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Aging refers to the declining function of most living organisms accompanied by 
the advancing loss of physiological integrity. All subjects age, however, there 
are external and environmental factors that can affect this process with different 
consequences for the individual. External factors such as, lifestyle and exposure 
to UV light and radiation also alter internal factors. These internal elements are 
characterized by several intracellular and extracellular regulated mechanisms 
causing aging, including genomic damage, telomere erosion, altered epigenetic 
modulation, mitochondrial malfunction, proteostasis impairment, nutrient signaling 
dysregulation, stem cell pool exhaustion, intercellular misinformation and cellular 
senescence1. Cellular senescence is defined as a permanent state of cell cycle ar-
rest driven by pro-aging stressors2. It is the process by which a cell ages and per-
manently stops dividing but does not result in apoptosis. Senescent cells develop 
a complex secretory profile known as senescence-associated secretory phenotype 
(SASP) that may cause inflammation and damage to nearby healthy cells3–5 .

Cellular senescence acts as a central hallmark of aging. Cellular senescence is 
primarily driven by some of the same mechanisms inducing aging, and consequen-
tially causes or interacts with other aging hallmarks6. Senescence can negatively 
influence stem cell proliferation and self-renewal, which lead to stem cell pool ex-
haustion7–9. Due to this imbalance in cell proliferative kinetics, an organ may not be 
able to maintain its function. Thus, in aging tissues, senescence-induced stem cell 
dysfunction may result in a disturbed homeostasis and regeneration process10,11. 
In addition, senescence alters intracellular communication through the induction 
of inflammatory responses12. Moreover, the aging process is accompanied by pro-
gressive degeneration of lymphoid tissue and deficiency of immune system13. All 
these factors strongly affect how cells communicate and allow or inhibit homeosta-
sis and regeneration. 

Aging and senescence of salivary glands

Aging affects the whole body including the salivary glands. Salivary glands are 
important for maintaining oral health. The saliva secreted facilitates speech, taste, 
mastication, swallowing, digestion and many other processes involved in oral 
health14. When salivary glands are no longer able to secrete a sufficient volume or 
quality of saliva, many clinical problems arise, e.g. the patients complain of a dry 
mouth (xerostomia), have difficulties with speech, masticating and swallowing, and 
become increasingly susceptible to dental caries and oral infections. As a result, 
the patients’ daily activities and quality of life deteriorate15. 
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Reduced salivary secretion (hyposalivation) is a common phenomenon, also in 
youngsters, but particularly in the elderly population16,17. Well-known etiologies in-
clude: side effects of medication, autoimmune disease Sjögren’s syndrome, dam-
age induced as a side-effect of radiotherapy for head and neck cancer, and ag-
ing18–20. In the salivary glands, aging is reflected by atrophy of acini21, an increase 
in fat and connective tissue22,23, and inflammatory cell infiltration24.

An age-related reduction in saliva flow, particularly of the mucous secretions,17,25 
and alterations in saliva composition (increased viscosity)18,24 are possibly the 
refection of a decline in salivary gland function of synthesis, transport and secre-
tion. Indeed, the synthesis of some proteins in salivary glands has been shown 
to be changed with aging. For instance, the transcriptomic and glycan profiles of 
mucins are altered, of which some increase and other decrease in aged salivary 
glands compared with young ones26,27. Since mucins contribute to the viscosity of 
saliva and line the surfaces of teeth and mucosa to selectively promote the bac-
terial adhesion, the aging-induced changes of mucin may affect saliva properties 
and capacity of binding microorganisms28,29. Furthermore, the expression of amy-
lase, which is a functional marker of the secretory acini, decreases with age30–32. 
In terms of ion and protein transportation, the activity of membrane proteins Na+/
K+-ATPase and Ca2+-ATPase and expression of transporter sialin in salivary glands 
decline in an age-dependent manner too, which causes an alteration in volume 
and composition of the saliva secreted33–35. Saliva secretion is controlled by the 
sympathetic and parasympathetic nervous system36. Aging induces changes in 
neuronal innervation, the levels of nerve growth factor, neurotransmitter acetyl-
choline (ACh) and catalysator choline acetyltransferase (ChAT) decline and, as a 
result, this may lead also to salivary gland degeneration33,37,38.

