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Abstract
Development of clinical-grade, cell preparations is central to cGMP (good manufacturing practice compliant) conditions. 
This study aimed to investigate the potential of two serum/xeno-free, cGMP (StemPro, StemMacs) culture media to maintain 
“stemness” of human minor salivary gland stem cell (mSG-SC) cultures compared to a complete culture medium (CCM). 
Overall, StemMacs resulted in higher proliferation rates after p.6 compared to the conventional serum-based medium, while 
StemPro showed substantial delays in cell proliferation after p.9. The mSG-SCs cultures exhibited two distinct cell popula-
tions at early passages a mesenchymal subpopulation and an epithelial-like subpopulation. Expression of several markers 
(CD146, STRO-1, SSEA-4, CD105, CD106, CD34, K 7/8, K14, K18) variably decreased with prolonged passaging (all 
three media). The percentage of SA-β-gal positive cells was initially higher for StemMacs compared to StemPro/CCM and 
increased with prolonged passaging in all cases. The telomere fragment length decreased with prolonged passaging in all 
three media but more pronouncedly for the CCM. Expansion under serum-free conditions caused pronounced upregulation of 
ALP and BMP-2, with parallel complete elimination of the baseline expressions of LPL (all three media) and ACAN (serum-
free media), therefore, showing a preferential shift of the mSG-SCs towards osteogenic phenotypes. Finally, several markers 
(Nanog, SOX-2, PDX-1, OTX2, GSC, HCG) decreased with prolonged culture, indicating successive loss of “stemness”. 
Based on the findings, it seems that StemPro preserve stemness of the mSG-SCs after prolonged culture. Nevertheless, there 
is still a vacant role for the ideal development of clinical-grade culture conditions.

Keywords  Minor salivary gland stem cells (mSG-SCs) · Clinical-grade expansion · Good manufacturing practice 
compliant cell preparation · Prolonged culture · “Stemness” properties

Introduction

In recent years, there has been strong interest in the use of 
salivary gland stem cells in Regenerative Medicine (RM). 
A search in the clinicaltrials.gov (date 17/3/22) registry 
revealed 21 results for clinical trials employing salivary 
gland stem cells mainly derived from major salivary glands. 
The rationale for the clinical application of salivary gland 
stem cells includes the regeneration of the salivary gland 
parenchyma in cases of severe or irreversible damage, 
caused by several pathologies or conditions. For instance, 
these include the therapeutic radiation of the head and neck 
area; drug-induced xerostomia; the presence of Sjögren’s 
syndrome or other autoimmune sieladenitis; metabolic dis-
eases, such as diabetes mellitus; or surgical removal of the 
salivary glands in case of neoplasms. All these conditions 
are associated with salivary gland dysfunction, leading to 
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xerostomia, which affects a large portion of elderly indi-
viduals. Oral dryness (another term for xerostomia) leads 
to dysphagia, difficulties in speaking, increase of the preva-
lence of dental caries and periodontitis, decreased resistance 
to infections (bacterial, viral fungal), and loss of dentures 
cohesion, and overall, it compromises the patients’ quality 
of life-QoL (Rotter et al. 2008; Rotter et al. 2010; Feng et al. 
2009; Cha 2017).

Specifically, minor salivary gland stem cells (mSG-SC) 
have been used in different mouse models, including trans-
plantation of the cell populations (cell-based therapy) or 
transplantation of salivary organoids (cKIT+ salispheres) 
in radiation-damaged salivary glands, which resulted in the 
development of amylase-producing tissues and partial regen-
eration of the gland (Lombaert et al. 2008). Besides, the 
possibility of autologous transplantation of salivary gland 
with in vitro regenerative techniques from cells of the same 
organism in an experimental mouse model resulting in saliva 
production has been also reported (Tanaka et al. 2018).

Culture media used for cell expansion and maintenance 
play a key role in the biological properties of stem cells, 
such as stemness and differentiation capacity, especially 
for clinical applications (Liu et al. 2017). Biological agents 
containing cells intended for clinical application (advanced 
therapy medical products (ATMPs)) need to fulfill certain 
regulatory criteria recommended by international organiza-
tions, such as the European Union directives. In addition, the 
maintenance of their stem cell phenotypic characteristics and 
their genetic material stability (especially maximum potency 
for tissue regeneration with the correct number of population 
doublings) is crucial (Schellenberg et al. 2012). Despite its 
contribution to cellular proliferation, the supplementation 
of animal serum in the culture medium is related to various 
complications, such as heterogeneity of the cellular popula-
tion (Shahdadfar et al. 2005). Also, the proteins contained 
in the animal serum may cause biological complications to 
the patients receiving autologous stem cells cultured in such 
serum-containing media (possible autoimmune or immune 
reactions or transfer of zoonoses to humans) (Shahdadfar 
et al. 2005). Unfortunately, any replacement of bovine serum 
with non-human serum or human platelet solution presents 
technical difficulties and reduces cell proliferation in large 
scale. Recently, new types of media for cellular culture that 
have no animal derivatives (serum/xeno free culture media) 
have begun to appear aligned with international instructions 
for cGMP in different stem cell cultures (van der Valk et al. 
2018; Karnieli et al. 2017; Hamada et al. 2020).

This study followed the notion of previous comparison 
studies between different types of media with or without 
serum evaluating the proliferation rate, multilineage dif-
ferentiation capacity, morphological and immunopheno-
typic characteristics, and cellular aging after a prolonged 
incubation of stem cells (Bakopoulou et al. 2017). More 

analytically, in this study, we have evaluated the prolonged 
incubation of mSG-SC of oral mucosa in three different 
culture media and two serum-free that comply with cGMP 
quality conditions (StemPro and StemMacs) compared to 
a conventional bovine serum containing culture medium 
(Life Technologies, USA). The objective was to investigate 
the capacity of culture media without the supplementation 
of animal bovine serum- in accordance with standards for 
cGMP cell culture development- to yield enough cells which 
survive, proliferate, and maintain stemness. This study 
design assists, offering a good clinical application alterna-
tive for the growth of stem cells of epithelial/mesenchymal 
origin from glandular tissues that may be used in critical tis-
sue therapies including not only salivary tissue regeneration 
(homologous) but also for heterologous tissue application 
such as pancreatic. In addition, the scientific motivation for 
this study was the fact that different tissue culture condi-
tioned media may adversely affect the phenotypic and func-
tional characteristics as well as stem cell activities. These 
may include the reduced proliferation ratio, aging (cellular 
senescence), immunophenotypic and molecular changes, and 
reduced differentiation capacity. In turn, these altered char-
acteristics may lead to improper and effective applications 
with unpredictable pathologic consequences.

Material and methods

Isolation of human minor salivary glands biopsies

Human minor salivary glands were isolated from lower 
lip biopsies taken for Sjögren’s syndrome investigation, as 
described previously (Andreadis et al. 2014). These biop-
sies (n = 3) were microscopically negative for Sjögren’s 
syndrome or other type of sialadenitis. The study and all 
the experimental methodology were performed according to 
Helsinki Declaration II and were approved by ethical com-
mittee of the School of Dentistry, Aristotle University of 
Thessaloniki, Greece (reference number 322/15–4-2013).

Establishment of minor salivary gland stem cell 
culture (mSG‑SC)

Minor salivary gland stem cells (mSGSCs) were isolated 
from biopsies of minor salivary glands of lower lip from 
patients aged between 22 and 67 years old. All healthy indi-
viduals were non-smokers and systemically healthy. After 
clinical and laboratory evaluation, they were confirmed 
negative for Sjögren’s syndrome. The process of isolating 
mSGSCs was carried out by means of the enzymatic separa-
tion, as already described previously (Andreadis et al. 2014). 
Specifically, minor salivary glands were dissected with a 
scalpel in small Sects. (1–2 mm2) and immersed in a solution 
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with yeast collagenase I (3 mg/ml) and dispase (dispase) II 
(4 mg/ml) (Life Technologies, USA) following incubation at 
37 °C for 1 h with occasional agitation to achieve the break-
down of individual cells. Later, cells were placed in 25-cm2 
flasks (p.0) and incubated at 37 °C in 5% CO2 when cells 
reach 70–80% confluency and were transferred to 75 cm2 
flasks for further subculturing. The medium was changed 
every other day, and the cells were used until passage 10. 
For salivary stem cell expansion, 3 different culture media 
were used (CCM vs StemMacs vs StemPro): specifically, 
(1) α-MEM (Life Technologies, USA) supplemented with 
15% FBS (Life Technologies, USA), 100 μM ascorbic acid 
phosphate (Sigma-Aldrich, Germany) and 1% antimicrobial 
solution (100 units/ml penicillin, 100 mg/ml streptomycin) 
(Life Technologies, USA). The cells were detached using 
0.25% trypsin/1 mM solution EDTA for 5 min at 37 °C and 
replated at a density of 5000 cells/cm2. (2) StemPro MSC 
SFM XenoFree (“StemPro”, Life Technologies, USA) was 
prepared according to the manufacturer instructions; 98 ml 
StemPro MSC SFM basic medium was supplemented with 
1 ml of StemPro supplement, 1 ml L-glutamine solution 
GlutaMAX – I CTS, and 50 μl gentamicin solution (50 mg/
ml). Plastic surfaces were coated with CELLstart CTS (Life 
Technologies, USA). Cells were detached with TrypLE™ 
Select CTS™ (Life Technologies, USA) as an alternative 
to porcine trypsin used elsewhere for 4–5 min at 37 °C and 
replated at a density of 5000 cells/cm2. (3) Miltenyi Stem-
Macs MSC expansion media kit XF (“StemMacs”; Milte-
nyi Biotech GmbH, Germany) was prepared according to 
the manufacturer instructions; 98.6 ml of StemMacs MSC 
basal expansion media XF was supplemented with 1.4 ml 
StemMacs MSC expansion media XF supplement and 50 μl 
gentamicin (50 mg/ml). For cell detachment and further sub-
culturing, TrypLE™ Select CTS™ was used as mentioned 
previously for 5 min at 37 °C, and cells were seeded at a 
density of 5000 cells/cm2.

