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Summary 

Head and neck cancer is the sixth most common cancer worldwide. The majority of 

patients with this form of cancer is treated with radiotherapy. Although 

radiotherapy significantly improves patient’s survival, the risk of normal tissue side 

effects remains high due to the unavoidable co-irradiation of normal tissue, such as 

the salivary glands. Xerostomia is the subjective feeling of dry mouth that may 

result from severe hyposalivation resulting from damage to the salivary glands 

(SGs) by radiotherapy for head and neck cancer, which severely affects cancer 

patient’s quality of life [1,2]. These patients suffer from impairment in speech and 

taste, difficulties with mastication and deglutition, and increased risk of developing 

oral infections and dental caries [3]. Currently, no cure is available and efforts have 

recently been focused on therapeutic approaches to optimize the regenerative 

potential of the SGs, by for instance stem cell therapy [4]. 

Radiation-induced loss of salivary gland function could be due to lack of viable 

salivary gland stem/progenitor cells (SGSCs) necessary to maintain a sufficient 

number of mature functional cells [5]. In addition to the loss of stem cells, other 

mechanisms may also contribute to the salivary gland dysfunction, such as reduced 

functioning of acinar cells, apoptosis, inflammation, radiation-induced fibrosis and 

senescence. Interestingly, current data showed that cellular senescence may be a 

major driver of radiation-induced loss of salivary gland function [6]. Strikingly, 

most of the senescent cells have been shown to be localized in the striated ducts [7] 

where the SGSCs are thought to reside [5,7]. Collectively, radiation-induced 

cellular senescence may play an important role in radiotherapy related 

hyposalivation. Although a large amount of evidence confirms the presence and 

regenerative function of SGSCs [5,8,9], the response of SGSCs to irradiation and 

their interaction with the surrounding environment (stem cell niche) remain 

unidentified. Moreover, recent studies showed that selective elimination of 

senescent stem cells can rejuvenate the remaining tissue stem cells, such as the 

hematopoietic and muscle stem cells, resulting in an extension of the lifespan in 
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mice [10]. Whether the selective elimination of senescent cells after irradiation can 

ameliorate saliva production needs further investigation.  

Therefore, the main goal of this thesis was to elucidate the identity and function of 

radiation-induced senescence in the salivary glands, and to optimize the 

regenerative potential of the salivary gland either by stimulation of surviving stem 

cells or by elimination of senescent cells. This chapter summarizes the main 

findings of these studies and place them in perspective.  

In chapter 1, as an introduction, an overview of the available data on radiation-

induced senescence was provided. Moreover, molecular pathways involved in 

radiation-induced senescence, such as cell cycle arrest pathway, DNA Damage 

Response (DDR) regulated Senescence-Associated Secretory Phenotype (SASP) 

pathway, cGAS-STING regulated SASP pathway, DNA damage and autophagy 

axis, were highlighted. Subsequently, the context of SASP and SASP-dependent 

outcome of radiation-induced senescence in normal tissue and cancer were 

provided. Finally, therapeutic interventions for radiation-induced senescence were 

emphasized and the potential translation towards the clinic was considered. The 

role of GDNF in the salivary gland tissue regeneration and its relationship with 

radiation-induced senescence was also discussed.  

Pretreatment with GDNF in vivo before or after irradiation can increase the SGSC 

number and rescue saliva production of irradiated salivary glands [9]. To further 

investigate the role of GDNF in the modulation of SGSC response to irradiation 

and subsequent salivary gland regeneration, in Chapter 2, we first employed a 

GDNF hypermorphic (Gdnfwt/hyper) mouse model to analyse the effect of increasing 

endogenous GDNF levels in vivo on stem cell potency [11]. First, Gdnfwt/hyper 

salivary gland organoid-derived single cells were irradiated, and organoid 

surviving fraction (OSF) and organoid size were measured. No differences in OSF 

were observed between Gdnfwt/hyper and Gdnfwt/wt mice; however, organoids from 

Gdnfwt/hyper mice were much bigger in size than wild type. These findings indicate 
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that GDNF does not act as a radioprotector of SGSCs, but instead GDNF seems to 

promote SGSC proliferation after irradiation. Next, the effect of endogenous 

GDNF on adult SGSCs was tested by assessing the number of stem/progenitor cells 

as determined by CD24/CD29 flow cytometry and long-term expansion of SGSCs. 

