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Chapter 6

Summary

Annually, 700,000 patients are diagnosed with head and neck cancer worldlwide1. 
Approximately 40% of these patients develop xerostomia (dry mouth syndrome), a 
side effect due to co-irradiation of the salivary glands2. Symptoms include difficul-
ties in speaking, food mastication and swallowing, an increased susceptibility to 
dental caries and oral infections, all resulting in a severely reduced quality of life3.

Salivary glands harbor salivary gland stem/progenitor cells (SGSCs) that are re-
sponsible for regenerating the parenchyma of the glands4,5. The lack of viable 
SGSCs able to maintain glandular homeostasis has been shown to be one of the 
cellular mechanisms contributing to radiotherapy-induced salivary gland dysfunc-
tion5–7. SGSC transplantation might be an option to (partly) restore the stem cell 
pool4. It has been suggested that transplantation of SGSCs can remodel the irradi-
ated microenvironment by replenishing stem cells and secreting paracrine factors 
to interact with the recipient salivary gland cells4–6,8,9. However, little is known about 
the influence of radiation on the stem/progenitor cell microenvironment of salivary 
glands, and its role in regeneration.

A range of damage responses is activated in normal tissues by radiation. First, 
DNA damage leads to pro-inflammatory cytokine secretion and immunity activation 
that may disrupt the regenerative response of the tissue10. Later in time, radia-
tion-induced tissue oxidative stress and cellular senescence lead to the develop-
ment of a chronic inflammatory status and collagen deposition due to excessive 
secretion of extracellular matrix (ECM) components11,12. These responses provide 
an unfavorable microenvironment for stem/progenitor cells, as pro-inflammatory 
factors along with fibrotic tissue and immune cells can inhibit stem cell function13,14. 
Among the radiation-induced damage responses, cellular senescence may play an 
important role in the development of radiotherapy-related hyposalivation. Through 
production of a series of senescence-associated secretory phenotype (SASP) fac-
tors, such as cytokines, chemokines and growth factors, radiation-induced senes-
cent cells have a deleterious influence on the neighboring healthy cells including 
tissue-specific stem cells15. The ductal compartment of salivary glands, the region 
where a population of SGSCs has been suggested to reside7–9, exhibits cellular se-
nescence after radiation16. Therefore, the irradiated microenvironment containing 
senescent cells can directly have an impact on SGSCs. Moreover, recent studies 
have demonstrated that selective elimination of senescent cells using senolytic 
drugs rejuvenates the muscle and hematopoietic stem cell systems, resulting in 
mitigation of radiation-induced tissue damage and an extension of the life span 
in mice17. Whether the clearance of senescent cells can restore radiation-induced 
damaged SGSC function needs further investigation.
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Recently, organoids derived from normal tissue or cancer have been recognized 
as a versatile model for studying radiation-induced normal tissue effects18 and drug 
screening19–21. The studies described in this thesis utilized the organoid system as 
a model to investigate modulatory effects of radiation on the SGSC microenviron-
ment and explore strategies to ameliorate radiation-induced hyposalivation by opti-
mizing the SGSC microenvironment, and use it for senolytic drug screening .

Next to this, organoid technology was employed to increase our understanding 
of tissue-specific dynamics upon virus infection22. During the coronavirus disease 
2019 (COVID-19) pandemic caused by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2)23, a lack of in vitro human models to study viral 
biology, which can be used to find potential therapeutics, became a great cause 
for concern. Regarding the salivary gland as a target organ and potential reservoir 
of SARS-CoV-224–26, human salivary gland biopsy-derived organoids were used in 
this thesis to investigate SARS-CoV-2 infection and biology in salivary glands.

In chapter 1, a brief overview of normal aging, cellular senescence and other 
responses to irradiation in salivary glands was provided. Moreover, cellular and 
molecular mechanisms involved in dysfunction of aged salivary glands, such as 
declined function of protein synthesis and transport, imbalance of cell proliferation 
and apoptosis, were highlighted. Subsequently, the context of radiation-induced 
modulatory effects on the SGSC microenvironment was briefly described. Specifi-
cally, cellular senescence induced by radiation in salivary glands plays an import-
ant role in microenvironmental changes. The mechanisms of radiation-induced se-
nescence, like SASP factor IL-6 modulation and the mutual enhancement between 
senescence and oxidative stress, were mentioned. Finally, to study radiation-in-
duced microenvironmental changes and cellular senescence in salivary glands, 
the salivary gland organoids were introduced as a model. The employment of this 
organoid system was also expanded to SARS-CoV-2 biology.