Immunophenotypic characterization of mSG‑SCs 
with flow cytometry

The mSGSCs were characterized based on the 3 differ-
ent culture media for mesenchymal, endothelial, fetal, and 
hematopoietic cell membrane markers of stem cells, such 
as CD90/Thy-1, CD73, CD146/MUC18, STRO-1, CD105, 
CD106, CD34, and the embryonic marker SSEA-4, as well 
as glandular epithelial cell markers (cytokeratins 7/8, 14, 
18) by flow cytometry as described previously (Andreadis 
et al. 2014). For flow cytometry, the following fluorochrome 
conjugated mouse anti-human antibodies were used: CD90/
Τhy-1-FITC, CD73-PE, CD146/MUC18-PE, STRO-1-FITC, 
CD105/endoglin-APC, CD106/VCAM-1-APC, CD34-APC, 
SSEA-4-FITC, cytokeratins 7/8-ΡΕ, cytokeratin 14-FITC, 
and cytokeratin 18-FITC (all BioLegend, Fell, Germany). 

Analysis was performed with the Guava® cytometer easy-
Cyte 8HT benchtop flow cytometer (Merck Millipore, USA). 
A total of 50,000 events per sample were recorded, and data 
were analyzed with the software GuavaSoft 3.1.1 and Sum-
mit 5.1. In addition to determining the percentage of cells 
positive for each marker, the cell size and cell internal com-
plexity (granularity) distribution profiles were analyzed by 
forward scatter (FSC) vs side scatter (SSC) fluorescence 
intensity plots, respectively.

Evaluation of morphological characteristics and cell 
proliferation

Cell morphology was studied in reverse phase contrast view 
finder (Zeiss Axiovert 40; Carl Zeiss microimaging, GmbH, 
Göttingen, Germany) equipped with digital camera and an 
analysis software (Carl Zeiss Axiovision 4.6 software). 
Images were taken from selected areas, representative of 
the cell growth in cell culture. The proliferation potential 
of mSG-SCs was evaluated by measuring the population 
doubling time (PDT) over passages based on the following 
formula: 2n = Nx / No, where Nx was the number of cells 
measured by hemocytometer after their detachment and No 
was the number of cells that were originally plated. Popula-
tion doubling (PD) was calculated as PD = log2 (Nx / No). 
At p.0, the total number of cells initially attached in the flask 
after 48 h were defined as No. Lastly, PDT for each passage 
was estimated as t/n, where t stands for time and n was the 
number of PD through passage.

Assessment of mSG‑SC senescence

Senescence‑related β‑galactosidase assay

The expression of senescence was measured based on 
expression of β-galactosidase (SA-β-gal activity) at differ-
ent representative passages (p.2–3), (p.6–7), and (p.10–11) 
using a beta galactosidase chromogenic assay kit (Sigma-
Aldrich). Cells were fixed with 4% PFA, washed with PBS 
and incubated with staining β-galactosidase (40 mM citric 
acid sodium phosphate buffer, 1 M NaCl, 5 mM ferrocya-
nide, 5 mM ferricyanide, 2% DMF, 20 mM MgCl2, X-GAL 
1 mg/ml in DMSO) for 14–16 h at 37 °C. Positive (blue 
stained) and negative cells were measured using a light 
microscope in random positions, and the total percentage of 
positive cells was evaluated.

Evaluation of mSG‑SC telomere length measurement

Total genomic DNA (gDNA) was isolated from cells with 
the Nucleospin tissue DNA isolation kit (Macherey Nagel, 
Germany). The relevant telomeres’ length in different cells 
was measured with the TeloTAGGG telomere length assay 
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kit (Roche, USA) according to manufacturer instructions; 
specifically, 2 μg gDNA/sample was initially digested with 
the Hingl/RSA1 system, then electrophoresed in 1% aga-
rose/TAE gel, and transferred for southern blot on positively 
charged nylon membrane at 20 X potassium citrate buffer. 
The gDNA hybrid was tagged with a non-isotopic marker 
labeled with digoxygen (DIG) incubated with an antibody 
against DIG covalently linked to alkaline phosphatase and 
visualized with an optical analysis system chemilumines-
cence (ECL) (MicroChemi, Israel). The length of the telom-
eres was evaluated with final restriction fragment analysis 
(TRFs, terminal restriction fragments) calculated as follows: 
TRFs = Σ (ODi) / Σ (ODi / Li), where ODi is the intensity 
of the chemiluminescent signal and Li was the length of the 
TRF at position i. TRF analysis was done with a special 
software TeloTool (Göhring et al. 2014).

Evaluation of proteomic progenitor stem cell marker 
expression

The protein expression of several markers pluripotency 
(Oct-3/4, Nanog, SOX2, E-Cadherin, α-Fetoprotein-AFP, 
GATA-4, HNF-3β/FoxA2, PDX-1/IPF1, SOX17, Otx2, 
TP63/TP73L, Goosecoid-GSC, Snail, VEGF R2/KDR/Flk-
1, HCG) was investigated with the Proteome Profiler array: 
human pluripotent stem cell array kit (R&D Systems Inc., 
Europe Ltd., UK), after long-term culture in the serum- 
containing medium (CCM), as this medium showed the  
most pronounced effect in reducing the telomere length of 
the mSG-SCs.

Briefly, the nitrocellulose membranes incubated with 
different antibodies were further incubated with a blocking 
buffer solution for 1 h at room temperature; cell lysates were 
placed in contact the membranes and further incubated at 
2–8 °C in a stirring platform overnight. The following day, 

the membranes were washed and further incubated with a 
streptavidin-HRP secondary antibody for 2 h in a stirring 
platform. Then, a chemiluminescent visualization reagent 
(Chemi Reagent Mix) was applied to the membrane. Finally, 
the membrane was visualized using an optical chemilumi-
nescence analysis (ECL) system (MicroChemi; DNR Bio-
Imaging Systems Ltd., Neve Yamin, Israel). Image J soft-
ware (Image J. US National Institutes of Health, Bethesda) 
combined with the dot blot micromodule tool was used to 
quantify positive expression of the membrane.

Assessment of mRNA expression of osteogenic, adipogenic, 
and chondrogenic markers

The upregulation/downregulation of different osteogenic 
(alkaline phosphatase, ALP; bone morphogenetic protein 2, 
BMP-2), chondrogenic (aggrecan-ACAN, transcription fac-
tor SOX-9), and adipogenic (lipoprotein lipase-LPL, peroxi-
some proliferator-activated receptor-gamma-PPAR-γ) mark-
ers were evaluated with qPCR. The primers of these genes 
are summarized in Table 1. Specifically, total mRNA was 
isolated from mSG-SCs at p.2–3, p.6–7, and p.10-p.11 pas-
sages using Nucleospin RNA isolation kit, (Macherey Nagel, 
Germany) following reversed transcription in cDNA (1 μg/
sample) using the superscript first-strand synthesis kit (Inv-
itrogen). qPCR reactions were performed with the SYBR-
Select PCR Master Mix in a Step One Plus thermal cycler 
(all Applied Biosystems, USA). The reaction included a step 
50 °C for 2 min for uracil-N-glycosylase (UNG), at 95 °C 
for 2 min for the activation of AmpliTaq DNA polymerase. 
Then, 40 qPCR cycles were followed, containing a dena-
turation step (denaturation) for 15 s at 95 °C, and annealed 
annealing/extension of DNA strands for 1 min at 60 °C. 
The results were calculated according to the performance 
(amplification efficiency) with appropriate application 

Table 1   Gene primers designed for real-time PCR and the individual amplicon sizes of their products

Gene Type of marker Forward (5′–3′) Reverse (5′–3′) Amplicon 
size (bp)

BMP-2 Osteogenic GGA​ACG​GAC​ATT​CGG​TCC​TT AGT​CCG​TCT​AAG​AAG​CAC​GC 100
ALP Osteogenic CCG​TGG​CAA​CTC​TAT​CTT​TGG​ CAG​GCC​CAT​TGC​CAT​ACA​G 89
RUNX2 Osteogenic CCA​CCG​AGA​CCA​ACA​GAG​TC TCA​CTG​TGC​TGA​AGA​GGC​TG 118
BGLAP Osteogenic GAC​TGT​GAC​GAG​TTG​GCT​GA AAG​AGG​AAA​GAA​GGG​TGC​CT 137
ACAN Chondrogenic CAC​CTC​CCC​AAC​AGA​TGC​TT GGT​ACT​TGT​TCC​AGC​CCT​CC 107
SOX9 Chondrogenic AGG​AAG​TCG​GTG​AAG​AAC​GG CGC​CTT​GAA​GAT​GGC​GTT​G 84
PPAR-γ Adipogenic GAC​AAC​CTG​CTA​CAA​GCC​CT TTG​GCA​AAC​AGC​TGT​GAG​GA 71
LPL Adipogenic CGA​GCG​CTC​CAT​TCA​TCT​CT CCA​GAT​TGT​TGC​AGC​GGT​TC 137
B2M Housekeeping TGT​CTT​TCA​GCA​AGG​ACT​GGT​ ACA​TGT​CTC​GAT​CCC​ACT​TAAC​ 138
SDHA Housekeeping GCA​TGC​CAG​GGA​AGA​CTA​CA GCC​AAC​GTC​CAC​ATA​GGA​CA 127
YWHAZ Housekeeping GCT​CTC​GAT​TGG​AAC​GCC​T TCC​ATG​ACT​GGA​TGT​TCT​GCT​ 125
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(LinRegPCR) and normalized against 3 housekeeping genes: 
(1) β2-microglobulin (B2M) and (2) succinate dehydroge-
nase (SDHA) were used for the investigation of lineage-
specific markers, while the (3) YWHA2 was additionally 
used for the experiments investigating osteogenic and chon-
drogenic differentiation after the induction with selective 
media. The selection of the housekeeping genes was based 
on geNorm analysis indicating the two most stable for each 
type of experiment (Vandesompele et al. 2002).