The results obtained broadly indicate that endogenous levels of GDNF do not alter 

adult salivary gland homeostasis or stem cell number but contribute to the 

stem/progenitor cell self-renewal ability. Finally, the effect of radiation on GDNF 

expression was tested. GDNF expression was upregulated after irradiation while its 

level was similar to control after stem cell transplantation, which is known to 

reconstitute the irradiated salivary glands [12]. These data suggested that GDNF 

does not protect SGSCs against radiation but seems to promote SGSC regeneration 

and proliferation. However, the function of the enhanced GDNF expression after 

irradiation remains an enigma, which was further investigated in Chapter 4. 

Interestingly, as shown in Chapter 2 and indicated previously by others, the ductal 

compartment, where the SGSCs are thought to reside [7], remains relatively intact 

after irradiation, while more than 99% of the acinar cells are lost in the irradiated 

submandibular glands [13]. After genotoxic stress, as caused by radiation, cells 

undergo either repair of DNA damage, cell death, cell cycle arrest or cellular 

senescence [14]. However, it is not known whether cellular senescence contributes 

to the lack of regeneration after radiation-induced damage. Therefore, the role of 

radiation-induced senescence in salivary gland tissue and organoids was explored 

in Chapter 3. First, we showed accumulation of senescent cells and increased 

SASP gene expression after irradiation both in vivo and in vitro. Next, the effects 

of SASP on SGSC selfrenewal potential were studied using conditioned medium 

from irradiated SGSCs. The results indicated that the SASP has a detrimental effect 

on SGSC selfrenewal capacity. Importantly, the selective elimination of senescent 

cells improved the selfrenewal potential of SGSCs. Finally, the potential of the 

senolytic drug ABT-263 in the treatment of radiation-induced salivary gland 

dysfunction was shown in vivo.  
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As shown in Chapter 2, GDNF was highly upregulated in salivary glands that were 

severely damaged after irradiation [12,15]. Interestingly, it has been reported that 

GDNF is highly expressed after irradiation of fibroblasts, keratinocytes and 

melanocytes and may act as a core signature of radiation-induced senescence [16]. 

Moreover, cellular senescence is an important contributor to the loss of salivary 

gland function post-irradiation (Chapter 3). Taking these findings together, we 

hypothesized that GDNF may play a role in radiation-induced cellular senescence. 

This hypothesis was explored in Chapter 4. First, the expression of GDNF at the 

mRNA and protein level in control and irradiated salivary glands was established. 

It was observed that cells displaying high levels of GDNF reside in the ductal 

compartment of the gland, the region suggested to harbor the SGSCs. GDNF was 

highly expressed after irradiation and colocalized with the senescence marker β-

galactosidase. Subsequently, GDNF expression in 2D cultured SGSCs or 3D 

cultured organoids was measured. Interestingly, GDNF was expressed both in 

proliferating untreated cells and senescent cells post-irradiation. Next, we used 

GDNFCre-ERT2-tdTomato mice to investigate the expression pattern of GDNF in 

proliferating cells. We used our 3D SGSC organoid system [17,17-19] to generate 

a radiation-induced senescence model to investigate GDNF expression in senescent 

cells. 2D-cultured SGSCs were used to assess the intra-cellular location of GDNF 

after irradiation. Our findings showed that GDNF dynamically changes during the 

normal cell cycle, where after mitosis it decreases in expression. Interestingly, 

GDNF is strongly enhanced and seem to accumulate in lysosomes in radiation-

induced cell cycle-arrested salivary gland cells. Collectively, these data suggest 

that GDNF could act as an additional marker of radiation-induced senescence in 

salivary glands, although its exact cellular function remains still unknown.  

