
 

 

 University of Groningen

Exploring the regeneration potential of salivary glands using organoids as a model
Rocchi, Cecilia

DOI:
10.33612/diss.168896082

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Rocchi, C. (2021). Exploring the regeneration potential of salivary glands using organoids as a model.
[Thesis fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.168896082

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.168896082
https://research.rug.nl/en/publications/5bee4833-d377-401b-9466-43e752b259a6
https://doi.org/10.33612/diss.168896082


196 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

CHAPTER 8 
 

SUMMARY & DISCUSSION 
  



197 
 

 
SUMMARY 
Irreversible hyposalivation and xerostomia (also known as dry mouth syndrome) are 

the main consequences of salivary gland dysfunction. Radiation-induced 

hyposalivation may lead to xerostomia and can be caused by radiotherapy of head 

and neck cancer patients. Inclusion of the salivary glands in the field of radiation during 

radiotherapy may lead to the disruption of the salivary gland cellular niches and to a 

progressive and irreversible decline of the progenitor-like acinar cells leading to a 

subsequential loss of homeostasis and ultimately to the permanent loss of acinar 

tissue responsible for saliva production and secretion. While xerostomia per se is not 

a life-threatening condition, of the 500,000 patients diagnosed every year with head 

and neck cancer 40% of those who receive radiotherapy, even the most modern forms, 

will experience a severe decrease in their quality of life. Although in the past two 

decades there has been a significant amount of research on the development of a 

means to overcome xerostomia, current clinical strategies approved by the Food and 

Drug Administration (FDA) provide only temporary relief from the discomfort caused 

by xerostomia-related symptoms. Therefore, novel approaches such as those derived 

from regenerative medicine are needed. Understanding the regenerative potential of 

the adult salivary gland is essential for progressing our knowledge on salivary gland 

biology and for the development of new regenerative therapeutic strategies aimed at 

a long-term restoration of the damaged salivary gland. Although it has been shown 

that salivary glands retain, to a certain extent, the ability to regenerate, current 

regenerative approaches for radiation-induced salivary gland dysfunction have been 

curtailed by the lack of identity/knowledge of both the key cellular players and the 

signalling pathways regulating the tissue integrity of salivary glands. 

By connecting preclinical and clinical research, the work described in this thesis shows 

how combining murine-injury models with both mouse and human salivary gland-

derived organoid technologies can be used to identify cell sources relevant for salivary 

gland homeostasis and regeneration as well as the underlying regulatory 

mechanisms. Thereby this work aids the development of potential clinically relevant 

regenerative therapy approaches to treat radiation-induced hyposalivation. 

Chapter 2 reflects on how over the last 30 years changes in adult stem cell definition 

have influenced the way salivary gland tissue integrity has been investigated and 

perceived. The hardwired professional stem cell paradigm based on the hematopoietic 
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stem cell system is introduced and by providing an overview of the available data on 

salivary gland stem/progenitor cells, the applicability of such a paradigm as a template 

for salivary gland biology (and other rapidly dividing tissues) is questioned. Next it is 

discussed how the stem cell function in the salivary gland can be executed by cells of 

different nature either under homeostasis or during repair of damaged tissue. It is 

speculated that more than a well-defined, rare, quiescent cell that resides at the apex 

of a hierarchical tree, dynamic mechanisms of plasticity within the gland epithelium 

might be responsible for the renewal of salivary glands. Furthermore, it is hypothesised 

that in order to replace lost or damaged tissue it is the environment, in terms of the 

signals provided by the niche, rather than cell specific surface phenotypic 

characteristics (such as cell surface marker expression), which shapes a stem cell-

like function. Speculation is cast on how understanding the dynamic of cell-cell 

interactions through time and taking advantage of integrative multi-omic approaches 

could be a unique opportunity to unravel which pathways regulate cell-fate 

specification in salivary gland regeneration. Finally, how the knowledge from these 

integrative multi-omic approaches could open up possibilities for new therapeutic 

strategies to rescue radiation-induced hyposalivation is discussed. 