Evaluation of the in vitro osteogenic and chondrogenic 
differentiation potential

mSG-SCs were induced with 3 different culture media 
(CCM vs StemMacs vs Stem-Pro) towards osteogenic, 
chondrogenic, and adipogenic phenotype to evaluate their 
differentiation capacity at p.2–3, p.6–7, and p.10–11. For 
osteogenic and chondrogenic differentiation, 300,000 cells 
were seeded in 6 well plates until reaching confluency, and 
the medium was changed (StemPro osteogenic and Stem-
Pro chondrogenic differentiation kits; Life Technologies).  
After 14 days of continuous culture, the RNA of the cells was  
isolated to perform qPCR as described in previous section, 
and the expression of different osteogenic markers (ALP, 
BMP-2, bone gamma-carboxyglutamate protein/osteoc-
alcin (BGLAP), and chondrogenic (ACAN, SOX-9)) was 
analyzed. Furthermore, mSG-SCs were evaluated for bone 
formation potential. Therefore, the wells were exposed to 
osteogenic medium for 21 days and further were evaluated 
by histochemical staining with 1% red of Alizarin (Alizarin 
Red S) followed by measurement of mineralized tissue by 
its dissolution coupled staining with cetyl pyridinium chlo-
ride (CPC), as already described previously (Andreadis et al. 
2014). The optical density (OD) was measured at 550 nm 
with an ELISA spectrophotometer (Epock; Biotek Instru-
ments, USA).

Statistics

All experiments were performed in 2–4 technical replicates 
and 3 biological replicates for each donor, except the qPCR 
assays that were performed as above, but using cells pooled 
from the 3 donors. Statistical analysis was held one-way 
analysis of variance (one-way or two-way ANOVA) with 
multiple comparisons between the different parameters such 
as 3 different types of cell culture media (CCM vs. Stem-
Macs vs. StemPro) and early vs middle vs late passages. 
Tukey’s post-hoc test was used for correlations with Prism 
6.0 software (GraphPad, CA, USA). The normal distribution 
was confirmed by the D’Agostino and Pearson tests. The 
data were expressed in mean values ​​with constant deviations 
(SD, standard deviation).

Results

Estimation of cell proliferation and morphological 
features of mSG‑SCs

Primary mSG-SCs from minor salivary glands were cul-
tured in the three different media (CCM, StemPro, Stem-
Macs), and their proliferation was evaluated in different 
passages from 1 to 10. A first key parameter evaluated 
is the population doubling time (PDT) of cell cultures. 
PDT was calculated by measuring the number of cells at 
the beginning and end of each passage. The time required 
from the initial phase of mSG-SCs culture after the enzy-
matic digestion step to p.1 was 8.9 (± 2.3), 9.3 (± 3.2), and  
9.1 (± 1.4) days for culture of mSG-SCs in CCM, Stem-
Macs, and StemPro, respectively. This suggests a simi-
lar growth potential of mSG-SCs at the initial stage. fA 
shows the PDT replication time (in days) of the mSG-SCs  
for each culture media from p.2 to p.10. In Fig.  1a, 
the cell proliferation rate of mSG-SCs after subsequent 
cultures (p.2–p.10) in all three different culture media  
is summarized.

PDT in days is the mean for mSG-SCs (n = 3 donors/
culture medium), in experiments repeated three times (two 
technical replicates). According to Fig. 1a, PDT is similar 
and remains stable with a slight increase in proliferation rate 
of mSG-SCs and with small differences between all three-
culture media until p.6. However, from p.7 onwards, Stem-
Pro had a statistically significantly lower PDT compared 
to CCM (p < 0.01), whereas from p.9 onwards, StemMacs 
had a statistically significantly greater PDT compared to 
CCM (p < 0.01). This observation indicates that the mSG-
SCs in StemMacs retain their proliferation capacity even 
after many subcultures compared to CCM; in contrast to 
StemPro, a significant downregulation of the cell prolifera-
tion rate indicates the possible loss of the stemness and the 
onset of cellular aging. Figure 1b depicts the total number 
of PDs of mSG-SCs cultures for each of the three-culture 
media from the beginning of the culture in p.0 up to p.10. 
As for the total number of PDs in mSG-SCs, this increases 
as the subculturing is ongoing, with no statistically signifi-
cant differences between all three-culture media up to p.7. 
Statistically significant differences (p < 0.05) were observed 
in p.8, p.9, and p.10 between StemMacs and StemPro, with 
the latter achieving a greater number of replication dou-
blings. Overall, the total number of PDs after ten subcul-
tures (passages) was 33.9 (± 2.4) for CCM, 32.7 (± 1.9) for 
StemMacs, and 35.9 (± 1.2) for StemPro. After the com-
pletion of the first two subcultures (p.2), the total number 
of cells were approximately 15–20 million, and after three 
subcultures, 4–60 million (acceptable number for clinical  
applications).
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Fig. 1   Growth dynamics—PD time and cumulative PDs. a PDT rep-
lication time (in days) of the mSG-SCs for each culture medium from 
p.2 to p.10. PDT in days is the mean (± constant deviation, SD) for 
mSG-SCs (n = 3 donors/culture medium), in experiments repeated 
three times (in two repetitions for each). b Total number of duplica-
tions (PDs) (mean ± constant deviation, SD) for mSG-SCs (n = 3/ 
culture medium). Calculations based on proportion of the number 
of cells at the beginning and end of each re-culture in experiments 
repeated three times (in two technical copies for each). The statistical 
analysis correlation between the passages and the three-culture media 

was performed with two-way ANOVA and Tukey’s post-hoc test for 
the analysis of the means of the individual parameters. An asterisk 
indicates the statistically significant increase of PDT in the successive  
passages of each culture medium (*p < 0.05, **p < 0.01). c The two 
distinct cell populations: an ovoid-epithelial type cells (blue circle) 
and the mesenchymal type elongated, spindle-shaped cells of vari-
ous sizes and with multiple cytoplasmic invasions (red circle). d–f'' 
microscope photographs show cell populations in CCM/StemMacs/
StemPro and more specifically in passages p.2, p.6, and p.10 with  
phase contrast microscope (scale: 100 μm)
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Morphological characteristics of cells in the cultures with 
all three different media are evaluated with a phase con-
trast microscope, as shown in Fig. 1c and Fig. 1(d–f''). It 
was observed that in p.0 in all three different media, there 
were two distinct cell populations, for example, on the one 
hand ovoid cells (blue circle) and on the other elongated, 
spindle-shaped cells of various sizes with multiple cytoplas-
mic invasions (red circle). Similar findings were observed 
previously (Andreadis et al. 2014). This observation was 
more pronounced with the CCM. Later, with further sub-
culturing (p.1–2), an additional reduction of the spheroi-
dal-ovoid cells was observed, and from p.3 onwards, it was 
evident in all three-culture media the presence of almost 
exclusively spindle-shaped cells (i.e., elimination of the epi-
thelial cells), which developed multiple cellular connections 
between them, giving the idea of a mesh image (especially 
in StemMacs).

Immunophenotypic characterization of mSG‑SCs 
by flow cytometry

The immunophenotype of mSG-SCs is studied in cultures 
with all three different culture media (CCM, StemMacs, 
StemPro) in early (p.2), middle (p.6), and late (p.10) passage 
for the expression of a range of stem cell membrane mark-
ers (CD90/Thy-1, CD73, CD146/MUC18, STRO-1, CD105, 
CD106, CD34, SSEA-4) and cytoplasmic epithelial cell mark-
ers (cytokeratins 7/8, 14, 18) by flow cytometry as shown in 
Figs. 2, 3, 4, 5, 6, and 7. The values ​​represent the mean of 
three different donors per culture media (3 biological repli-
cates). Regarding the mesenchymal markers (CD90/Thy-1, 
CD73 (Fig. 2a–r) the results have shown, for mSG-SCs, an 
overexpression in all passages (p.2, 6, 10) and all different 
culture media. The marker CD146/MUC18 (Fig. 3a–i) showed 
an overexpression in the early passage (p.2) of all three dif-
ferent culture media and then gradually showed a significant 
decrease in mSG-SCs cultures in CCM (p.6: 74.2%, p.10: 
24.3%), It has also been observed a moderate downregula-
tion in StemMacs (p.6: 89.5%, p.10: 68.7% of cells), while 
StemPro maintained high overexpression levels (p.6: 91.2%, 
p.10: 88.1% of cells). The marker STRO-1 (Fig. 3j–r) showed 
an upregulation initially for the CCM (p.2: 84.9% of cells) 
which later decreases (p.6: 51.9, p.10: 35.6%). For the StemPro 
medium, the expression is initially moderate (p.2: 56.2%) and 
then decreases (p.6: 35.1%, p.10: 31.3%). Finally, for Stem-
Macs, the expression of the marker is low in the beginning 
and then decreases even more (p.2: 22.3%, p.6: 15.7%, p.10: 
13.5%). The marker CD105 (Fig. 4a–i) was observed to have 
an overexpression at early passages (p.2) in all three-culture 
media (CCM: 94.9%, StemMacs: 84.1%, StemPro: 99.1% of 
cells). Later, it was observed a downregulation for StemMacs 
(p.6: 74.1%, p.10: 53.9%), whereas a downregulation for CCM 
was observed only at late passages (p.10: 89.9%), and finally, 