Various damage responses are induced by radiation in salivary gland tissue and 
as a consequence, an unhealthy microenvironment for SGSCs is generated. In 
the study described in Chapter 2, we confirmed that radiation-induced microen-
vironmental changes (inflammation, senescence and fibrosis) occur in salivary 
glands at both early and late phases after irradiation. The radiation-changed mi-
croenvironment led to the loss of SGSC regeneration in a time-dependent manner. 
It was shown that the number and self-renewal capacity of SGSCs isolated from 
irradiated salivary glands declined over time after irradiation. Amongst others, RNA 
sequencing analysis pointed to impairment in glutathione metabolism and upreg-
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ulation of Bmp4 as potential factors involved in the loss of regenerative potential 
of SGSCs. Indeed, inhibition of Bmp4 rescued the reduction of SGSC self-renewal 
related to radiation-induced microenvironmental changes. This study demonstrated 
SGSC functional loss is due to radiation-induced microenvironmental changes with 
an important role of Bmp4 and provided a promising therapeutic strategy to restore 
the functionality of irradiated salivary glands by improving microenvironment of 
SGSCs.

Among the radiation-induced microenvironmental alterations, cellular senescence 
develops in striated and excretory ducts where SGSCs are hypothesized to be 
located7–9,16. As shown in Chapter 2 and indicated previously by others, the ductal 
compartment remains relatively intact after irradiation, while most acini are lost in 
the irradiated submandibular glands27. However, it is not fully known whether cellu-
lar senescence contributes to radiation-induced hyposalivation and what its effect 
on SGSCs is. Therefore, the role of radiation-induced senescence in salivary gland 
tissue and organoids was explored in the study described in Chapter 3. First, an 
accumulation of senescent cells and upregulation of SASP genes were observed 
after irradiation both in vivo and in vitro. Next, the effect of SASP on SGSC self-re-
newal potential was studied using conditioned medium harvested from irradiated 
SGSC culture. The results indicated that the SASP secreted by irradiated organ-
oids compromised SGSC self-renewal capacity. Importantly, the selective elimina-
tion of senescent cells by the senolytic drug ABT-263 increased the self-renewal 
potential of irradiated SGSCs in vitro and partially restored the function of salivary 
glands after irradiation in vivo.

The aberrant persistence of senescent cells is possibly due to an upregulation of 
various anti-apoptotic pathways28. However, the resistance of senescent cells to 
apoptosis can conversely render them more sensitive to pharmacological inter-
ventions targeting these pathways. These agents are often referred to as seno-
lytics. Because of the possible toxicity in normal tissues and unsure efficacy in 
certain cell types, a novel screening method for senolytic drugs was developed in 
the study described in Chapter 4. The apoptosis-inducing senolytic drugs were 
screened in a 3D salivary gland organoid model by imaging fluorescence signal of 
apoptotic cells with caspase 3/7 activity. Next, we selected optimal doses of ARV-
825, 17-DMAG, Dasatinib + Quercetin, TH588 and Nutlin3a, which preferentially 
induced apoptosis only in irradiated organoids but not in non-irradiated organoids. 
These drugs were further evaluated for the pro-regenerative effect of SGSCs by 
measuring the organoids forming efficiency (OFE). Organoids treated with 17-
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DMAG and Nutlin3a showed enhanced self-renewal capacity after irradiation. 
Since Nutlin3a exhibited a lower toxicity than 17-DMAG in non-irradiated cells, we 
focused in more depth on the validation and characterization of the Nutlin3a seno-
lytic effect. Nutlin3a treatment reduced the expression of senescence-associated 
cell cycle arrest marker p16, membrane marker DCR2, and the SASP factor GDNF 
in irradiated organoids as well as downregulated anti-apoptotic proteins, indicating 
the senolytic activity of Nutlin3a leading to elimination of senescent salivary gland 
cells and improved SGSC expansion. The screening for drugs that show senolyt-
ic effect without hampering stem cell expansion may be a promising and efficient 
methodology for the identification of compounds with potential applications in 
post-radiotherapy regenerative medicine.