Aging-induced acinar cell loss also occurs because of a declined cell prolifera-
tion and incremental apoptosis39. Salivary gland stem/progenitor cells (SGSCs) 
regenerate the parenchyma of the salivary glands during homeostasis or upon 
damage to maintain salivary gland function40,41, but how stem cells function in 
salivary glands during aging is still largely unknown. A population of SGSCs is 
presumed to reside in the ductal compartments42–44 in which cellular senescence 
is observed in aging subjects45. Cellular senescence may induce cell cycle arrest, 
which affects SGSC proliferation and self-renewal potential45. Takamatsu et al. re-
ported that aging decreased both the number and proliferative activity of salivary 
CD133+ cells46. The result is consistent with our finding that cells isolated from 
aged salivary glands are lower in number and less able to form organoids than the 
ones from young glands47. However, when taken out of the aged environment and 
supplemented with appropriate extrinsic factors, the organoid forming capacity of 
remaining SGSCs was found to be as good as that of the young counterparts47. 



Chapter 1

12

The number of organoids cultured from dissected salivary gland tissue can thus 
serve as a readout of the number of stem/progenitor cells in the tissue because 
organoids express stem cell markers and are capable of self-renewing and differ-
entiating in vitro48,49. Therefore, it is hypothesized that the aged micro-environment 
of the SGSC may be unfavorable for homeostasis and regeneration.

Some studies have dug into the possible mechanisms of stem cell dysfunction in 
aged salivary glands. Stem cells undergo age-related changes which may be reg-
ulated by a variety of factors such as DNA damage, alterations of epigenetics and 
signaling pathways50,51. When comparing the gene profiling of SGSCs between 
young and old subjects, the differentially expressed genes are correlated with the 
signaling pathway involved in the methylation of histones and the signaling cas-
cade of YAP-TAZ46. Accordingly, dysregulation of Bmi-p16Ink4a pathway is detected 
in aged salivary glands52. This was attributed to aging-induced changes in histone 
methylation, including the reduction of H3K27me3 and the increase of H3K4me3 
around the p16Ink4a promoter region52. These aging-induced epigenetic modifica-
tions result in the elevation of p16Ink4a level due to inactivity of Bmi-1 binding to the 
p16Ink4a locus. High level of p16Ink4a blocks proliferation and differentiation potential 
of SGSCs, and as a consequence, the function of salivary glands might be im-
paired with age52. In addition, RhoA/ROCK-YAP/TAZ axis might also be involved 
in stem cell aging. ROCK inhibition successfully delays senescence of SGSCs 
and promotes cell population with an increase of stem cell marker c-kit as well as 
decreased levels of cell cycle arrest markers p16Ink4a and p2146,53 . The epigenetic 
modification and dysregulation of YAP-TAZ signaling, which is involved in stem-
ness and regeneration of the salivary gland54, are possible mechanisms involved 
in stem cell related senescence in aged salivary glands.

Radiation-induced senescence in salivary glands

Irreversible hyposalivation and/or xerostomia are side effects present in 40% of 
head and neck cancer patients treated with radiotherapy due to co-irradiation of 
the healthy salivary glands55. The patho-histological changes are comparable to 
the ones observed during normal aging, but are very much accelerated and con-
sist of: loss of acini, fibrosis, infiltration of inflammatory cells, reduced micro-vas-
cularization and innervation impairment56–59. 

Persistent salivary gland hypofunction induced by radiation is associated with a 
lack of viable SGSCs able to maintain glandular homeostasis41,44,48. Next to the di-
rect loss of stem cells due to radiation-induced cell death, another mechanism may 
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be due to modulatory effects of radiation effects on the SGSC microenvironment. 
The microenvironment consists of extracellular matrix and multiple cells types, like 
mesenchymal cells, fibroblasts, immune cells and endothelial cells. Next to this, 
signaling factors such as receptor ligands and adhesion molecules on the surface 
of cells in the niche are involved in the maintenance of the stem cell state. Stem 
cells reside in and communicate with their microenvironment through cell-cell in-
teraction or secreted factors. Any changes in the microenvironment can profoundly 
affect stem cell mobility, regulate stem cell fate and disrupt tissue homeostasis60. 
In terms of radiation responses, DNA damage leads to a series of early respons-
es, including a pro-inflammatory microenvironment and immunity activation61. As 
a result, tissue components such as acinar cells and stem/progenitor cells are im-
paired44,56. In the late phase after radiation, a hypoxic and senescent state results 
in chronic inflammation and excessive collagen deposition62. These modulatory 
events of radiation provide an unhealthy microenvironment for stem cells as fibro-
sis and immune cells along with secreted pro-inflammatory cytokines may compro-
mise stem cell function63,64. Moreover, microenvironment-derived signals, including 
those involved in the GDNF65, Shh66,67 and Wnt68 pathways, are able to promote 
SGSC proliferation and regeneration in radiation-damaged salivary glands. Inter-
estingly, salivary gland GDNF expression is upregulated by radiation and associat-
ed with radiation-induced senescence in keratinocytes, melanocytes, fibroblasts69 
and salivary gland cells45, whereas Shh activation inhibits cellular senescence in 
irradiated salivary gland via preserving resident macrophages70.