the expression levels for StemPro were maintained at a high 
level (p.6: 93.3%, p.10: 97.3%) throughout the experiment. For 
marker CD106 (Fig. 4j–r), a consistent overexpression was 
observed for CCM (p.2: 92.1%, p.6: 95.3, p10: 85.9%); for 
StemMacs, there is an increase in expression for all passages 
(p.2: 86.7%, p.6: 91.5%, p.10: 93.3%), while on the contrary, 
there was a moderate downregulation for StemPro (p.2: 44.8, 
p.6: 38.9%, p.10: 12.4%). For the marker CD34 (Fig. 5a–i), a 
moderate expression was observed for CCM (p.2: 46.0%, p.6: 
52.2%), with a notable decrease at a late passage (p.10: 7.8% of 
cells). For StemPro, a moderate expression was observed in all 
passages (p.2: 47.3%, p.6: 49.9%, p.10: 36.9%). For StemMacs, 
high expression in all passages was observed (p.2: 80.4%, p.6: 
76.8%, p.10: 75.5%). For the marker SSEA-4 (Fig. 5j–r), the 
results have shown at early passage an upregulation for CCM 
(p.2: 85.3%), StemPro (p.2: 65.8%), and StemMacs (p.2: 
70.9%). At later passages, it was observed that for StemPro, 
there was a maintenance of moderate expression (p.6: 55.3%, 
p.10: 47.3%), while a decrease on the expression for CCM (p 
0.6: 69.1%, p.10: 66.9% of cells) and StemMacs (p.6: 57.3%, 
p.10: 49.9% of cells) was noticed. As far as the epithelial phe-
notype marker K7/8 (Fig. 6a–i) present in glandular secre-
tory cells, the results have shown a moderate expression in 
all three-culture media in early passages (p.2: CCM: 58.5%, 
StemMacs: 63.7%, StemPro: 33.3%). However, a decrease was 
observed between, middle, and late passages for CCM (p.6: 
11.8%, p.10: 3.1%), for StemMacs (p.6: 45.9%, p.10: 15.9% 
of cells), and for StemPro (p.6: 30.2%, p.10: 9.7%). Regard-
ing the marker K14 (Fig. 6j–r), an overexpression profile was 
observed in the early and middle passages for all three-culture 
media, specifically CCM (p.2: 98.3%, p.6: 98.9%), Stem-
Macs (p.2: 96.9%, p.6: 98.5%), and StemPro (p.2: 90.2%, p.6: 
99.3%). However, during the late passage, a notable decrease 
was observed for all three different culture media, for example, 
CCM (p.10: 35.2% of cells), StemMacs (p.10–29.1% of cells), 
and StemPro (p.10: 36.9% of cells). Finally, regarding K18 
(Fig. 7a–i), high expression levels were observed, similarly to 
K14, specifically, in early and middle passages for all three dif-
ferent culture media including CCM (p.2: 84.9%, p.6: 71.6%), 
StemMacs (p.2: 93.4%, p.6: 88.1%), and StemPro (p.2: 90.2%, 
p.6: 99.3%). A notable decrease in the expression of K18 was 
observed in all three different culture media at a late passage 
(p.10), with relative increase in StemPro, which indicated that 
it retained its epithelial characteristics to some extent (CCM: 
8.9%, StemMacs: 12.3%, StemPro: 36.9%).

Investigation of cellular aging (senescence) 
and telomere length of mSGCs

These assays intended to examine whether the noticeable 
changes in immunophenotypic profiles, growth of cellular 
rate, and morphological characteristics were linked with 
cellular senescence indicative of unreliable proliferative 
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function. Cellular senescence was investigated by evaluat-
ing the expression of β-galactosidase (SA-β-gal) and the 
length of chromosomes telomeres. As shown in (Fig. 8a), 
SA-β-gal shows a statistically significant increase between 
early, middle, and late passages (p.2–3, p.6–7, p.10–11) in 
all three different culture media (p < 0.01). This increase 
was statistically significantly higher in all passages for 
StemMacs media compared to the other two culture media 
CCM and StemPro (p < 0.01). Overall, StemMacs has 

shown the greatest number of aging cells and where gradu-
ally increased during subculturing at later passages fol-
lowed by CCM and StemPro. These results coincide with 
the findings on cell proliferation (Fig. 1a) and the micro-
scope images (Fig. 1(d–f'') that demonstrated a reduced 
number of cells with subsequent subculturing over differ-
ent passages of mSG-SCs. Besides, the cellular senescence 
of mSG-SCs based on the length of chromosomes telom-
eres is investigated in all three different culture media, as 

Fig. 2   Flow cytometric analysis of a–i CD90/Thy-1 and j–r CD73 for each expansion medium at early, middle, and late passages. Values are 
mean (± SD) of three independent experiments of a single representative mSG-SCs
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shown in Fig. 8b–d. The length of telomeres was meas-
ured by terminal restriction fragment analysis (TRF), with 
southern blot, isolating the total genomic DNA from cells 
in early (p.2–3), middle (p.6–7), and later (p.10–11) pas-
sages (Fig. 8b). The analysis was obtained from the Telo-
Tool tool (Fig. 8c). In Fig. 8d, the mean TRF is plotted 

showing a potential reduction of the telomere length in 
mSG-SCs for CCM at late passages, while for StemMacs 
and StemPro, no apparent differences in the aging of cells 
are observed (only a small reduction of telomere length in 
the late passages). This demonstrates that the cells main-
tained their stemness after several subculturing passages.

Fig. 3   Flow cytometric analysis of a–i CD146/MUC18 and j–r STRO-1 for each expansion medium at early, middle, and late passages. Values 
are mean (± SD) of three independent experiments of a single representative mSG-SCs
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Investigation of protein expression

To complete the characterization of mSG-SCs cultured 
with CCM in p.2 and p.10 using different markers, as 
shown in Fig. 9a–c, a proteomic assay kit is used high-
lighting passages p.2 and p.10. The relative expression 
levels are presented with values ​​that have been normalized 
with the corresponding dots (Fig. 9a, b) of each mem-
brane converted to mean values (Fig. 9c). Based on the 

findings, it can be noted that the expression of several 
markers of pluripotency remained at high levels even after 
several passages (Fig. 9c). Among these markers, Oct-3/4, 
HNF-3β/FoxA2, and SOX17 showed no change up to p.10, 
while Nanog (p < 0.01) and Goosecoid (GSC) (p < 0.01) 
demonstrated high expression in p.2 with a decrease in 
p.10. Also, the expression of transcription factors such as 
SOX2 (p < 0.01), GATA-4, PDX-1/IPF1 (p < 0.01), Otx2, 
VEGF R2/KDR/Flk-1, HCG (p < 0.05), and α-Fetoprotein 

Fig. 4   Flow cytometric analysis of a–i CD105 and j–r CD106 for each expansion medium at early, middle, and late passages. Values are mean 
(± SD) of three independent experiments of a single representative mSG-SCs
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(AFP) was notable in stem cells. In addition, there was an 
elevated expression of E-cadherin (a cell adhesion mole-
cule exclusive for epithelial cells) in mSG-SCs of p.2 with 
significant decrease in p.10 (p < 0.01). On the other hand, 
Snail which suppresses E-cadherin and is a marker of stem 
cells was overexpressed from at p.2 to p.10, (p < 0.01). 
Finally, oncoprotein p63/TP73L/TP63 (p < 0.01) was 
downregulated indicating a decrease in the proliferative 
potential of the mSG-SCs during passaging.

Expression of lineage‑specific markers

The results for the potential for osteogenic, chondrogenic, 
and adipogenic differentiation vary significantly among 
three different culture media (CCM, StemMacs, and Stem-
Pro), as shown in Fig. 10a–f. Specifically, the osteogenic 
marker BMP-2 (Fig. 10a) was expressed at particularly 
low levels in mSGSCs cultured with CCM at p.2 and p.6, 
with a slight increase to p.10 (p < 0.05). For StemPro, the 

Fig. 5   Flow cytometric analysis of a–i CD34 and j–r SSEA-4 for each expansion medium at early, middle, and late passages. Values are mean 
(± SD) of three independent experiments of a single representative mSG-SCs



332	 Cell and Tissue Research (2023) 393:321–342

1 3

expression of BMP-2 showed a statistically significant 
increase already from p.6 (p < 0.01), while in StemMacs, 
the baseline of BMP-2 was already increased compared to 
the other two culture media in p.2 (p < 0.01) and showed a 
further statistically significant increase up to p.10 (p < 0.01). 

In Fig. 10b, the ALP was gradually increased in all passages 
(p.2, p.6, p.10) for all three different culture media (p < 0.05 
for CCM and p < 0.01 for StemMacs and StemPro). For 
StemPro, it was observed a statistically significant difference 
in expression compared to CCM at p.6 (p < 0.05) and p.10 

Fig. 6   Flow cytometric analysis of a–i cytokeratins 7/8 and j–r cytokeratin 14 for each expansion medium at early, middle, and late passages. 
Values are mean (± SD) of three independent experiments of a single representative mSG-SCs
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(p < 0.01). Similarly, for StemMacs, ALP expression dem-
onstrated moderate expression values ​​between CCM (lower) 
and StemPro (higher). Especially in p.10, ALP expression 
was statistically higher compared to CCM (p < 0.01). For 
ACAN (Fig. 10c), it was not detectable in all passages (p.2, 
p.6, p.10) for StemMacs and StemPro, while there was a pos-
itive expression at p.2 and p.6 with a significant decrease at 
p.10 (p < 0.01) for CCM. For the marker SOX-9 (Fig. 10d), 
it was observed for StemPro (p.2) a statistically significant 
upregulation in the expression compared to StemMacs 
(p < 0.01) and higher in relation to CCM (p < 0.05). At p.6, 
SOX-9 demonstrated an increase in the expression for Stem-
Macs compared to p.2 and even statistically higher compared 
to CCM (p < 0.05) and StemPro. Finally at p.10, there was 
an overexpression of SOX-9 for StemPro compared to CCM/
StemMacs (p < 0.05).

LPL expression was observed only at the early passages 
(Fig. 10e) (p.2) for all three different types of media. There 
was an apparent upregulation for CCM compared to Stem-
Macs (p < 0.05) and StemPro (p < 0.01). In addition, there 
was a statistically significant increase in LPL expression 
for StemMacs compared to StemPro (p < 0.01). Ultimately, 
the transcription factor PPAR-γ2 (Fig. 10f) was upregulated 
in all passages (p.2, p.6, p.10) of all three different culture 
media, but an apparent increase was noted for StemPro and 
StemMacs. Specifically at p.6, the PPAR-γ2 expression 
was greater for StemMacs compared to CCM (p < 0.01) 
and StemPro (p < 0.05). Finally, at p.10, the expression of 

PPAR-γ2 for StemMacs was statistically higher compared to 
CCM (p < 0.05, and even greater for StemPro.