As shown in Chapter 3 and indicated previously by others, radiation-induced loss 

of salivary gland function seems to be driven by cellular senescence [6,20]. Normal 

tissue complication probability depends not only on the mean dose to the salivary 

glands but also on the dose to the region of the salivary glands rich in stem and 
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progenitor cells [5]. Particle therapy can be used to limit the volume and dose of 

co-irradiated normal tissues [3,21,22] and may allow the selective sparing of this 

specific stem cell rich region. Additionally, high linear energy transfer (LET) 

particles have been shown to have an increased biological effectiveness compared 

to low LET radiation, although this is largely based on 2D clonogenic survival data 

[23]. However, whether cellular senescence increases with LET or not remains 

unknown. Therefore, in Chapter 5, we explored the difference in induction of 

cellular senescence after exposure to low and high LET radiation. First, levels of 

cellular senescence in SGSC derived organoids were quantified after low (photons) 

and high LET (carbon ions) radiation. Low and high LET radiation induced similar 

levels of senescence at equivalent cell survival-based radiation doses, indicating 

that the 3D biological effectiveness for inducing senescence is similar to that for 

SGSC survival. Next, the gene expression level of cell cycle and SASP genes was 

measured. Expression of SASP genes increased after irradiation although neither in 

a dose or LET dependent manner, leaving a question open concerning the 

consequences of high LET radiation and related SASP for the normal tissue.  

In conclusion, senescence, its markers and the SASP may play an important role in 

the post-irradiation regenerative response of salivary glands and modulation of this 

response may in the future improve post-radiotherapy hyposalivation, the 

consequential xerostomia and hence the quality of life of head and neck cancer 

patients. 

Future perspectives 

The work described in this thesis is focused on unraveling the function of cellular 

senescence in radiation-induced hyposalivation and the possible use of senolytics 

as a potential therapeutic strategy to improve saliva production. In addition, the 

possible role of GDNF in radiation-induced senescence and hyposalivation was 

investigated. In this section, we will further discuss the progress achieved in these 

directions and speculate on how the field may develop in the future.  



 Summary and future perspectives 

145 

 

6 

Anti-senescence therapeutic strategies 

Senolytics 

Cellular senescence is a process involved in multiple pathological diseases. 

Selective targeting senescent cells using senolytics can attenuate the burden of 

senescence and improve tissue function [24]. Although there is no specific marker 

for senescent cells, senolytic drugs can successfully remove senescent cells by 

exploiting the senescent cell antiapoptotic pathways (SCAPs) [24]. The SCAPs 

include pathways related to BCL2 family (targeted by ABT263, A1331852, 

A1155463 and UBX1967), p53 (FOXO4-DRI and UBX0101), PI3K/AKT (Fisetin 

and HSP90 inhibitors), receptors /tyrosine kinases (Dasatinib) and HIF-1α.  

However, senescent cells are not the only cells using these antiapoptotic pathways. 

Both senescent cells and cancer cells overexpress antiapoptotic proteins and are 

therefore resistant to apoptosis. Senolytics, which block the antiapoptotic pathways 

that cancer cells rely on for survival, can be used as anticancer drugs. ABT263 and 

ABT737, two targeted cancer therapeutic agents, are well known senolytics that 

selectively eliminate senescent cells by inhibiting the anti-apoptotic proteins of the 

BCL2 family [10,25]. In addition, senescent cells and cancer cells also share the 

apoptotic p53 pathway. Drugs, like UBX0101, selectively target the interaction 

between p53 and MDM2 (E3 ubiquitin ligase) inducing apoptosis in both cancer 

and senescent cells [26]. However, some normal cells also share the same anti-

apoptotic pathways causing toxic side effects. For instance, BCL-2 family proteins 

(BCL-xL) are essential for platelet survival [27]. BCL-2 and BCL-xL inhibitors, 

like ABT263, can cause neutropenia and thrombocytopenia due to inhibition of 

BCL-xL in platelets [28]. Therefore, it will be of great interest to identify the same 

pathways shared by cancer cells and senescent cells which do not affect normal 

cells, so that these effective anticancer drugs can be tested as senolytics. On the 

other hand, senolytics that inhibit the targets originally discovered in oncology can 

also be used as anticancer drugs.    
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Although some senolytics target only one specific antiapoptotic pathway, it should 

be noted that several senolytics, like quercetin (which targets the BCL-2 family, 

PI3K/AKT, and p53/p21/serpine) [24], act on multiple pathways that are involved 

in a variety of biological responses. This makes it difficult to decode how these 

drugs eliminate senescent cells and to estimate the possible detrimental effects that 

they may have upon systemic administration. Therefore, these drugs need thorough 

testing. Our normal tissue organoid models could be useful in this context. 