During the COVID-19 pandemic, the application of the salivary gland organoid 
model was broadened to the virology field as described in Chapter 5. It has al-
ready been shown that salivary gland tissues express SARS-CoV-2 host entry fac-
tors24,29,30 and SARS-CoV-2 is able to infect and replicate in salivary glands24,25. In 
our study, we showed that also salivary gland organoids expressed SARS-CoV-2 
host entry factors, confirming the high susceptibility of this organ to SARS-CoV-2. 
SARS-CoV-2 replicated in salivary gland organoids, as indicated by the gene ex-
pression and protein levels of nucleocapsid in salivary gland organoids, which is 
the viral abundant structural component. The viral copy numbers were comparable 
in organoids derived from patient-matched parotid and submandibular salivary 
glands. Furthermore, the infected organoids were able to release the mature viri-
ons. Altogether, salivary gland organoids could serve as a model to study SARS-
CoV-2 infection and biology in salivary glands and provide a platform for discover-
ing potential therapeutic approaches to fight COVID-19.
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General discussion and future perspectives

The work described in this thesis focused on two main points. Firstly, we aimed 
to unravel the effect of radiation-induced microenvironmental changes on the 
regenerative potential of SGSCs and investigate the possible modulation or 
intervention of microenvironmental factors to improve SGSC function by using 
salivary gland organoids as a model. Secondly, we utilized human salivary gland 
biopsy-derived organoids to explore the SARS-CoV-2 infection process. The 
normal tissue’s stem cell microenvironment could not be completely recapitulated 
using our current organoid model, owing to its lack of some microenvironmental 
components. Chapter 5 also highlighted that there are still many challenges in 
using organoid models in virology research22. In this section, we further discuss 
the advances achieved and the future development in these fields.

Modelling the stem cell microenvironment

To disclose the reciprocal interplay between stem cells and the microenvironment, 
in vitro models are being developed to mimic the key characteristics of both. 
The rapid development of organoid technology has enabled us to better 
understand the stem cell self-renewal and differentiation as well as the stem 
cell microenvironment. The advances in research tools such as genome-editing 
CRISPR/Cas931, single-cell analysis32,33 and live imaging reconstruction using 
microscopy34 have the potential to visualize the bidirectional relationship between 
stem cells and their microenvironment and facilitate the identification of the 
modulatory pathways involved. Here, we discuss the different microenvironment 
model systems and highlight models of SGSC microenvironment (Figure 1).
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Figure 1: Modelling the stem cell microenvironment.

The microenvironmental components lacking in normal organoids cultures can 
be added by co-culturing endothelial cells, stromal cells and immune cells. The 
bioengineering approaches including microwells, microfluidics, 3D printing and 
synthesis of biomaterials resembling extracellular matrix (ECM) promote tissue 
specificity of organoids and facilitate modelling stem cell microenvironment. 

Co-culturing systems

Essential components are usually absent in organoid models such as vascular, 
neuronal and immune cells35–38. Recent studies have focused on augmenting the 
complexity of organoid models via co-culture with missing cellular types. To mimic 
the natural microenvironment, the organoids need to be supplied with growth 
matrix and sufficient nutrients to preserve vitality and function of cells. 

Human endothelial cells may be the source of the microvasculature and their co-
culture with human salivary gland epithelial cells on a decellularized porcine gut 
matrix (SIS-muc) successfully yields functional in vitro acinar-like structure39. 
Endothelial cells may induce and increase in pro-acinar differentiation of salivary 
gland epithelial cells through VEGFR2-dependent signaling40. SIS-muc is 
biocompatible and acts as the biological vascularized scaffold providing ideal 
conditions for salivary gland cell culture39. 
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Next to endothelial cells, salivary gland cells are surrounded by a complex stromal 
environment. Epithelial-mesenchymal crosstalk is a well-known requisite for 
efficient cell development41. NIH3T3 cells42, human adipose mesenchymal stem 
cells (ADSCs) (releasing FGF-10)43 and hair follicle derived mesenchymal stem 
cells (MSCs, secreting FGF-7)44 can offer mesenchymal components to preserve 
the epithelial integrity and secretory function, as well as promote branching 
morphogenesis. In turn, co-culturing salivary acinar cells and bone marrow stem 
cells seems to induce transdifferentiation of MSCs towards a acinar cell phenotype 
expressing α-amylase, giving fuel to an ancient hypothesis that MSCs might be 
a source of stem cells for the treatment of damaged salivary glands45. Results 
from in vivo studies show that transplanted MSCs differentiate into salivary gland 
acinar and ductal cells and thus are a contributing factor in restoring the radiation-
reduced saliva production45,46.