Therefore, cellular senescence is identified as one of the microenvironmental 
mechanisms driving radiation-induced salivary gland dysfunction45,70,71, and has 
been reported to contribute to radiation-induced functional loss of stem/progen-
itor cells45. Similar to the senescence occurring with aging, senescence induced 
by radiation is observed in ductal compartments, which have been suggested to 
contain the SGSC niche45. Elimination of senescent cells may ameliorate the radi-
ation-reduced stem cell self-renewal potential and thereby may restore saliva flow 
as SASP factors secreted by senescent cells can affect neighboring healthy cells 
including stem cells78. Therefore, radiation-induced hyposalivation may partly be 
reflected by the cellular senescence-driven defect in stem cell regenerative poten-
tial45.

Among SASP factors produced by senescent cells, cytokines such as IL-64,5 fur-
ther reinforces senescence in irradiated glands. It has been reported that IL-6-

/- mice exhibit less DNA damage-induced γH2AX foci in ductal cells accompanied 
by a significant reduction in expression of senescence-associated markers p19Arf, 
p21 and Dcr2 when compared to irradiated wild type mice at 8 weeks after radia-
tion. Moreover, irradiated IL-6-/- mice have less decrease in saliva production when 
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compared to irradiated wild type mice71. Therefore, IL-6 may be a key factor driving 
radiation-induced hyposalivation by modulating senescence.

Senescence also occurs in response to another detrimental stimulus, oxidative 
stress72. It is known that radiation promotes production of reactive oxygen species 
(ROS)73. ROS induce cellular senescence by accelerating telomere shortening and 
damaging DNA directly74,75. In turn, senescence-induced mitochondrial dysfunction 
and p21 upregulation promote ROS generation76. ROS and senescence enhance 
each other to maintain a persistent senescent status. Growth differentiation fac-
tor-15 (GDF15) is pivotal for ROS generation77. Irradiation induces a high level of 
GDF1578 as well as upregulation of the senescence markers IL-6, PAI1 and p2170. 
Knockdown of GDF15 represses the radiation-increased senescence markers and 
oxidative damage70, indicating that high expression of GDF15 is essential for medi-
ating radiation-induced senescence in salivary glands probably through increased 
oxidative stress.

Taken together, the multiple events at least partially senescence-mediated may 
contribute to radiation-induced salivary gland hypofunction.

Organoids as a model system to study salivary gland responses

Organoids are 3D cell clusters originating from primary tissue or pluripotent cells, 
able to self-renew and self-organize, and functionally exhibits the similar spatial 
and structural aspects of the tissue of origin79,80. Stem cells embedded in Matri-
gel, an ex vivo substitute of ECM, allow 3D aggregation and polarization of stem 
cells81,82. Establishing tissue-specific 3D organoids requires the supplementation of 
other required stem cell niche microenvironmental factors, such as EGF, Wnt and 
R-spondin83. Recently, organoids have been recognized as a versatile model for 
studying radiation-induced adverse effects84, drug screening85–87 and understand-
ing tissue-specific dynamics upon virus infection88. 3D organoids resemble more 
the in vivo situation than 2D cells because a 3D structure provides a more complex 
environment including cell-cell and cell-matrix interactions89. 