Recently, galacto-oligosaccharides encapsulated cytotoxic agents (doxorubicin, 

rhodamine B and navitoclax) were used to specifically eliminate senescent cells by 

taking advantage of the high lysosomal β-galactosidase activity [29]. Targeted drug 

delivery may reduce their toxic side effects and open promising therapeutic 

possibilities to eliminate senescent cells [30]. 

To develop an ideal senolytic that selectively and effectively eliminates senescent 

cells requires a better understanding of senescence. Specific markers and better 

molecular characterization of the in vivo properties of senescent cells would help in 

the development of specific therapies. However, there is no specific marker for 

senescent cells making it difficult to track the senescent cells in tissues. 

Additionally, it is also necessary to determine whether senescent cells have the 

same properties both in vitro and in vivo.  

SASP inhibitors 

SASP factors play an important role in driving tissue deterioration and loss of 

tissue homeostasis. Modulation of SASP expression attenuates the senescence-

associated detrimental side effects. However most SASP inhibitors (mTOR 

inhibitors (RAD001 AND rapamycin) and Janus kinase 1 (JAK1) and JAK2 

inhibitors) [31-34]  do not target to a specific SASP factor which will potentially 

leading to side effects [24]. More studies need to be done to understand the specific 

role of SASP factors and to better understand which specific SASP factors have to 

be modulated. For instance, IL6 (one of the prominent SASP factors) deficiency 



 Summary and future perspectives 

147 

 

6 

can attenuate radiation induced hyposalivation [6]. IL-6 inhibitors like tocilizumab 

and sarilumab may be used as promising SASP inhibitors. In addition, it remains 

unknown to what extent SASP factors systemically interfere with the normal 

healthy tissue. The composition of SASP may vary according to the senescence 

inducer and cell type, thus which SASP factors influence a specific phenomenon 

needs further investigation. For instance, it would be interesting to identify which 

SASP factors ( cytokines, chemokine, growth factors or extracellular matrix) 

specifically affect the growth of SGSCs.  SASP inhibitors, like TGF-β inhibitor, 

could be used on SGSCs to check their survival and selfrenewal potential.  

Senolytics and SASP inhibitors may also be beneficial in other diseases, however 

several important clinical challenges remain in translating senescence-targeted 

therapies into clinical treatments, such as:  

1) strategies to systemically eliminate senescent cells in aging without causing side 

effects. Recently Zhou et al. (unpublished data) showed that proteolysis targeting 

chimera (PROTAC) can be used to design new compounds which are highly 

specific to senescent cells while less toxic to the normal cells.  

2) to define ‘the good and the bad’ SASP profiles and modulate them. SASP 

protein levels, such as cytokines and chemokines in conditioned medium, could be 

measured using the Luminex xMAP technology allowing for multiple protein 

analysis [35]. Comparing the in vitro and in vivo SASP profiles will give us an 

overview of possible senolytic targets. Moreover, since in vivo, multiple cell types 

might contribute to the SASP profile, it would be interesting to generate an 

organoid or co-culture model which includes several cell types, such as fibroblasts, 

immune cells, blood vessels etc., and to identify which cell type contributes to the 

detrimental SASP factors.  

3) what is the effect of combining pro-senescence therapy in cancer followed by 

senolytic therapies. Emerging evidence showed that cellular senescence plays an 

important physiological role contributing to tumorigenesis [36]. The induction of 
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senescence in itself can slowdown the tumor progression and trigger the clearance 

of senescent cells by the immune system [37]. Investigating the effects on cancer 

and normal tissues of pro-senescence therapy together with senolytics on tumor 

xenografts in mice may open a new avenue for anticancer therapy.  

