauke) and Anita 
(Wiersema), sometimes a bit of laughter or a good scientific talk, you all definitely 
contributed to the good spirit in our lab and my research years in your group. Brad 
(Dykstra), you continuously reminded me of the lovely Western Canadian accent 
in all its glory, and of the beautiful time I had experienced in Vancouver.  Belgian 
chocolates certainly became handy with you as well (and with Mollie) – you see, 
sometimes I don’t have to do anything, the chocolates speak for themselves.
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Different office mates have passed the review: Alena (Jiresova), Tineke 
(Kok), Tom (Rozema), and later on the lovely Vincent (van den Boom) and Maarten 
(Niemantsverdriet). 
I enjoyed the work-related discussions we had in addition to all the other joyful 
moments with lots of laughter. You were the perfect colleagues, at the right time, at 
the right place; both at work as on social level!

Further memorable moments were shared with some Radiation & Stress Cell 
people. My fellow weekend warriors, the ever shining Maria (Rujano), and ‘darling’ 
Floris (Bosveld) -- two most adorable people of whom I admire their scientific romance 
-- thanks for the many joyful moments, sometimes with beer, wine or a good Scotch. 
May we have more of these moments in the future, either in Paris or in America. 
Old crew members Ria (Hut), Ody (Sibon), Rita (Setroikromo), Florian (Salomons), 
Bianca (Brundel), Jurre (Hageman), my ‘morning-hugger’ Michel (Vos), and also 
the new generation of lab members Xia (Yi), Kasia (Siudeja), Anil (Rana), Erwin 
(Seinen), Marianne (Zijlstra), Anne-Jan (Dijkhuis), Ke (Lei), Karin (Klauke), and to 
my successors on the project Ewa (Przybyt) and Jielin (Feng): I wish all of you the 
best in the forthcoming years! Further, lab members such as Maria (van Waarde), 
Bart (Kanon), Jeanette (Brunsting), Martha (Ritsema), of course Willy (Lemstra), and 
the secretary Annet (Vos) put every little struggle or complaint place in perspective. 
Without cornerstones like you all, no lab can functionally work.
In projects like these, there are of course many more persons involved. Many thanks 
for the little chats to people from the 8th floor (Nieske Brouwer, Ietje Mantingh-Otter), 
7th floor (Freark Dijk, Sonja Janmaat, Ruby Kalicharan, Han van der Want), and 
13th floor (Theo van Kooten) at the RUG, the animal care crew at the CDL, and the 
Hematology group at the UMCG. 

Besides work, I was delighted to be a member of the Party Committee of 
the Stem cell & Radiation group in the year 2004-2005. I’ve never experienced so 
much fun in organizing a lab day. Together with Rita (Setroikromo) I deceived the 
Groningen police officers (yes, I do profit sometimes by my acting skills and not by 
chocolates) in order to get the boat to the Dutch island Schiermonikoog. There, we 
designed a bicycling route in a rainstorm while capturing a picture of cow number 
357’s bottom. Rita, may we always remember this joyous period, which nobody else 
can understand but us. In the past years, many lab crew members (e.g. Floris, Maria, 
Maarten, Karin) tried to let me escape from the saliva world. I believe the joyful 
moments we experienced together are framed into pictures and in our memories.

I’m delighted, though, to move on to the group of Matthew (Hoffman) who 
gave me the opportunity to continue my work on embryonic salivary glands, and 
I’m looking forward to spending some spectacular time with all of the NIH (National 
Institute of Health) crew. 

I experienced my first home in the Netherlands in Zuidhorn, under the lovely 
shelter of Betsy (Meijer) and the ever so colourful life of her son and two daughters. 
Later on, thanks to an offer from Bart (Kanon), I experienced the (dis?)advantages of 
living close to work. Thanks to both of them for the tea-visits and opportunities they 
gave to me in terms of living in luxury. 

Further, I can’t put to words how much my “Ma!”, Martha (Ritsema), and 
“Sussie!”, daughter Mariken, lit up my life in the last years. Sunday afternoons 
became a standard time of repose under the garden-patio, and the full-hour run with 
the dog Mazzel made me forget the hardworking days. The unconditional love of all 
the dogs (Mazzel, Jochie, Rifka), the cats (Troela, Pebbels, Knulleke, Scooter, 
Herrie and Elmo), the hamster, the ferrets the chickens, the fish, and horses Ilse 
& Rowan were heart-warming. There are so many tales to tell (also our Australian 
adventures!), but there aren’t enough lines in this part to explain how much I’ll miss 
and appreciate their tender devotion towards me and how they embraced me in their 
life. There is certainly no shortage of major experiences in your lives, so, I would 
say: enjoy like we’ve done together in the past. I can only hope that I’ll be able to 
experience such a loving home of my own sometime in the future. 

Finally, despite Holland becoming my new home, I cannot neglect mentioning 
my oldest and dearest friends: Sven (Allemeersch) and Ilse (De Vos) with 
accompanying partners Marc (Lallemand), Bram (de Craene), son Zenn, and their 
closest family relatives. I hope I can continue to be involved in your lives, and I do 
appreciate your undoubted friendship while I was (and still will be for a while) far 
away. Your stop-overs in Groningen always pleased me, as well as the many visits 
of my parents who unconditionally believed in me, and continued to take care of me 
in every way possible. May everyone have such cornerstones in their life as I have 
with all of them. 

And finally, I would like to end, by saying the words:

    SALIVA ROCKS !