In Chapter 3, the identification of the Wnt pathway as an essential component of the 

complex signalling network that regulates salivary gland tissue integrity during 

homeostasis and regeneration is described. Immunofluorescent co-staining for the 

general ductal epithelial marker EpCAM and the Wnt-reporter gene β-catenin was 

used to visualize Wnt-responsive cells within the salivary gland epithelium. EpCAM+ 

cells were isolated using Fluorescent Activate Cell Sorting (FACS), and subsequently 

cultured in Matrigel and media supplemented with Wnt3a and Rspo1, both well-known 

stimulators of the Wnt pathway. Only EpCAMhigh cells under Wnt stimulation generated 

organoid cultures capable of long-term expansion while maintaining the ability to give 

rise to all salivary gland cell lineages. Notably, the addition of Wnt inhibitors to EpCAM-

derived organoid cultures led to a reduction in organoid formation efficiency confirming 

the essentiality of ectopic Wnt source in the renewal of salivary gland-derived 

organoids. Finally, transplantation of cells derived from Wnt-driven salivary gland 

derived organoids into locally irradiated mouse salivary glands was shown to rescue 

the radiation-induced hyposalivation phenotype to a greater extent than using the cells 

obtained from organoids cultured in medium devoid of Wnt. 
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In Chapter 4, evidence is provided that the Hippo pathway regulator YAP functions as 

a sensor of tissue integrity in response to salivary gland damage. Following severe 

local damage, induced in vivo via ligation of the salivary gland, the normally quiescent 

ductal compartment activates a YAP-driven tissue response characterized by high 

levels of nuclear YAP and increased proliferation of ductal cells in close proximity to 

the damage site, suggesting that YAP nuclear activity is required during regeneration. 

This local-injury response indicates that differentiated epithelial cells can function as 

a source of stem-like cells for tissue regeneration. Using a well-established salivary 

gland organoid culture system, chemical and genetic modulation of YAP nuclear 

activity was shown to impact the self-renewal ability of both mouse and human salivary 

gland-derived cells. Inhibition of YAP nuclear activity led to a reduction in organoid 

formation efficiency, while stimulation of YAP nuclear translocation increased organoid 

forming efficiency and promoted long-term expansion of salivary gland-derived cells. 

Finally, using organoids as a regenerative model, pharmacological inhibition of Mst1/2 

kinases, and consequent activation of YAP nuclear activity after irradiation, was 

demonstrated to significantly improve the regenerative response after irradiation of 

human salivary gland-derived cells. 

In Chapter 5, it is reported that autophagy is a key pathway for self-renewal activation 

of salivary gland organoids and that its pharmacological manipulation has the potential 

to promote tissue regeneration. Utilising organoid formation as a regeneration 

process, an increase in autophagy flux within the stem-like cell population, reflected 

by the ability to form secondary and tertiary organoids, is identified. Evidence that such 

self-renewal ability requires a constant “fuel of energy” from the autophagy machinery 

is provided. Furthermore, inhibition of both early and late steps of autophagy, as well 

as the knockout of the autophagy related gene 5 (Atg5), led to a significant reduction 

of self-renewal ability and therefore regenerative capacity of salivary gland-derived 

cells. Furthermore, it was shown that the levels of LC3, p62 and ATG16L1, all of which 

reflect autophagic activity, remain constantly low in the acinar compartment before 

and after injury, while they significantly increase in the normally quiescent ductal 

compartment in response to injury. Based on the expression of surface markers, stem-

like cells (CD24hi/CD29hi) and a progenitor-like cell population (CD24med/hi/CD29med/hi) 

that reside in the ductal compartment were isolated and their basal autophagy 

activities were compared. Interestingly, the stem-like cell population showed a low 

autophagic flux compared to progenitor-like cells, reflecting the difference in the basal 
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autophagic activity of these cells in vivo as well as their potentially different roles during 

homeostasis and regeneration. 

In Chapter 6, the potential mechanisms that could drive cell fate specification during 

human salivary gland regeneration were investigated. Using submandibular salivary 

gland-derived organoids as a model for regeneration and an unbiased molecular 

network-based analysis approach, gene activity patterns, which indicate differential 

cell states, were identified. Gene co-expression analysis revealed that passage 1 (P1) 

salivary gland-derived organoids are characterized by a transcriptomic profile that 

closely resembles the SOX2-driven acinar development responsible for homeostasis 

maintenance in the mouse sublingual gland. This transcriptomic profile is 

downregulated in human salivary gland-derived organoids enriched for stem cells by 

treatment with the GSK3 inhibitor and Wnt pathway activator, CHIR, and the histone 

deacetylase inhibitor, valproic acid. The co-expression gene pattern of these enriched 

organoids points towards the integration of several biological pathways to maintain a 