Another important microenvironmental component are immune cells, which may 
interact with stem cells, and which can be mimicked by co-culturing methods as 
well. Co-cultures of naïve CD4+ T cells and salivary gland epithelial cells have 
been performed to induce T cell differentiation into follicular helper T cells (Tfh)47. 
Tfh secreting IL-21 contributes to B cell activation48,49. An increased number of Tfh 
cells and upregulation of IL-21 in salivary glands are detected in primary Sjögren’s 
syndrome (pSS) patients50,51. This indicates that the establishment of such a co-
culturing model might mimic pSS, enabling us to explore mechanisms involved 
in this disease and test the efficacy of certain debatable drugs for treatment52. 
Therefore, a co-culturing system approach may represent a useful tool to identify 
potential biomarkers, to study pathogenesis and to perform pharmaceutical 
screening for diseases. However, the models of co-culturing salivary gland cells 
and immune cells used by the current studies are restricted to 2D platforms52,53. 
These models need to be improved using 3D culture systems to allow assessment 
of SGSC function.
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Engineering the stem cell microenvironment

To mimic the in vivo situation, stem cell microenvironment models should 
allow stem cells to differentiate into mature cell types and to self-organize into 
hierarchical tissue structure. Current engineering techniques enable stem cells to 
form organoids more robustly, which supplies easier ways to analyze them.

Microwell array and AggreWell plates provide the concave space of well-defined 
environment for the cell sediment to form aggregates with a controlled organoid 
shape and size by altering well shape and seeding density54. The stemness of 
3D cultured salivary gland stem cells in the nanofibrous microwells is enhanced 
by activating Wnt signaling55. The microwell system permits cell-ECM interplay 
achieved by cell attachment to the cell-adhesive polycaprolactone (PCL) bottom, 
and promotes cell-cell contact through cell-repellent polyethylene glycol (PEG) 
hydrogel micropatterned walls between wells55. Microcraft arrays, a variation 
of microwell assays use a translucent polystyrene material to allow in-well live 
imaging and controlled release of individual wells for downstream detection56,57. In 
general, microwell approaches can produce reproducible uniform organoids rapidly 
and are suitable for identifying the factors exchanged in the microenvironment, 
and facilitate real-time imaging of cell-microenvironment dynamics.

Similarly, microfluidics may also guide organoid shape and size. This approach is 
used to capture cells in aqueous droplets within a carrier oil. Microfluidic platforms 
permit fast speed of droplet production and automated high-throughput assembly 
of cell aggregates, which is advantageous over the microwell strategy58,59. 
Studying cell-cell interactions can be achieved by capturing exact cell pairs60 while 
investigating cell-ECM communication can exploit fusion of cell-containing droplets 
and droplets including various ECM components58,59. Based on these benefits, 
the microfluidics approach might be an efficient tool to screen cellular and matrix 
components of the stem cell microenvironment at a larger scale.

To better control spatial organization of biomaterials in the extracellular 
environment, novel 3D bioprinting nanotechnologies have been developed. The 
magnetic nanoparticles binding with cells grants the cells magnetism by using 
magnetic levitation61–63. A mild external magnetic field can guide bioprinting cells 
at the base of a cell-nonadhesive plate where 3D organoids form. This bioprinting 
system can be used to develop salivary gland organoids with innervation and 
functional secretion upon cholinergic stimulation64. Also, the epithelial polarity, 
which is important for saliva flow direction, can be obtained by bioprinting64.
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ECM is an essential component of the microenvironment for organoid culture. 
For instance, the widely-used Matrigel is an ECM substitute that showed robust 
salivary gland organoid growth and differentiation65. Salivary gland tissue-derived 
decellularized ECM hydrogel acts as a functional scaffold for the proliferation and 
differentiation of SGSCs in 3D system66. However, a major drawback of these 
materials is the murine/rat-derived identity, which hampers clinical translation. 
Bioengineering techniques which structurally and functionally resemble human 
ECM architecture may open new avenues to overcome this67. For instance, 
reversible thermosensitive polyisocyanopeptide (PIC) hydrogel is a completely 
synthetic biomimetic scaffold which is a promising candidate as an ECM 
substitute68. In other xeno-free and human-compatible biomaterials, like hyaluronic 
acid (HA), human salivary gland cells can form large functional acini-like structure 
with a central lumen and can be maintained for a long period of time when 
embedded in HA hydrogels69. Modification of HA hydrogels with bioactive basement 
membrane (BM)-derived peptides enhances stem cell viability and proliferation, 
and promote acinar differentiation when adding microenvironmental factors like 
β-adrenergic and cholinergic agonists70. These 3D organoids have been shown 
to still be capable of producing α-amylase after the hydrogels are transplanted 
in an immunodeficient rat model71. However, the cell polarity is reversed in 
this 3D structure suggesting microenvironmental factors are needed to correct 
inside-out acini. Growing SGSCs on the biomaterial scaffolds incorporated with 
human perlecan domain IV peptide supports formation of α-amylase-expressing 
3D units, which may correct polarity and directionality of saliva secretion72. In 
addition, incorporation of poly(glycerol sebacate) (PGS) into poly (lactic co glycolic 
acid) (PLGA) can add softness and hydrophilicity of PLGA, which allows tissue 
reorganization and apical localization of tight junction proteins42. 