Osteogenic and chondrogenic differentiation 
potential

These assays intended to elucidate if there were consider-
able variations in gene expression patterns through extended 
growth, as well as indicate changes of the differentiation 
potential of mSG-SCs at early, middle, and late passages. 
The evaluation of the differentiation potential towards osteo-
genic and chondrogenic phenotype is crucial for the determi-
nation of “stemness” of the cultured cell populations under 
variable microenvironmental conditions. Several osteogenic 
and chondrogenic markers are evaluated in mSG-SCs cul-
tures (all three different type of media) at different passages 
(p.2, p.6, and p.10) in a time response experiment (0, 7, and 
14 days), as shown in Fig. 11a–g for osteogenic and Fig. 12a, 
b for chondrogenic, respectively. For osteogenic differentia-
tion, the following markers ALP, BMP-2, and BGLAP were 
investigated. In Fig. 11a, CCM demonstrates an upregulation 
in expression for ALP from day 0 to day 14 in all passages 
(p < 0.01 for p.2 and p.6 and p < 0.05 for p.10 with maximum 
expression on day 7 for the latter). For StemMacs, no change 
in baseline expression was observed at all passages. Also, for 
StemPro, there was a statistically significant increase in ALP 
expression (p < 0.01 for all passages) at day 7. In Fig. 11b, 
CCM demonstrates a slight increase in expression for BMP-2 

Fig. 7   Flow cytometric analysis of a–i cytokeratin 18 for each expansion medium at early, middle, and late passages. Values are mean (± SD) of 
three independent experiments of a single representative mSG-SCs
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Fig. 8   Study of cellular aging and telomere length of mSGCs. a 
Effect of three different culture media (CCM, StemMacs and Stem-
Pro) in mSG-SCs on the expression of β-galactosidase (SA-β-gal). 
The values ​​displayed are the averages (± constant deviations, SD) in 
mSG-SCs cultures (n = 3 cultures/culture medium, with repeat the 
biological experiments three times with two technical samples each). 
Asterisks indicate statistically significant differences (*p < 0.05; 
**p < 0.01) between the initial means and the later passages for each 
culture medium. The evaluation of the expression of β-galactosidase 
SA-β-gal showed a statistically significant increase between early, 
middle, and late passages (p.2–3, p.6–7, p.10–11) in all three differ-
ent culture media but statistically significantly higher in all passages 
for StemMacs media (p < 0.01). b A representative southern blot from 
cells isolated from one donor and cultured in the three different cul-

ture media. The second line during the electro-display depicts a con-
trol DNA (control DNA) to confirm the correct hybridization and 
southern blot. Lines 1 and 12 are molecular weight indices (kbp). c 
The result of the analysis as obtained from the TeloTool tool. d Bar 
graphs which show the average TRF value (± constant deviation, SD) 
for each medium/passage. In summary, the length of telomeres was 
measured by terminal restriction fragment analysis (TRF) with south-
ern blot, isolating the total genomic DNA isolated from cells in early 
(p.2–3), middle (p.6–7), and later (p.10–11) passages (Fig.  8b), and 
the analysis was obtained from the TeloTool tool (Fig. 8c). In Fig. 8d, 
the mean TRF is plotted showing a potential reduction of the tel-
omere length in mSG-SCs for CCM at late passages, while for Stem-
Macs and StemPro had no apparent difference in the aging of cells
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between day 0 to 7th and 14th at passage 2. In p.6 the low 
expression level on day 0 and day 7 was followed by a statis-
tically significant increase at day 14 (p < 0.05). Finally, for 
p.10, there was no statistically significant changes between 
days 0, 7, and 14. For StemMacs, p.2 and p.6 demonstrated 
similar expression pattern for BMP-2 at days 0, 7, and 14. 
Similar pattern was observed in p.10 with statistically sig-
nificant decrease at day 0 to days 7 and 14 (p < 0.05). For 
StemPro, in p.2, there was increase in the expression at 
day 0 to day 7, and then, there was a statistically signifi-
cant decrease up to day 14 (p < 0.01). In p6 and p.10, there 
was a statistically significant increase in the expression of 
BMP-2 between day 0 to 7 and 14 (p < 0.01). In Fig. 11c, 
CCM reveals a stable expression for BGLAP between days 
0, 7, and 14 in p.2. However, in p.6, there was a statistically 

significant increase at day 14 (p < 0.01). Finally in p.10, there 
was a non-significant increase at day 7 and later a decrease 
at day 14. For StemMacs, there was no significant expres-
sion for BGLAP in all passages. For StemPro, there was a 
notable increase in BGLAP expression at days 7 and 14 for 
all three passages (p.2, p.6, p.10) (p < 0.01). To further evalu-
ate the osteogenic differentiation, Alzarin staining (AR-S-
based assay) is used as shown in Fig. 11d–g. Specifically, 
an in vitro calcification (biomineralization) was observed in 
all three types of media and in all passages (p.3, p.7, and 
p.11). There is an apparent increase in the biomineralization  
for CCM compared to StemPro and StemMacs as shown 
in Fig. 11d–f''. Quantification of the Alzarin red staining 
is performed as shown in Fig. 11g. It showed a statisti-
cally significant in vitro biomineralization of StemPro and  

Fig. 9   Proteomic analysis using proteomic assay kit which evalu-
ates the expression of several stem cell markers, transcription fac-
tors, and epithelial markers for mSG-SCs cells cultured in CCM in 
early (p.2) and late (p.10) passages. a and b Expression levels are dis-
played with the corresponding positive dots on membranes. c Graph 
with mean values that have been normalized with the spots of each 
membrane converted to average values. The expression of several 
markers of pluripotency remained at high levels even after several 
passages (Fig. 9c). Oct-3/4, HNF-3β/FoxA2, and SOX17 showed no 
change in expression up to p.10, while Nanog (p < 0.01) and Goose-

coid (GSC) (p < 0.01) demonstrated high expression in p.2 with a 
decrease in p.10. Also, transcription factors such as SOX2 (p < 0.01), 
GATA-4, PDX-1/IPF1 (p < 0.01), Otx2, VEGF R2/KDR/Flk-1, HCG 
(p < 0.05), and α-Fetoprotein (AFP) expressed in stem cells. In addi-
tion, E-cadherin (p < 0.01), an exclusive epithelial cell marker, was 
overexpressed in p.2 and was decreased in p.10. In contrast Snail 
(p < 0.01), a stem cell marker which also suppresses E-cadherin was 
increased from p.2 to p.10. Oncoprotein p63/TP73L/TP63 (p < 0.01) 
was downregulated indicating a decrease in the proliferative potential 
of the mSG-SCs during passaging
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StemMacs compared to CCM (StemPro > CCM, p < 0.01, 
and StemMacs > CCM, p < 0.01) at early passages. In p.6, 
there was an increase in in vitro biomineralization for CCM 
and in contrast a decrease for StemPro and StemMacs. 
Finally, in p.10, there was a decrease of the in vitro biomin-
eralization for StemMacs, whereas for CCM, there was no 
apparent difference. Also, there was a statistically significant 
increase for CMM (p < 0.01) and StemPro (p < 0.01) com-
pared to StemMacs. As far as chondrogenic differentiation 
is concern, several markers were evaluated such as ACAN 
and SOX-9. In Fig. 12a, for CCM, there is a relatively low 
expression for ACAN in p.2, p.6, and p.10 characterized for 
a gradual increase between days 0–7–14. Also, there was 
a statistically significant increase between passages (p.2, 
p < 0.01, p.6, p < 0.05, p.10, p < 0.01). For StemMacs, there 
was a statistically significant increase in the expression in 
p.2 at day 7 and day 14 compared to day 0 (p < 0.01). Simi-
larly in p.6 there was a gradual increase at day 7 and day 14  
compared to day 0 (p < 0.01). Finally, in p.10, there was no 
statistically significant expression between days 7 and 14 

compared to day 0, indicating the inability of mSGCs to  
differentiate towards a chondrogenic phenotype after several 
subculturing. For StemPro, there was an apparent expres-
sion of ACAN in all passages. Specifically, in p.2, there 
was a gradual significant increase between days 0 and 7 and 
day 14 (p < 0.01). In p.6, there was a statistically significant 
increase between day 0 and day 7 (p < 0.01) and then a slight 
decrease at day 14. Finally, in p.10, there was a significant 
increase in ACAN expression at day 7 and then a decrease 
at day 14 (p < 0.01). In Fig. 12b, for CCM, there is a statisti-
cally significant increase in the SOX-9 expression at day 7 
and even higher at day 14 (p < 0.01) in p.2. However, in p.6, 
there was an increase in expression at day 7 followed by a 
stabilization in the expression at day 14 (p < 0.05). Finally, 
in p.10, there was a non-statistically significant increase 
between days 0 and 7 and day 14. For StemMacs, there was 
a non-statistically significant increase in the expression in 
all passages (p.2, p.6, and p.10) and at all days (0, 7, and 14). 
For StemPro, there was a statistically significant increase in  
the expression in p.2 at day 7 followed by a decrease at day 

Fig. 10   a–f Evaluation by real-time PCR of expression of markers 
for osteogenic (ALP, BMP-2), chondrogenic (SOX-9, ACAN), and 
adipogenic (PPAR-γ2, LPL) differentiation in mSG-SCs after several 
subculturing in three different media (CCM, StemMacs, and Stem-
Pro). Mean values ​​are recorded (± constant deviations, SD) (n = 3/
culture medium, repeating biological experiments three times with 

two technical samples each). Asterisks indicate the statistically sig-
nificant differences (*p < 0.05; **p < 0.01) between the individual 
culture media in each passage, while small a indicates the differences 
from the original expression (p.2) in each medium (i.e., at p.6 and 
p.10 relative to p.2)
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14 compared to day 0 (p < 0.01). In p.6, there was a statis-
tically significant increase between days 0 and 7 and day  
14 (p < 0.01). Finally, in p.10, there was a non-statistically 
significant increase in the expression at day 7.

Discussion

The salivary glands’ pathology leads to a negative outcome 
in patients’ QoL, which makes the need for rehabilitation 
crucial (Schwarz and Rotter 2012; Vissink et al. 2003; FOX 
1998). Stem cells have been isolated and characterized 
immunophenotypically from major and oral mucosal minor 
salivary glands in human and animals with or without prior 
induction of various agents. However, especially for the 
minor salivary glands, the information is very limited and 
contradictory (Weng et al. 2019; van Luijk et al. 2015; Aure 
et al. 2015; Mitroulia et al. 2019; Lu et al. 2015). Stem cell 
culture systems have been developed in two-dimensional and 
three-dimensional cultures, and advances in the field of tis-
sue engineering of salivary glands enable the development of 
new methods to regenerate the damaged gland (Zhang et al. 
2017; May et al. 2018; Okumura et al. 2003). Salivary glands 
stem cells include all the general characteristics of stem cells 
(stemness), for example, the high proliferative rate and the 
ability of self-renewal, colony-forming units (CFUs), and the 
potency for trilineage differentiation (chondrogenic, adipo-
genic, and osteogenic) (Kishi et al. 2006; Gorjup et al. 2009).