proliferative, non-differentiated phenotype resembling a potentially more pluripotent 

cell-like state. Interestingly, the high expression of peroxisome proliferator activated 

receptor d (PPARd), a nutrient sensor and enzyme involved in lipid metabolism and 

fatty acid oxidation (FAO), indicate a potential role for a PPARd-driven FAO program 

in the formation of organoids. This was emphasised by an increased organoid forming 

efficiency of human salivary gland-derived cells with PPARd overexpression. Finally, 

when looking at the pathways and genes active during long-term culture, it was 

revealed that maintenance of salivary gland organoids could be dependent on integrin 

levels and potentially on the activation of the ITGA3-SRC-RAC2 axis leading to a 

LATS1/2-independent YAP-activation program. This gene expression pattern could be 

responsible for the transition from a stem-like cell state (P1) to a more proliferative 

transient amplifying (TA)-like state (P2-P4). The expression of the fatty acid elongase 

ELOVL1 in adult human salivary gland biopsies could confirm a role of metabolic 

pathways in salivary gland organoid self-renewal, a hypothesis which is strengthened 

by an increased organoid formation efficiency upon overexpression of ELOVL1. The 

transcriptomic information gained in this chapter will allow for the exploration and 

understanding of new biological mechanisms potentially involved in maintaining the 

balance between tissue homeostasis and regeneration in adult salivary gland. 
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In Chapter 7, the development of a good manufacturing practice (GMP)-compliant 

protocol for the isolation and the expansion of human-derived salivary gland organoids 

is described. This protocol is potentially suitable for an autologous cell-based therapy 

to regenerate the lost functionality of the tissue after radiotherapy. The proposed GMP-

compliant protocol allows for the isolation and the expansion of human salivary gland-

derived cells from patient biopsies maintaining an efficiency that is comparable to the 

current non-GMP research-based protocol. The viability and the maintained 

commitment towards salivary gland function displayed by the cells after 

cryopreservation allows this procedure to be adapted to the patient’s radiotherapy 

treatment schedule. Finally, the cells obtained are genetically stable and displayed 

encouraging results when transplanted into a murine in vivo regenerative model for 

salivary gland. By placing our newly developed protocol in the context of currently 

available treatment options for radiation-induced hyposalivation, the strengths, 

limitations, and future challenges of such an approach are highlighted. 
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DISCUSSION AND FUTURE PERSPECTIVES 
Despite the recent progress in the salivary gland regeneration field, there is still little 

known about the processes regulating tissue homeostasis and regeneration. The work 

described in this thesis focused on two main aspects. Firstly, we aimed to bridge the 

gap in knowledge of regenerative processes gained recently with the use of both in 

vivo and in vitro mouse, and human in vitro models. We explored the potential of 

human salivary gland organoids as a model of regeneration and provide future 

perspectives that could help the design and development of new organoid-based 

experimental approaches. Secondly, we aimed to utilize the human salivary gland-

derived organoid system to develop a GMP-compliant protocol with the goal of taking 

the research from “bench to the bedside” and open up to new cell-based therapies for 

the long-term treatment of radiation-induced hyposalivation. Furthermore, we 

examined the advances made, and consider potential future developments in the field. 

 
Modelling salivary gland regeneration using organoids  
In the salivary glands, as well as other adult tissues, homeostasis is the result of a 

tightly controlled signalling process that maintains the balance between proliferation 

and differentiation. Decades of research in embryonic salivary gland development, as 

well as the development of genetic lineage-tracing models, have set a basis to explore 

homeostasis and regenerative processes in adult salivary glands. The emerging 

model for salivary gland maintenance, discussed in Chapter 2, is that salivary glands 

rely on lineage-restricted progenitor cells for homeostatic-renewal while showing an 

intrinsic degree of plasticity upon damage that confers a temporary stem-like state to 

mature differentiated and post-mitotic cells. The stemness of salivary gland cells 

therefore appears to be a bidirectional dynamic cell state1,2 that is imposed on cells by 

the microenvironment where the cells reside through a spatial and temporal 

regulation3. This intrinsic plasticity of salivary gland cells can be recapitulated in vitro 

when exogenous Wnt and R-spondin signalling are provided (Chapter 3). The ability 

of Wnt-responsive cells to generate asymmetric, self-organized 3D structures (known 

as organoids) containing all salivary gland cell lineages (Chapter 3) recapitulates the 

self-organization and branching morphogenesis of salivary gland epithelial cells4. This 

