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ABSTRACT

Hyposalivation often leads to irreversible and untreatable xerostomia. Salivary gland 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

after radiotherapy. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

sphere-derived CD24/CD29 cells. 

2. MATERIALS AND METHODS
 

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

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

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

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

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

testing of the University of Groningen approved all experiments.

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

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

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

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

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

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

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

stained cells were suspended in Propidium Iodide (PI, 1µg/ml) and measured on FACS LSR-II 



73

Purification and ex vivo expansion of salivary gland stem cells    

5

Flow Cytometer (BD) whereas Moflow Astrios (BD) was used to sort the cells. All the gates 

were made based on isotypes and single stain controls. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

development of organoids and pictured and quantified. 

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

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

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

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

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

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

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

positive immunostaining. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

administered with analgesic with in 24 hours of surgery. 

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

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

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

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

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

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

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

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

and RcolorBrewe 1.0-5.

3. RESULTS 

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

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

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

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

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

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

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

medium (MM, see methods).

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

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

capacity (Fig.1C).

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

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

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

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

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

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

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

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

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

cell state in the latter two populations. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(Supplementary Fig.S1D, FACS plot).

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

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

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

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

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

radiotherapy regimens16.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

differentiate into salivary gland lineages in vitro.

 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

organoids) can be characterized. The availability of these solid in vitro assays will allow screening 

of putative stem cell populations for their differentiation and self-renewal capacity.

The successful expansion and enrichment of salivary gland stem/progenitor cells as 

shown in this study is auxiliary and a prerequisite for the translation and establishment of stem 

cell therapy for patients with hyposalivation.
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6. SUPPLEMENTARY INFORMATION
 

6.1. Figure S1

Figure.S1: (A) Percentage sphere-formation as a function of the number of passages 
of CD24hi/CD29hi and CD24med/CD29hi cells. (B) Sphere-formation percentage (y-ax-
is) of primary sphere-derived CD24hi/CD29hi cells in minimal medium (MM) and en-
riched medium (EM) (t-test, p<0.005) (C) Percentage sphere-formation (y-axis) of 
CD24hi/CD29hi cells at passage-1 (P1) and passage-12 (P12) in EM. (D) Flow cytomet-
ric analysis of CD24hi/CD29hi cells in self-renewal conditions at different passages.
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6.2. Figure S2

Figure.S2: (A) Picture showing enrichment (p<0.0001) 
of 229 probes from passage-0 to passage-10 CD24hi/
CD29hi cells and the pathways involving these 
genes is shown in graph (B) Graph showing expres-
sion of genes in passage-0 and passage-10 CD24hi/
CD29hi cells (average of 2 replicates each) that are in-
volved in the pathways mentioned in the manuscript.
Graph includes 2 probes for CCND2.
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6.3. Figure S3

Figure.S3:  Post-transplantation HE staining on SGs (A) showing recov-
ery of general morphology and aquaporin5 staining (B) showing recov-
ery of functional acinar (AC) tissue (arrows) in transplanted glands in compari-
son to irradiated, non-transplanted (IR) and non-irradiated (Control) SG tissue. 
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6.4. Figure S4
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