The isolation of minor salivary gland stem cells from 
the lips is a source of stem cells easily accessible and safe 
as these glands are mainly distributed superficially in the 
mucosal side of the lips. It is a minimally invasive technique 
causing no trauma. It is important to mention that there are 
two basic approaches regarding the microscopic location of 
salivary gland stem cells. First, stem cells (of epithelial ori-
gin) may be found throughout the acinar and ductal epithe-
lium (basal cells) or found at the epithelial lining of a specific 
type of ducts named intercalated ducts (Kagami et al. 2008). 
Secondly, the mesenchymal stem cells (MSCs) are in the 
surrounding-supportive connective tissue of the salivary epi-
thelial structures (acini-ducts) (Coppes and Stokman 2011). 
Several research studies have been designed for the clinical 
application of stem cells and their products in the effort for 
tissue regeneration of salivary glands (Emmerson and Knox 
2018). In this context, an important parameter to be explored 
is the type of culture medium used, as this directly affects the 
biological characteristics of the isolated populations. From 
the literature review, it appears that the present research is 
the first, on comparative isolation and long-term stem cell 
proliferation of salivary glands, with extensive characteriza-
tion and analysis with the use of three different culture media: 
specifically, two of them were prepared under cGMP condi-
tions compared to a more conventional culture medium based 

on fetal bovine serum. As mentioned previously, the main 
point of these studies is to investigate how a culture medium 
with no FBS supplemented could meet the requirements for 
cGMP culture (in time, quality, and quantity). These cGMP 
requirements are: these cultures to produce large yields of 
cells that are able to survive, to maintain their stem cell char-
acteristics, and of course to be safe for clinical application 
(Bakopoulou et al. 2017). The necessity to conduct the study 
was related to the investigation of different tissue culture con-
ditions that may affect the characteristic properties of stem 
cells such as proliferation ratio, aging, immunophenotype, 
and differentiation capacity. One solution proposed for the 
culture of stem cells under cGMP conditions is the use of a 
medium containing serum of human origin (autologous or 
not). However, difficulties associated with the high heteroge-
neity of autologous human serum and the limited commercial 
availability of human heterologous serum pose significant 
limitations in their use for long-term cell cultures (Yu et al. 
2010; Kim et al. 2012; Ferro et al. 2012; Fekete et al. 2012). 
Also, various supplements and changes to currently used cul-
ture media have given vague results (Sotiropoulou et al. 2006; 
Gharibi and Hughes 2012; Kumar et al. 2010).

Previous studies are in agreement with our results (Kwak 
et al. 2018), where mSGCs in culture expressed all the stem 
cell characteristics (embryonic markers Nanog, Oct3/4, SSEA 
etc.) and mixed immunophenotype between mesenchymal 
type (expression of CD90/Thy-1, CD73, CD146-1, CD105, 
CD106, CD34) and glandular epithelial origin (keratin expres-
sion, E-cadherin). Furthermore, an initially morphologically 
heterogeneous population consisting of ovoid-spheroidal (epi-
thelial-phenotype) together with elongated, spindle-shaped  
cells (mesenchymal phenotype) was observed. In the present 
study, this mixed cell population has a significant proliferation 
rate, which initially did not differ between the three-culture 
media investigated. However, during the time course, cellular 
morphological homogeneity appears with the mesenchymal 
phenotype dominating the cell culture. This rather homogene-
ous population combines mesenchymal and epithelial (mixed) 
immunophenotype, as shown by the expression of mesenchy-
mal markers, as well as keratin markers even after a prolonged 
period of culture. Keratin 14 is expressed in adult myoepithe-
lial cells, but in addition, according to Adhikari et al., CKs 
14 and 18 could also be found in acinar cells during acinar 
cell development (Adhikari et al. 2018). We detected keratin 
14 because Keratin-14+ (K14+) cells have gained increasing 
attention given that they are stem/progenitor cells that are 
actively involved in salivary gland development, homeosta-
sis maintenance, and regeneration following injury (Zhang 
et al. 2022). Furthermore, Kusama et al. mentioned that CK18 
was detected in the cytoplasm of acinar/ductal cells in normal 
human salivary glands (Kusama et al. 2000). In fact, we have 
already shown in our previous manuscript (Andreadis et al.  
2014) the presence of another member of Aquaporins (AQ1) 
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in the minor salivary gland stem cells. AQ1 normally  is 
expressed in terminal bud stage at the apicolateral membrane 
of acinar cells (de Paula et al. 2017). This mixed stem cell 

population seems to have the potential for differentiation into 
different cell lines. Interestingly, the proliferation rate in a 
late passage was reduced with StemMacs culture medium 
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compared to the other two media which indicated that Stem-
Macs might accelerate telomere lose. On the contrary, the 
cell population expansion in StemPro showed a remarkable 
increase in the proliferation rate with more prominent stem 
cell characteristics during prolong cultivation. This result was 
confirmed with increased immunophenotyping expression of 
these cells with the corresponding stem cell markers, which 
indicated maintenance of stemness under the specific cultiva-
tion process (Lin et al. 2011).

Specifically, it was found that cells cultured with Stem-
Pro medium showed higher expression in the long run for 
stem cell markers CD146, Stro-1, and CD105 while the 
markers CD106 and CD34 had higher expression in cell 
culture with StemMacs medium. The keratins evaluated in 
this study had a specific expression pattern. Specifically, 
Keratin CK7 showed high expression in stem cells in the 
three different culture media; however, during subculturing, 
there was a decrease in the expression of CK7 especially for  
CCM and less for StemPro and StemMacs. This mainte-
nance of keratin expression for StemPro and StemMacs 
was also present for CK14. This suggests an advantage of 
the cultured media especially StemPro for maintaining the 
stemness of a mixed population that has an immunophe-
notypic of both stem cell and epithelial origin during pro-
long cultivation. In addition, one of the major findings of 
this study was the confirmation of co-expressed markers 
of mesenchymal and epithelial origin. Using special pro-
teomics kit, the increased expression of E-cadherin in the 
salivary stem cells at an early passage (p.2) followed by a 
significant decrease at a later passage (p.10), in combina-
tion with simultaneous increase of Snail expression during 
the same passages (p.2–p.10), confirmed the morphology 
of the cell populations but also the profile expression of 
the keratins. This observation coincides with the fact that 
initially the stem cells of the salivary glands co-exist with 

an epithelial population of glandular cells that over time  
they are replaced by mesenchymal stem cells which even-
tually become the majority.

The increase in the oncoproteins p63/TP73L/TP63 indi-
cated the extensive transition of these cells to a mesenchymal 
stem cell population with strong proliferative potential. Fur-
ther study is needed in cell cultures with culture media with-
out FBS as in the proteomic technique that was used in this 
study; we were limited to culturing salivary gland stem cells 
in CCM as control. Criterion for the efficiency of a stem cell 
culture system after subculturing in prolonged incubation 
periods is the aging (cellular senescence). The evaluation 
of aging of stem cells is important since several morpho-
logical, metabolic changes occur. Furthermore, it is noticed 
secretion of inflammatory factors (senescence-associated 
secretory phenotype, SASP) with a negative impact on the 
possibility of their clinical application (Schulz et al. 2012). 
The finding of this unavoidable aging that was first evalu-
ated for salivary gland stem cells in the present study was 
less evident in StemPro based on the expression of SA-β-gal 
and more on StemMacs. Respectively, there is a tendency 
for progressive reduction of the telomere length in salivary 
gland stem cells cultured in CCM especially in late passages, 
while in the other culture media (StemMacs, StemPro) and 
especially in StemPro, there was no significant reduction 
in telomere length, which indicated the maintenance of 
their stem cell properties after prolonged culture. Telomere 
length is a primary indicator of MSC replicative (telomere-
associated) senescence (Wagner Wolfgang and Horn 2008) 
characterized by progressive loss of the telomeric TTA​GGG​ 
repeats (Campisi and d’Adda di Fagagna 2007). On the other 
hand, it has been supported that SA-β-gal-activity, although 
associated, is neither causative nor specific for senescence. 
Instead, it should be interpreted in combination with other 
biomarkers (Batsali et al. 2017) However, given the expres-
sion of β-galactosidase has been mostly associated with a 
non-proliferative state, the increased proportion of beta-gal-
positive cells in StemMacs, combined with the findings of 
the telomere length assay, provides robust evidence that this 
medium cannot maintain stemness of mSGCs and may be 
implicated in the disparate growth characteristics observed 
for different expansion systems. Besides, in line with the 
discrepancy of the beta-galactosidase and telomere length 
assay observed for the CCM medium, a previous study 
(Mason et al. 2013) showed no significant shortening (< 1 
kbp) in mean telomere length of aBMMSCs at early (p.1–4; 
PD < 25) and middle (p.5–8; PD < 50) passages, while at 
the same time significantly greater proportions of SA-β-gal-
positive cells became evident over time.

The present study also evaluated the differentiation capac-
ity of stem cells at different time points with all three-culture 
media, and it was found a tendency of stem cells to prefer 
an osteogenic differentiation in the presence of StemPro.