in vitro behaviour indicates a context-dependent functionality of salivary gland-derived 

cells that can potentially be adopted in response to changes within the 

microenvironment to fulfil regenerative purposes. It appears therefore that, similar to 
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what has been shown for intestinal organoids, salivary gland-derived organoid 

formation recapitulates a cycle of repair and homeostasis typical of the regeneration 

process5,6 and therefore can be used to model salivary gland regeneration. While the 

derivation of certain organoids (such as those derived from pluripotent stem cells) 

relies uniquely on endogenous signalling, it is demonstrated in Chapter 3 that salivary 

gland-derived organoids require specific exogenous signals from the niche to drive a 

first cell expansion phase. This is then followed by a second self-patterning and 

morphogenetic rearrangement phase that leads to the final organoid architecture, 

similar to what has been shown in intestinal organoids7. While it is shown that Wnt 

stimulation is fundamental to orchestrate the generation of “mature”, self-organized 

organoids, it is established in Chapter 4 that the activation of nuclear YAP rather than 

Wnt seems to be the signal required to drive the first phase in both salivary gland 

regeneration response upon injury in vivo and salivary gland-derived organoid 

formation. Sensing morphogens (such as Wnt) and tissue integrity via cellular 

mechanosensors (such as YAP) are two of the many ways a cell can sense the 

microenvironment. In the last decade, a growing body of evidence has highlighted how 

the central dogma of molecular biology, from DNA to protein, has evolved and how 

cell metabolism, before thought to be a passive player, has gained a central role in 

regulating cell fate decision6,8,9. The results obtained in Chapter 5 and Chapter 6, shed 

light on the importance of “metabolic reprogramming” and the energy substrates 

provided by the environment, such as fatty acids and long chain fatty acids, in 

regulating salivary gland-derived cell self-renewal ability (Chapter 6). This, together 

with the role of the autophagy pathway described in Chapter 5, highlights the 

importance of metabolic plasticity, as well as catabolic processes, in choosing and 

maintaining the appropriate metabolite levels to support the bioenergetic needs 

required by specific cells, such as those able to exert plasticity to respond to changes 

in homeostasis.  

While the “deconstructive approach” taken in Chapters 3, 4 and 5 aimed at dissecting 

the niche signalling has led to the recognition of Wnt, YAP and autophagy as important 

key players during the regeneration process and potential targets for regenerative-

based therapy, individual elements of a much bigger picture were studied in isolation. 

Starting from the assumption of Aristotle that “the whole is greater than the sum of its 

parts”, the complexity of the salivary gland regenerative process itself cannot be 

completely explained by the sum of each single pathway without taking into 
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consideration the possible interplay between them, as well as the cell variability 

generated through cell collective behaviour (cell-cell interactions and feedback loops). 

The cellular state enrichment approach, combined with a co-expression gene analysis 

described in Chapter 6, moves towards this direction: understanding the system as a 

whole instead of reporting a list of individual parts, providing an unbiased, broad 

overview of the complexity of the regulatory network responsible for human salivary 

gland organoid formation and expansion. Chapter 6 shows how exposure to different 

environments (different morphogens in this case) increases the propensity of a cell 

towards a specific organoid state. This indicates that the initial conditions, in terms of 

morphogens, extrinsic physical cues and metabolic flux, to which the single cells are 

subjected affect the final characteristics of the organoids and, as a direct 

consequence, their range of applicability. The multicellular dynamics interaction which 

governs salivary gland regeneration processes is perhaps “the elephant in the room”. 

Therefore, how can the transient spatiotemporal activation of these factors, which cells 

sense and dynamically respond to in order to orchestrate the regenerative response, 

be mapped? Considering the interplay between YAP with Wnt and YAP and 

autophagy10, can YAP therefore be the hub for integration of other signalling pathways 

within the salivary gland regeneration process and thus responsible for the switch 

between the regenerative and homeostatic state?  