Effects of senolytics on the stem cell niche 

In mice, BCL-2 inhibitors, such as ABT263 and ABT737, have been shown to 

eliminate senescent cells and promote stem cell proliferation, including of 

hematopoietic, muscle and hair follicle stem cells [10,25]. In Chapter 2, we showed 

that ABT263 can eliminate senescent cells in the stem cell containing regions and 

subsequentially promote SGSC selfrenewal capacity in vitro and improve saliva 

production in vivo. This might be due to restoration of the stem cell 

microenvironment (niche) [10,25]. The stem cell niche is the local in vivo 

microenvironment that maintains and regulates stem cell fate. Stem cells are 

involved in multiple physiological responses that dictate the outcome of 

development or stress induced events, such as irradiation. Stem cell activity is often 

regulated by the microenvironment so that stem cells can adjust according to 

homeostatic needs. In salivary glands, changes in the stem cell niche before and 

after irradiation and the signals governing the stem cell niche have not been 

established yet. Interestingly, it has been suggested that BCL-2 contributes to the 

survival of stem cells. Previous data showed that BCL-2 enhances hematopoietic 

stem cell function by anti-apoptotic action [38,39] and mediates radio-resistance of 

hair follicle bulge stem cells [40]. Moreover, overexpression of BCL-2 increases 

quiescence of hematopoietic stem cells [41]. In salivary glands, BCL2 is expressed 

in the striated and excretory ducts where the salivary gland stem cells have been 

suggested to reside [7,42]. It is unclear to what extend BCL-2 targeted senolytics 

act on quiescent stem cells while eliminating the senescent stem cells in vivo. If 

senolytics would also have a detrimental effect on non-senescent stem cells or 

niche cells, the regenerative potential would be reduced resulting in a reduced 
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therapeutic benefit. Therefore, the effect of senolytics on stem cells and their niche 

needs further investigation.  

GDNF in aging and radiation-induced senescence 

GDNF was first identified as a survival factor in midbrain dopaminergic neurons 

playing an important role in neuronal survival, differentiation and migration 

[43,44]. Reduction of GDNF seems to be linked with aging related 

neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) [45]. However, why GDNF production reduces with aging remains 

unknown. Recent studies have shown that senescent cells accumulate with age and 

locate at the sites of age-related diseases to promote tissue dysfunction. Cells like 

neurons, microglia, astrocytes and oligodendrocyte progenitor cells acquire 

senescent features in neurodegenerative diseases and during aging, suggesting that 

senescence may contribute to the tissue deterioration [46]. The question then arises, 

does aging related cellular senescence contributes to the reduction of GDNF 

subsequently leading to neurodegenerative disorders? The relationship between 

GDNF and aging related cellular senescence deserves further investigation.  

Previous data showed that GDNF was highly expressed and localized in the 

secretory ducts of irradiated murine and human salivary glands [9]. In addition, 

RNA sequencing and qPCR data showed that GDNF consistently increased in 

radiation-induced senescence in several cell lines, including fibroblasts, 

keratinocytes and melanocytes, and in senescent astrocytes induced by oxidative 

stress [16]. In the work described in this thesis, GDNF is highly expressed together 

with the senescence markers SA-β-Gal and P16 in salivary gland cells post 

irradiation. In addition, GDNF can activate the NF-κB signaling pathway which is 

a major inducer of cellular senescence and SASP [47,48]. Moreover, It has been 

shown that NF-κB p62/p52 signaling (noncanonical pathway [49,50]) was 

activated by GDNF and involved in the antiapoptosis role of GDNF via 

upregulation of the antiapoptotic protein BCL-2 and BCL-w [47,51,52]. 
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Collectively, these data suggest that GDNF may play a role in radiation-induced 

senescence in SGSCs. However, whether GDNF acts as an enforcer or a 

consequence of senescence in SGSCs still need further investigation. Therefore, 

knock out of GDNF specifically in SGSCs may represent a possible way to check 

its function in radiation-induced senescence.   

In conclusion, the work of this thesis contributes to the current knowledge 

regarding cellular senescence identity and its contribution to radiation-induced side 

effects. Normal tissue side effects are crucial limiting factors of radiotherapy. 

Modulating cellular senescence may offer novel ways to tackle radiation-induced 

normal tissue damage and promote subsequent tissue regeneration capacity. 

Moreover, the use of organoids offers new tools to further study radiation/aging 

induced senescence in an in vitro setting. In addition, we highlighted the potential 

benefit of eliminating senescent cells on the regenerative capacity of salivary gland 

stem/progenitor cells. Thus, these data provide a promising start to design a 

senolytic therapy for radiation-induced xerostomia and potentially even aging.  
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