Fig. 11   a–c Real-time PCR analysis of the expression of osteogenic 
marker genes (ALP, BMP-2, BGLAP) after corresponding induction 
mSG-SCs from passages p.2 (early), p.6 (intermediate), and p.10 (late) 
grown in the three different media (CCM, StemMacs, and StemPro). 
Values ​​are mean (± SD) of three (n = 3) different experiments with 
two repetitions each. The asterisks above the horizontal double arrows 
indicate the statistically significant differences (*p < 0.05; **p < 0.01; 
ns = non-significant) in each passage for each culture medium (CCM, 
StemMacs, StemPro), during induction (osteogenic/coarse) for 7 and 
14  days (D0, D7, and D14). d–f'' Histochemical staining with aliza-
rin red in three different cultures in CCM, StemPro, and StemMacs. 
In initial (p.2), medium (p.6), and final (p.10) stage passage of the 
experiment. g Spectrophotometric evaluation of in  vitro bioremedia-
tion (measurement of bound alizarin) expressed as mean mmol aliza-
rin from three independent experiments with three replications each, 
in the culture of mSG-SCs developed in principle in one of the three 
different media, namely CCM, StemPro, and StemMacs and then in 
each passage (initial p.3, mean p.7, and final p.11) induction of dif-
ferentiation with a special culture medium for 21 days. The statistics 
comparisons between passages and culture media were made by analy-
sis two-way ANOVA and Tukey’s post-hoc tests

◂
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Conclusions

In this study, the properties and characteristics of mixed 
stem cell populations, resulting from minor salivary gland 
stem cells of the lower lip mucosa, have been extensively 
studied and characterized. After analysis of their immu-
nophenotype, it appeared that the proliferating cells are 
a mixed population that have stem cell characteristics 
(expression of embryonic and mesenchymal markers) and 
epithelial characteristics (expression of specific keratins 
and E-Cadherin) of glandular epithelium. In addition, 
the analysis of our results showed the strong potential of 
these cells for trilineage differentiation. This needs fur-
ther investigation because the potential of multilineage 
differentiation of mSGSCs to other glandular tissues, for 
example, pancreas, liver, kidneys, or thyroid among oth-
ers, could be of therapeutic value for tissue regeneration 

and clinical applications. In the second part of the study, 
the characteristics of mSGSCs, in terms of maintaining 
their stem cell properties (stemness), during prolonged 
incubation periods had been investigated, as it represents 
a critical aspect for regenerative medicine applications. 
These technical characteristics involved the isolation, pro-
liferation, and evaluation of aging (cellular senescence) 
with different culture media (StemPro and StemMac) to 
meet cGMP requirements towards a safe and effective 
future stem clinical application of mSGSCs according to 
international guidelines. Based on the results, it appeared 
that the isolated mSGSCs have a good proliferation rate 
in serum-free media (StemPro, StemMACS) compared to 
conventional serum medium (CCM) and maintained their 
stem cell properties (stemness) and their differentiation 
capacity after prolonged incubation periods (multiple 
subculturing) especially in the StemPro medium. Future 

Fig. 12   Real-time PCR analysis of the expression of chondrogenic dif-
ferentiation markers, including a ACAN and b SOX-9 after correspond-
ing induction mSG-SCs from passages p.2 (early), p.6 (intermediate),and 
p.10 (late) grown in the three different media (CCM, StemMacs and 
StemPro). Values ​​are mean (± SD) of three (n = 3) different experi-

ments with two repetitions each. The asterisks above the horizontal 
double arrows indicate the statistically significant differences (*p < 0.05; 
**p < 0.01; ns = non-significant) in each passage for each culture medium 
(CCM, StemMacs, StemPro), during induction (osteogenic/coarse) for 7 
and 14 days (D0, D7, and D14)
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approaches may include the investigation of the integration 
of additional factors in this type of culture media that may 
enhance media’s effectiveness substituting the absence of 
serum with a—in parallel—further investigation by means 
of pre-clinical studies with experimental animal models to 
recapitulate the in vivo analogue.

Author contribution  DA conceived the study, performed, and super-
vised experiments, analyzed, and interpreted the data and with IA 
drafted the manuscript. AB, EA, EG, JV, and WG participated in 
the experimental design, methodology establishment, and critically 
reviewed the manuscript. AK and AP analyzed and interpreted data 
and critically reviewed the manuscript. All authors read and approved 
the final manuscript. Ethics approval and consent to participate the 
study have been approved by the Ethics Committee of the Institutional 
Review Board of the School of Dentistry, Faculty of Health Sciences, 
Aristotle University of Thessaloniki (reference number 322/15–4-
2013), and all donors signed an informed consent according to the 
Helsinki Protocol.

Funding  Open access funding provided by HEAL-Link Greece. The 
research project was supported by the Hellenic Foundation for Research 
and Innovation (H.F.R.I.) under the “2nd Call for H.F.R.I. Research 
Projects to support Faculty Members & Researchers” (Project Num-
ber: 3549).

Availability of data and materials  The datasets supporting the results 
of this article are included within the article.

Declarations 

Ethics approval and consent to participate  The study has been 
approved by the Ethics Committee of the Institutional Review Board 
of the School of Dentistry, Faculty of Health Sciences, Aristotle Uni-
versity of Thessaloniki (reference number 322/15–4-2013), and all 
donors signed an informed consent according to the Helsinki Protocol.

Consent for publication  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adhikari N, Neupane S, Roh J et al (2018) Immunolocalization 
patterns of cytokeratins during salivary acinar cell develop-
ment in mice. J Mol Histol 49:1–15. https://​doi.​org/​10.​1007/​
s10735-​017-​9742-3

Andreadis D, Bakopoulou A, Leyhausen G et al (2014) Minor sal-
ivary glands of the lips: a novel, easily accessible source of 

potential stem/progenitor cells. Clin Oral Investig 18:847–856. 
https://​doi.​org/​10.​1007/​s00784-​013-​1056-6

Aure MH, Konieczny SF, Ovitt CE (2015) Salivary gland homeo-
stasis is maintained through acinar cell self-duplication. Dev 
Cell 33:231–237. https://​doi.​org/​10.​1016/j.​devcel.​2015.​02.​013

Bakopoulou A, Apatzidou D, Aggelidou E et al (2017) Isolation 
and prolonged expansion of oral mesenchymal stem cells under 
clinical-grade, GMP-compliant conditions differentially affects 
“stemness” properties. Stem Cell Res Ther 8. https://​doi.​org/​10.​
1186/​s13287-​017-​0705-0

Batsali AK, Pontikoglou C, Koutroulakis D et al (2017) Differen-
tial expression of cell cycle and WNT pathway-related genes 
accounts for differences in the growth and differentiation poten-
tial of Wharton’s jelly and bone marrow-derived mesenchymal 
stem cells. Stem Cell Res Ther 8:102. https://​doi.​org/​10.​1186/​
s13287-​017-​0555-9

Campisi J, d’Adda di Fagagna F (2007) Cellular senescence: when 
bad things happen to good cells. Nat Rev Mol Cell Biol 8:729–
740. https://​doi.​org/​10.​1038/​nrm22​33

Cha S (2017) Salivary gland development and regeneration: advances 
in research and clinical approaches to functional restoration. 
Springer International Publishing

Coppes RP, Stokman MA (2011) Stem cells and the repair of radia-
tion-induced salivary gland damage. Oral Dis 17:143–153

de Paula F, Teshima THN, Hsieh R et al (2017) The expression of water 
channel proteins during human salivary gland development: a top-
ographic study of aquaporins 1, 3 and 5. J Mol Histol 48:329–336. 
https://​doi.​org/​10.​1007/​s10735-​017-​9731-6

Emmerson E, Knox SM (2018) Salivary gland stem cells: a review 
of development, regeneration and cancer. Genesis 56

Fekete N, Rojewski MT, Fürst D et al (2012) GMP-compliant isola-
tion and large-scale expansion of bone marrow-derived MSC. 
PLoS One 7. https://​doi.​org/​10.​1371/​journ​al.​pone.​00432​55

Feng J, van der Zwaag M, Stokman MA et al (2009) Isolation and 
characterization of human salivary gland cells for stem cell trans-
plantation to reduce radiation-induced hyposalivation. Radiother 
Oncol 92:466–471. https://​doi.​org/​10.​1016/j.​radonc.​2009.​06.​023

Ferro F, Spelat R, Beltrami AP et al (2012) Isolation and characteri-
zation of human dental pulp derived stem cells by using media 
containing low human serum percentage as clinical grade sub-
stitutes for bovine serum. PLoS One 7. https://​doi.​org/​10.​1371/​
journ​al.​pone.​00489​45

FOX PC (1998) Acquired salivary dysfunction: drugs and radia-
tion. Ann N Y Acad Sci 842:132–137. https://​doi.​org/​10.​1111/j.​
1749-​6632.​1998.​tb096​41.x

Gharibi B, Hughes FJ (2012) Effects of medium supplements on 
proliferation, differentiation potential, and in vitro expansion 
of mesenchymal stem cells. Stem Cells Transl Med 1:771–782. 
https://​doi.​org/​10.​5966/​sctm.​2010-​0031

Göhring J, Fulcher N, Jacak J, Riha K (2014) Telotool: a new tool 
for telomere length measurement from terminal restriction frag-
ment analysis with improved probe intensity correction. Nucleic 
Acids Res 42. https://​doi.​org/​10.​1093/​nar/​gkt13​15

Gorjup E, Danner S, Rotter N et al (2009) Glandular tissue from 
human pancreas and salivary gland yields similar stem cell 
populations. Eur J Cell Biol 88:409–421. https://​doi.​org/​10.​
1016/j.​ejcb.​2009.​02.​187

Hamada A, Akagi E, Yamasaki S et al (2020) Induction of integration- 
free human-induced pluripotent stem cells under serum- and 
feeder-free conditions. In Vitro Cell Dev Biol Anim 56:85–95. 
https://​doi.​org/​10.​1007/​s11626-​019-​00412-w

Kagami H, Wang S, Hai B (2008) Restoring the function of salivary 
glands. Oral Dis 14:15–24

Karnieli O, Friedner OM, Allickson JG et al (2017) A consensus intro-
duction to serum replacements and serum-free media for cellular 
therapies. Cytotherapy 19:155–169

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10735-017-9742-3
https://doi.org/10.1007/s10735-017-9742-3
https://doi.org/10.1007/s00784-013-1056-6
https://doi.org/10.1016/j.devcel.2015.02.013
https://doi.org/10.1186/s13287-017-0705-0
https://doi.org/10.1186/s13287-017-0705-0
https://doi.org/10.1186/s13287-017-0555-9
https://doi.org/10.1186/s13287-017-0555-9
https://doi.org/10.1038/nrm2233
https://doi.org/10.1007/s10735-017-9731-6
https://doi.org/10.1371/journal.pone.0043255
https://doi.org/10.1016/j.radonc.2009.06.023
https://doi.org/10.1371/journal.pone.0048945
https://doi.org/10.1371/journal.pone.0048945
https://doi.org/10.1111/j.1749-6632.1998.tb09641.x
https://doi.org/10.1111/j.1749-6632.1998.tb09641.x
https://doi.org/10.5966/sctm.2010-0031
https://doi.org/10.1093/nar/gkt1315
https://doi.org/10.1016/j.ejcb.2009.02.187
https://doi.org/10.1016/j.ejcb.2009.02.187
https://doi.org/10.1007/s11626-019-00412-w


342	 Cell and Tissue Research (2023) 393:321–342

1 3

Kim MJ, Kim CW, Choi YS et al (2012) Age-related alterations in mes-
enchymal stem cells related to shift in differentiation from osteo-
genic to adipogenic potential: implication to age-associated bone 
diseases and defects. Mech Ageing Dev 133:215–225. https://​doi.​
org/​10.​1016/j.​mad.​2012.​03.​014