To answer these questions an approach similar to the one recently taken in intestinal 

organoids5,6 and new born skin organoids11 could pave the way to unravel the 

molecular mechanisms and the morphological dynamics of salivary gland organoid 

formation and potentially open up new regenerative strategies. Using technologies 

that allow resolution of the transcriptome (single cell sequencing) and the proteome 

(image-based technology) at a single cell level and taking advantage of computational 

modelling to integrate spatiotemporal information of cells within its “society” will allow 

researchers to unravel cell-fate decisions of salivary gland cells and the pathways by 

which they are specified. Finally, it would be interesting to validate if the knowledge 

gained from the proposed approach could be used to manipulate the in vivo phases 

of salivary gland tissue regeneration, as well as to answer the remaining unanswered 

questions in the salivary gland field. What are the sources of the morphogens required 

for epithelial tissue maintenance and their plasticity activation upon (radiation-induced) 

injury? Can we extend the concept of plasticity to the salivary gland niche? Or is it the 

loss of niche plasticity upon damage that impedes (or drastically reduces) the 
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activation of mechanisms responsible in guiding epithelial plasticity and therefore 

affect regeneration? 

While the time may be ripe for the salivary gland (organoids) field to embrace this 

approach, some challenging points remain. 1) The scarcity of reliable landmark genes 

that identify specific cell types within salivary gland-derived organoids will potentially 

pose an issue in mapping single cell RNA sequencing (scRNAseq)-derived 

transcriptomic data onto spatial reference maps12.This step is fundamental to maintain 

the spatial context of the single cells in terms of local environment and cell-to-cell 

interactions, that otherwise would be lost considering that scRNAseq approaches 

require the dissociation of organoids to single cells. Combining scRNAseq with laser 

microdissection13 or the use of photoactivable reporter in combination with 

scRNAseq14 could potentially allow the identification of a salivary gland landmark gene 

landscape. Once obtained, the use of multiplex cell approaches that combine 

scRNAseq data with sequential high-throughput imaging techniques and 

segmentation algorithm, will allow an understanding of how gene expression and the 

subcellular distribution of the proteome are responsible for cell fate 

determination6,15,16. 2) The phenotypic variability of salivary gland organoid culture 

could pose an issue in terms of reproducibility of spatial organization of landmark 

genes. 3) Beside the transcriptome, proteome and metabolome, there is increased 

evidence highlighting how perturbation of the microenvironment can lead to changes 

at the chromatin level and how these changes could be responsible for the 

transcriptomic switches that determine cell fate decisions9. Therefore, epigenetic 

marks, such as DNA methylation or histone modifications, should be traced through 

space and time, and integrated within the multiscale approach. 4) While organoids 

have already reached a certain degree of complexity, both in terms of cell 

heterogeneity and spatial self-organization, when compared to the complex macro 

physiology of their tissue counterparts, they lack important aspects such as a 

vasculature system, a parasympathetic nervous system and an immune system. 

Recent advances have enabled the vascularisation of liver17 organoids, which 

improved their maturation and graft survival upon transplantation. Furthermore, the 

co-culturing of organoids with immune cells possessing the potential to recapitulate 

the tumour immune microenvironment has opened up new avenues for immuno-

oncology and auto-immune disease research18. However, the degree of complexity of 
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the organoid system should be chosen and weighted based on the research question 

at hand.  

Resolving the salivary gland organoid formation process and its spatiotemporal 

dynamics as a whole will offer unprecedented opportunities to map the regeneration 

process and potentially establish a blueprint for targeted control of cell fate. Can we 

find a “switch point” within the self-organization process that can be targeted, or 

stabilized to increase the regeneration potential? In this way, we could use intrinsic 

cellular properties to develop drugs that will not be targeting a single specific gene, 

but rather complex multicellular processes, such as self-organization as a means that 

leads to a specific cellular state and not to a cell type. 

Salivary gland regeneration: the road ahead 
As the population rapidly ages, the natural decay of tissues and organs together with 

an increased propensity for infection and cancer have placed the need for developing 

regenerative medicine strategies as high priority. Head and neck cancers affect 

worldwide 500,000 patients annually, with 40% of the patients receiving radiation 

treatment facing “the challenges of living beyond”: the consequences of the 

radiotherapy treatment and the chronic and progressive decline of salivary gland 

function, ultimately leading to the onset of xerostomia19. Despite increased 

investments in cell-based preclinical research and clinical trials for xerostomia 

treatment, the number of proven therapies is relatively small (7%)20. 