          So whenever you spit, just think of me. 
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“so, are you like an engineer or something?” 
“yes, but i’m also like, a doctor.”
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CHAPTER 2 - FIG. 3. IMPROVED MORPHOLOGY 
AFTER GLAND IRRADIATION AND MOBILIZATION 
OF BMCs.

CHAPTER 2 - FIG. 2. HOMING OF BMCs TO 
IRRADIATED SALIVARY GLANDS.

CHAPTER 1 - FIG. 4. DIVISION PATTERN OF 
STEM CELLS.

CHAPTER 1 - FIG. 2. SCHEMATIC 
REPRESENTATION OF THE SALIVARY 
GLAND MORPHOLOGY.
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← CHAPTER 2 - FIG. 5. DONOR ORIGIN OF SALIVARY 
GLAND CELL : IN SITU HYBRIDIZATION.

CHAPTER 3 - FIG. 3. IMPROVED MORPHOLOGY 
AND FUNCTION OF IRRADIATED SALIVARY 
GLANDS AFTER BMC MOBILIZATION.

CHAPTER 3 - FIG. 2. MOBILIZED BMCs RESIDE IN 
IRRADIATED SALIVARY GLANDS.

CHAPTER 2 - FIG. 7. EXPRESSION OF g-csfr 
IN MOUSE SUBMANDIBULAR GLAND BY 
RT-PCR AND IMMUNOHISTOCHEMISTRY.

CHAPTER 2 - FIG. 6. DONOR ORIGIN 
OF SALIVARY GLAND CELL AND 
CHARACTERIZATION OF BMCs BY 
IMMUNOLABELING.

CHAPTER 3 - FIG. 6. eGFP AND Flt-3L 
RECEPTOR EXPRESSION IN BLOOD 
VESSELS.

CHAPTER 3 - FIG. 5. RESTORED EXPRESSION 
OF eNOS, PCNA, AND ENDOGLIN AFTER F/S/G- 
TREATMENT IN THE IRRADIATED GLANDULAR 
VASCULATURE.

CHAPTER 3 - FIG. 4A,C. QUANTIFICATION 
OF RADIATION-INDUCED VASCULAR 
DAMAGE.
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CHAPTER 4 - FIG. 1. IN VITRO SALISPHERE FORMATION.

CHAPTER 4 - FIG. 2. SALISPHERES ORIGINATE FROM DUCT CELLS.

CHAPTER 4 - FIG. 3A. DIFFERENTIATION OF SALISPHERE INTO ACINAR CELLS.

CHAPTER 4 - FIG. 4. SALISPHERES CONTAIN STEM CELLS.
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CHAPTER 4 - FIG. 7A-C. RESTORED ORGAN FUNCTION BY TRANSPLANTATION OF c-KIT+ CELLS 
FROM SECONDARY SPHERES IN SECONDARY RECIPIENTS.

CHAPTER 4 - FIG. 5. RESTORED MORPHOLOGY AFTER INJECTION OF CULTURED STEM 
CELLS.

CHAPTER 4 - SUPPL. FIG. 1. SCA-1 EXPRESSION IN DUCTAL AND ENDOTHELIAL CELL TYPES.

CHAPTER 4 - FIG. 7E-G. RESTORED ORGAN FUNCTION BY TRANSPLANTATION OF c-KIT+ CELLS 
FROM SECONDARY SPHERES IN SECONDARY RECIPIENTS.
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CHAPTER 4 - SUPPL. FIG. 2. VISUALIZATION OF eGFP EXPRESSION BY FLUORESCENCE AND 
BRIGHT FIELD MICROSCOPY. CHAPTER 4 - SUPPL. FIG. 4. HUMAN SALIVARY GLANDS CONTAIN c-KIT+ CELLS AND CAN YIELD 

SPHERES.
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CHAPTER 5 - FIG.2. CK 8 AND CK 18 EXPRESSION IN THE MOUSE SUBMANDIBULAR GLAND.

CHAPTER 5 - FIG.1. GENERAL MORPHOLOGY OF THE MOUSE SUBMANDIBULAR GLAND.

CHAPTER 5 - FIG.3. CK 19, CK 7 AND CK 14 EXPRESSION IN THE MOUSE SUBMANDIBULAR 
GLAND.
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CHAPTER 5 - FIG.4. EXPRESSION OF CD29 AND CD24 BY THE MOUSE SUBMANDIBULAR 
GLAND.

CHAPTER 5 - FIG.5. EXPRESSION OF 14-3-3σ (STRATIFIN) AND ΔNp63 BY THE MOUSE 
SUBMANDIBULAR GLAND.

CHAPTER 5 - FIG.6. EXPRESSION OF SCA-1 AND c-KIT.
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CHAPTER 5 - FIG.7. NOTCH-1, MUSASHI-1 AND -2 EXPRESSION. CHAPTER 6 - FIG.5A. ΔN23-KGF STIMULATES SURVIVING DUCT CELLS TO PROLIFERATE AFTER 
IRRADIATION.

CHAPTER 6 - FIG.4A-B. ΔN23-KGF INCREASES PROGENITOR/STEM CELLS AFTER RADIATION.

CHAPTER 6 - FIG.3A-F. THE EFFECT OF ΔN23-KGF ON ACINAR CELL NUMBER.



APPENDIX - COLOR FIGURES

200

CHAPTER 7 - FIG.2. MESENCHYMAL STEM CELLS 
STIMULATE FIBROSIS IN IRRADIATED MOUSE 
SUBMANDIBULAR GLAND.

CHAPTER 7 - FIG.6. INTRA-DUCTAL INJECTION OF SINGLE CELL SOLUTION OF CULTURED 
SALISPHERES.
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