Kishi T, Takao T, Fujita K, Taniguchi H (2006) Clonal proliferation 
of multipotent stem/progenitor cells in the neonatal and adult 
salivary glands. Biochem Biophys Res Commun 340:544–552. 
https://​doi.​org/​10.​1016/j.​bbrc.​2005.​12.​031

Kumar A, Salimath BP, Stark GB, Finkenzeller G (2010) Platelet-
derived growth factor receptor signaling is not involved in osteo-
genic differentiation of human mesenchymal stem cells. Tissue 
Eng Part A 16:983–993. https://​doi.​org/​10.​1089/​ten.​tea.​2009.​0230

Kusama K, Jiang Y, Ohno J et al (2000) Immunohistochemical detec-
tion of cytokeratin 18 and its neo-epitope in human salivary 
glands and pleomorphic adenomas. Anticancer Res 20:2485–2487

Kwak M, Ninche N, Klein S et al (2018) c-Kit+ cells in adult salivary 
glands do not function as tissue stem cells. Sci Rep 8. https://​doi.​
org/​10.​1038/​s41598-​018-​32557-1

Lin CY, Chang FH, Chen CY et al (2011) Cell therapy for salivary 
gland regeneration. J Dent Res 90:341–346. https://​doi.​org/​10.​
1177/​00220​34510​386374

Liu S, de Castro LF, Jin P et al (2017) Manufacturing differences affect 
human bone marrow stromal cell characteristics and function: 
comparison of production methods and products from multiple 
centers. Sci Rep 7. https://​doi.​org/​10.​1038/​srep4​6731

Lombaert IMA, Brunsting JF, Weirenga PK et al (2008) Rescue of sali-
vary gland function after stem cell transplantation in irradiated 
glands. PLoS One 3. https://​doi.​org/​10.​1371/​journ​al.​pone.​00020​63

Lu L, Li Y, Du MJ et al (2015) Characterization of a self-renewing and 
multi-potent cell population isolated from human minor salivary 
glands. Sci Rep 5. https://​doi.​org/​10.​1038/​srep1​0106

Mason S, Tarle SA, Osibin W et al (2013) Standardization and safety 
of alveolar bone–derived stem cell isolation. J Dent Res 93:55–61. 
https://​doi.​org/​10.​1177/​00220​34513​510530

May AJ, Cruz-Pacheco N, Emmerson E et al (2018) Diverse progenitor 
cells preserve salivary gland ductal architecture after radiation-
induced damage. Development (Cambridge) 145. https://​doi.​org/​
10.​1242/​dev.​166363

Mitroulia A, Gavriiloglou M, Athanasiadou P et al (2019) Salivary 
gland stem cells and tissue regeneration: an update on possible 
therapeutic application. J Contemp Dent Pract 20:978–986

Okumura K, Nakamura K, Hisatomi Y et al (2003) Salivary gland 
progenitor cells induced by duct ligation differentiate into hepatic 
and pancreatic lineages. Hepatology 38:104–113. https://​doi.​org/​
10.​1053/​jhep.​2003.​50259

Rotter N, Oder J, Schlenke P et al (2008) Isolation and characterization 
of adult stem cells from human salivary glands. Stem Cells Dev 
17:509–518. https://​doi.​org/​10.​1089/​scd.​2007.​0180

Rotter N, Schwarz S, Jakob M et al (2010) Stammzellen aus Speichel-
drüsen. Neue Therapieoption für die postradiogene Xerostomie? 
HNO 58:556–563. https://​doi.​org/​10.​1007/​s00106-​010-​2111-0

Schellenberg A, Stiehl T, Horn P et al (2012) Population dynam-
ics of mesenchymal stromal cells during culture expansion. 

Cytotherapy 14:401–411. https://​doi.​org/​10.​3109/​14653​249.​
2011.​640669

Schulz TC, Young HY, Agulnick AD et al (2012) A scalable system 
for production of functional pancreatic progenitors from human 
embryonic stem cells. PLoS One 7. https://​doi.​org/​10.​1371/​ 
journ​al.​pone.​00370​04

Schwarz S, Rotter N (2012) Human salivary gland stem cells: isolation, 
propagation, and characterization. Methods Mol Biol 879:403–
442. https://​doi.​org/​10.​1007/​978-1-​61779-​815-3_​25

Shahdadfar A, Frønsdal K, Haug T et al (2005) In vitro expansion of 
human mesenchymal stem cells: choice of serum is a determinant 
of cell proliferation, differentiation, gene expression, and tran-
scriptome stability. Stem Cells 23:1357–1366. https://​doi.​org/​10.​
1634/​stemc​ells.​2005-​0094

Sotiropoulou PA, Perez SA, Salagianni M et al (2006) Characterization 
of the optimal culture conditions for clinical scale production of 
human mesenchymal stem cells. Stem Cells 24:462–471. https://​
doi.​org/​10.​1634/​stemc​ells.​2004-​0331

Tanaka J, Ogawa M, Hojo H et al (2018) Generation of orthotopically 
functional salivary gland from embryonic stem cells. Nat Com-
mun 9. https://​doi.​org/​10.​1038/​s41467-​018-​06469-7

van der Valk J, Bieback K, Buta C et al (2018) Fetal bovine serum 
(FBS): past - present - future. ALTEX 35:99–118. https://​doi.​org/​
10.​14573/​altex.​17051​01

van Luijk P, Pringle S, Deasy JO et al (2015) Sparing the region of the 
salivary gland containing stem cells preserves saliva production 
after radiotherapy for head and neck cancer. Sci Transl Med 7. 
https://​doi.​org/​10.​1126/​scitr​anslm​ed.​aac44​41

Vandesompele J, de Preter K, Pattyn F et al (2002) Accurate normaliza-
tion of real-time quantitative RT-PCR data by geometric averaging 
of multiple internal control genes. Genome Biol 3(research0034):1. 
https://​doi.​org/​10.​1186/​gb-​2002-3-​7-​resea​rch00​34

Vissink A, Burlage FR, Spijkervet FKL et al (2003) Prevention and 
treatment of the consequences of head and neck radiotherapy. Crit 
Rev Oral Biol Med 14:213–225

Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Saffrich R, Ho 
AD (2008) Replicative senescence of mesenchymal stem cells: a 
continuous and organized process. PLoS ONE 3:1–12. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00022​13

Weng PL, Aure MH, Ovitt CE (2019) Concise review: a critical evalu-
ation of criteria used to define salivary gland stem cells. Stem 
Cells 37:1144–1150

Yu J, He H, Tang C et al (2010) Differentiation potential of STRO-1 + 
dental pulp stem cells changes during cell passaging

Zhang C, Li Y, Zhang XY et al (2017) Therapeutic potential of human 
minor salivary gland epithelial progenitor cells in liver regenera-
tion. Sci Rep 7. https://​doi.​org/​10.​1038/​s41598-​017-​11880-z

Zhang X, Zhou J, Wang X et al (2022) IFT140+/K14+ cells function 
as stem/progenitor cells in salivary glands. Int J Oral Sci 14:49. 
https://​doi.​org/​10.​1038/​s41368-​022-​00200-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.mad.2012.03.014
https://doi.org/10.1016/j.mad.2012.03.014
https://doi.org/10.1016/j.bbrc.2005.12.031
https://doi.org/10.1089/ten.tea.2009.0230
https://doi.org/10.1038/s41598-018-32557-1
https://doi.org/10.1038/s41598-018-32557-1
https://doi.org/10.1177/0022034510386374
https://doi.org/10.1177/0022034510386374
https://doi.org/10.1038/srep46731
https://doi.org/10.1371/journal.pone.0002063
https://doi.org/10.1038/srep10106
https://doi.org/10.1177/0022034513510530
https://doi.org/10.1242/dev.166363
https://doi.org/10.1242/dev.166363
https://doi.org/10.1053/jhep.2003.50259
https://doi.org/10.1053/jhep.2003.50259
https://doi.org/10.1089/scd.2007.0180
https://doi.org/10.1007/s00106-010-2111-0
https://doi.org/10.3109/14653249.2011.640669
https://doi.org/10.3109/14653249.2011.640669
https://doi.org/10.1371/journal.pone.0037004
https://doi.org/10.1371/journal.pone.0037004
https://doi.org/10.1007/978-1-61779-815-3_25
https://doi.org/10.1634/stemcells.2005-0094
https://doi.org/10.1634/stemcells.2005-0094
https://doi.org/10.1634/stemcells.2004-0331
https://doi.org/10.1634/stemcells.2004-0331
https://doi.org/10.1038/s41467-018-06469-7
https://doi.org/10.14573/altex.1705101
https://doi.org/10.14573/altex.1705101
https://doi.org/10.1126/scitranslmed.aac4441
https://doi.org/10.1186/gb-2002-3-7-research0034
https://doi.org/10.1371/journal.pone.0002213
https://doi.org/10.1371/journal.pone.0002213
https://doi.org/10.1038/s41598-017-11880-z
https://doi.org/10.1038/s41368-022-00200-5

	Minor salivary gland stem cells: a comparative study of the biological properties under clinical-grade culture conditions
	Abstract
	Introduction
	Material and methods
	Isolation of human minor salivary glands biopsies
	Establishment of minor salivary gland stem cell culture (mSG-SC)
	Immunophenotypic characterization of mSG-SCs with flow cytometry
	Evaluation of morphological characteristics and cell proliferation
	Assessment of mSG-SC senescence
	Senescence-related β-galactosidase assay
	Evaluation of mSG-SC telomere length measurement
	Evaluation of proteomic progenitor stem cell marker expression
	Assessment of mRNA expression of osteogenic, adipogenic, and chondrogenic markers
	Evaluation of the in vitro osteogenic and chondrogenic differentiation potential

	Statistics

	Results
	Estimation of cell proliferation and morphological features of mSG-SCs
	Immunophenotypic characterization of mSG-SCs by flow cytometry
	Investigation of cellular aging (senescence) and telomere length of mSGCs
	Investigation of protein expression
	Expression of lineage-specific markers
	Osteogenic and chondrogenic differentiation potential

	Discussion
	Conclusions
	References