Clinical trials for salivary gland regenerative therapies, based on the replacement of 

lost epithelial tissue with exogenous cells may need to consider three main points: 1) 

a large-scale production of salivary gland committed cells, 2) a strategy to increase 

the survival and the engraftment of the transplanted cells, and 3) a means to induce 

proliferation of transplanted cells in vivo. In Chapter 7, we have described the potential 

of a GMP-compliant protocol for the isolation and the expansion of human salivary 

gland organoid-derived cells to be used in the treatment of radiation-induced 

hyposalivation. Heterologous transplantation of human salivary gland organoid-

derived cells has proven the potential, safety, and beneficial effect of this approach in 

in vivo pre-clinical studies providing significant rescue of saliva production compared 

to irradiated non-transplanted control animals21. The preserved functionality and the 

commitment towards salivary gland mature lineage of cryopreserved human salivary 

gland-derived cells, as well as their genetic stability, make the proposed GMP-

compliant protocol a suitable, and currently unique, autologous organoid-based 
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treatment for xerostomia. Currently among internationally registered clinical trials there 

are none which focus on the potential of adult salivary gland tissue-resident stem cells. 

The formulation of a robust mechanistic hypothesis (such as cell replacement and/or 

paracrine effects of the transplanted cells) and the selection of the most appropriate 

cell source are only the first two major steps to ensure the success of future clinical 

trials of salivary gland cell-based regenerative therapies. The first one strongly 

influencing the second one and therefore the design of the trial itself.  

Establishing well-defined standards for ex vivo processing that guarantee the quality, 

reproducibility, and potency of the cell source, required for international regulation and 

implementation22 is essential for any proposed cell-based regenerative therapy. In 

Chapter 2, we have documented the growing evidence that plasticity mechanisms, 

rather than a single defined cell entity, are potentially responsible for salivary gland 

renewal. Therefore, instead of looking for potential predictive stem cell surface 

markers as identifier for salivary gland stem-like cells, we should look at the response 

patterns that characterize the newly acquired stem-like cell state (or regenerative 

state), and which are thus able to drive at first a regenerative response and 

subsequently reinstating tissue homeostasis5,6. The transcriptomic approach 

conducted in Chapter 6 suggests that cells giving rise to P1 organoids could possess 

these characteristics and therefore could be used as potential cell source for the 

Phase I/II clinical trial planned to be performed at the University Medical Center 

Groningen (UMCG). In this way the source of cells for clinical application could be 

chosen based on their therapeutic (or regenerative) potential rather than on a single 

characteristic, such as the presence of a surface marker. A surface marker-based 

selection could lead to “false positives and false negatives” in the identification of 

optimal cell source candidates since different cells within the tissue with diverse 

potentials could present the same surface markers. 

Besides understanding the signals which regulate cell fate specification to allow for 

the selection and expansion of the optimal cell source for transplantation, it is also 

necessary to understand how radiation can affect the recipient tissue. An increased 

understanding of how the recipient environment is altered upon injury could have an 

impact on the success of any transplantation, both in terms of promoting endogenous 

cell repair and efficient engraftment of transplanted cells. Cellular senescence has 

recently been suggested as a contributor to the development of radiation-induced 

hyposalivation23, as well as an early feature of primary Sjogren’s syndrome24, an 
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autoimmune disease that causes dry mouth. It remains unclear as to whether cellular 

senescence is the driver of the pathology or solely a consequence of radiation-induced 

DNA damage. However, the presence of senescent cells within the acinar23 and ductal 

compartments24,25, as well as their SASP expression profile, could be responsible for 

the deterioration of the microenvironment26 also in irradiated salivary glands. This, in 

turn, could potentially not only lead to an impaired endogenous regeneration response 

of salivary glands, but also create a hostile microenvironment for the engraftment and 

proliferation of transplanted cells. Recently, studies on aged mouse models showed 

that the genetic and pharmacological removal of senescent cells significantly improved 

the age-related phenotype27 and mitigated the radiation-induced senescent phenotype 

in hematopoietic stem cells28 and in salivary glands25 . Thus, there is increasing 

numbers of early phase clinical trials addressing safety, target engagement and 

efficacy of senolytics in disease treatment. Furthermore, the improved secretory 

functionality of irradiated glands upon senolytic treatment25 could open up to the use 

of senolytics 

 as a “priming” (or preconditioning) strategy to improve the engraftment potential of 

transplanted cells and consequent repopulation of the salivary gland epithelium. 

Moreover, the evidence showing that YAP functions as a sensor of salivary gland 

tissue integrity in vivo and promotes the initiation of a regenerative response similar to 

what has been described in intestinal organoids, reported in Chapter 46, may provide 

new potential targets within the Hippo signaling cascade to promote proliferation of 

transplanted cells. 