In our group, organoid expansion cultures derived from mice as well as patients’ 
biopsies are of routine use to study specific responses to irradiation in salivary 
glands40,43,54,65,84,90–92. 3D SGSC-based organoids have also offered the opportunity 
to study virology88. During the pandemic coronavirus disease that arisen in 2019 
(COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2)93, a lack of in vitro model to study viral biology and find potential therapeu-
tics become a great concern. Many researchers used airway-, gut- and induced 
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pluripotent stem cell (iPSC)-derived organoids to study SARS-CoV-2 infectivity 
and replication94–98. Considering multi-organ complications caused by SARS-CoV-2 
infection99, SARS-CoV-2-induced immune responses exhibiting organ-specificity100 
as well as the salivary gland acting as a target organ and potential reservoir of 
SARS-CoV-2101–103, human salivary gland biopsy-derived organoids may be a good 
model to investigate SARS-CoV-2 infection and biology in salivary glands.

What is unknown?

What we know of age- and irradiation-induced salivary gland dysfunction so far is 
just a glimpse of the whole picture. Regeneration of the salivary gland by SGSCs 
is thought to be important for maintaining and restoring/recovering salivary gland 
homeostasis and function40,41. Little is known concerning the effect of microenvi-
ronmental changes on the potential of SGSCs. For instance, what are the major 
players in the radiation-changed microenvironment and how do they interact with 
SGSCs? What is the role of radiation-induced cellular senescence, as one of the 
factors affecting the microenvironment of the salivary gland? Can we eliminate se-
nescent cells and does that improve the regenerative potential of the gland? What 
kind of senolytics work optimally in salivary glands without causing damage to the 
remaining cells? Furthermore, the development of 3D organoid models resembling 
organ-specific structures may enable us to investigate mechanisms and allows 
drug screening. Finally, these models could also benefit the study of SARS-CoV-2 
infection in salivary glands.

Aim of the thesis

The primary aim of this thesis was to investigate the modulatory effects of radia-
tion on the stem cell microenvironment, to explore strategies to ameliorate radia-
tion-induced hyposalivation by optimizing the microenvironment of SGSCs, and to 
investigate SARS-CoV-2 infection in human salivary glands, using organoid mod-
els. 

Salivary glands harbor stem cells that are able to regenerate the parenchyma of 
the salivary glands40,41. The irradiated salivary gland tissue is characterized by the 
presence of cellular senescence, fibrosis, and a chronic inflammatory state45,56,58. 
These microenvironmental changes may be unfavorable for the regenerative 
potential of tissue stem cells. The aim of the study described in Chapter 2 was 
to investigate the response of SGSCs to radiation-induced microenvironmental 
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changes, and to identify the biological processes that are responsible for the long-
term loss of regenerative potential of SGSCs. A novel avenue to design therapies 
to mitigate radiation-induced hyposalivation could be achieved by modulating the 
microenvironmental factors.

Cellular senescence, as one of the microenvironmental changes occurring in irra-
diated salivary glands, has been suggested to drive radiation-induced loss of sali-
vary gland function71. In the study described in Chapter 3, a model of radiation-in-
duced senescence was developed by using salivary gland organoids to investigate 
the role of cellular senescence in radiation-induced salivary gland damage. The ef-
fect of elimination of radiation-induced senescent cells was studied as well as how 
this affects post-irradiation stem cell function and consequential salivary gland 
function.

Clearance of senescent cells using senolytic drugs may be a therapeutic strategy 
to ameliorate radiotherapy-induced xerostomia45. Numerous drugs have been iden-
tified as senolytics; however, their senolysis efficacy in salivary glands is unknown. 
Therefore, in the study in Chapter 4, a method was developed to screen for se-
nolytic drugs in a salivary gland organoid model, and to subsequently validate the 
pro-regenerative effects of selected drugs by measuring changes in organoid for-
mation efficiency of irradiated salivary gland cells.

Salivary glands have been recognized to widely express SARS-CoV-2 host entry 
factors, namely angiotensin-converting enzyme 2 (ACE2) and TMPRSS family 
members101,104,105. A few studies have demonstrated that SARS-CoV-2 infects and 
replicates in the salivary glands101,102. Therefore, in the study described in Chapter 
5, the SARS-CoV-2 infectious process was assessed in our salivary gland organ-
oid model and the infectivity of two major salivary glands, the parotid and subman-
dibular gland, was compared to get insight into SARS-CoV-2 infection and replica-
tion in salivary glands.
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