At the point of diagnosis and treatment, head and neck cancer patients are often of a 

progressed age and thus may already exhibit underlying xerostomia due to age-

related microenvironmental changes. The additive effect of age-induced xerostomia 

and radiation-induced xerostomia could further inhibit the repair ability of salivary 

gland. While the success of mouse transplantation of salivary gland organoid-derived 

cells from young donors into young recipients (described in Chapter 3) is relevant as 

a proof of principle and emphasizes the potential of such an approach, the age of 

patients necessitates proof of successful applicability in aged mouse models. 

Transplantation of salivary gland organoid-derived cells from old mice into young 

recipient mice showed that the young microenvironment, although injured, sustained 

the engraftment and proliferation of old-transplanted salivary gland-derived cells29. 

Future experiments should include transplantation of patient-derived cells into aged 
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irradiated salivary glands in order to highlight potential differences, pitfall and variables 

in response to transplantation that could be crucial for the development and the 

improvement of new cell-based regenerative strategies for older patients. 

The bench-to-bedside approach proposed here will benefit from a combined reverse 

translational research approach (bedside-to-bench approach). Currently the primary 

endpoints to describe/quantify the success of transplanted salivary gland-derived cells 

in treating radiation-induced hyposalivation include increased saliva production. The 

post-mortem analysis of the transplanted gland via scRNA seq could be used to 

identify predictive markers of successful graft outcome. Such markers and the 

involved cues could be used to improve the in vitro generation and selection of salivary 

gland-derived organoids with an increased capacity for engraftment, which 

subsequently could increase the efficiency of the transplant and the success of a 

clinical trial. Furthermore, the use of imaging technique such as magnetic resonance 

imaging (MRI) or positron emission tomography/computed tomography (PET/CT) to 

map the irradiated gland in combination with labelling and tracing of transplanted cells, 

for example with superparamagnetic iron oxide nanoparticles30,31 or prostate specific 

membrane antigen ligand32,33, could help to monitor in real time the behavior of the 

transplanted cells. The identification of a migratory path, as well as a homing 

preference, of the transplanted cells could be a unique opportunity to detect a 

receptive niche within the irradiated gland that may be better suitable for the 

transplanted cells. The characterization of the molecular signature of these regions 

could pave the way to the discovery of biomarkers that could be used to predict the 

responsiveness of the tissue and therefore the patient transplantation outcome. It 

should be kept in mind that perhaps the presence of transplanted cells itself could not 

be enough to produce a functional therapeutic outcome, but that a receptive 

environment should also be present. 

While the GMP protocol, developed in Chapter 7, will be used to test the safety and 

feasibility of salivary gland organoid-derived cells in a clinical setting, it is necessary 

to keep in mind that other mechanistic hypotheses beyond long-term cell replacement, 

such as the recently suggested paracrine effect of transplanted salivary gland-derived 

cells21,34,35 could be (co)-responsible for tissue regeneration. This hypothesis will lead 

to new potential therapeutic approaches and to clinical trials aimed at leveraging the 

effect of exogenously supplied cells to initiate the activation of endogenous 

regeneration responses of surviving cells (if still present) that will ultimately lead to 
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improved functionality of the tissue. Consequently, different standards for the 

characterization of the cell source should be considered. In contrast to the selection 

of cells for long-term replacement strategies based on the self-renewal and the 

regenerative cellular state that support appropriate cell fate decisions, the focus of 

choosing cells for paracrine stimulation should be based on the secretory profiles of 

the cells. Therefore, characterization of the secretome of human salivary gland 

organoids by stable isotope-labeling with amino acids in cell culture-coupled mass 

spectrometry (SILAC-MS) would potentially provide insights in the secreted factors 

that are likely to contribute to the regeneration process and organoid formation. 

Furthermore, the targets of the secreted factors should be considered. Are the 

secreted factors targeted towards epithelial cells or other components of the salivary 

gland niche? Do they contribute to the induction of intrinsic cell plasticity of salivary 

gland epithelial cells or are they acting on the reactivation of the receptive niche?  

We could therefore speculate that the “best” therapeutic options to rescue radiation-

induced hyposalivation would be a combination of priming strategies to allow better 

engraftment, transplantation of cells with regenerative properties for long term tissue 

replacement and transplantation of cells with paracrine stimulatory functions that could 

support both the endogenous receptive niche and the transplanted cells for an 

enhanced and prolonged regeneration and subsequent functionality.  
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