Taken together, bioengineering advancements have already provided and also 
will be more refined in the near future for state-of-art approaches for the efficient 
generation of a synthetic microenvironment and in-depth understanding of stem 
cell-microenvironment interactions. In terms of the bioengineering application in 
SGSCs and their microenvironment, it may be a powerful complement to study 
homeostatic mechanisms in order to restore the function of damaged tissue and 
achieve salivary gland regeneration.
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We found (Chapter 2) that irradiation of organoids only sl ightly induced 
upregulated Bmp4 expression, whereas irradiated salivary gland-derived SGSCs 
showed a pronounced Bmp4 increase after 90 days. It is speculated that other 
microenvironmental components, not present in our organoid model, may be 
involved in this Bmp4 upregulation. To address this question, we have planned 
to upgrade the salivary gland organoid model to possess more organ-specific 
properties, like enriched acinar units, innervation and cell polarity achieved by 
bioengineering technologies, as aforementioned. The more the organoids resemble 
to salivary glands, the more genuine irradiation responses can be expected. 
For other microenvironmental components, we plan to co-culture salivary gland 
organoids with different irradiated cell types combined with the microfluidics 
approach to efficiently figure out which microenvironmental elements induce Bmp4 
in the stem cell microenvironment. Besides the suppressive role of Bmp4 in the 
stemness of SGSCs, high throughput screening of microfluidics enables us to 
identify other biomarkers involved in radiation-induced toxicity of normal tissue73. 
Cells encapsulated in droplets can be irradiated in the microfluidic device, and the 
factors secreted by irradiated cells can be captured for downstream detection74. 
Such markers when found might be useful for optimization of future radiotherapy 
treatment plans, such as specific sparing of SGSCs7,75. 

In addition, to optimize the SGSC microenvironment after irradiation, co-culturing 
salivary gland organoids and MSCs might be an option. Bone marrow or adipose 
tissue derived MSCs have been reported to stimulate remaining cells to proliferate, 
to reduce cell apoptosis, to remodel radiation-induced fibrosis, to increase 
angiogenesis and to ameliorate the radiation-reduced saliva secretion, indicating a 
favorable role of MSCs in stem cell microenvironment45,46,76–79. Co-culturing MSCs 
combined with pharmacological elimination of senescent cells (see Chapter 3 and 
4) is expected to further improve SGSC microenvironment. 
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Studying SARS-CoV-2 on an organoid platform – the road ahead

Investigating host cellular responses induced by SARS-CoV-2 infection

SARS-CoV-2 primarily targets the respiratory tract leading to severe symptoms, 
including coughing, shortness of breath, and pneumonia80,81. Besides respiratory 
mani festat ions,  amongst  o thers,  COVID-19 pat ients  commonly exhib i t 
gastrointestinal symptoms, kidney injury, liver-related complications, and oral 
lesions81–83. Studying the causes of these pathological changes at the cellular 
and molecular levels can benefit from in vitro models that closely recapitulate 
human physiology. SARS-CoV-2-infected lung organoids are able to mimic 
host immune responses, resulting in an inflammatory phenotype and NF-κB 
signaling initiation84,85. Similarly in intestinal organoids, a broad signature of pro-
inflammatory cytokines and interferon (IFN)-mediated signaling pathways are 
triggered by SARS-CoV-2 infection86,87. IFN treatment may further promote viral 
infection and replication88. In Chapter 5, we demonstrated that salivary gland or-
ganoids could serve as a proper model to study SARS-CoV-2 infection in salivary 
glands, although the mechanisms behind oral discomfort caused by viral infection 
needs to be further investigated. Considering the organ specificity of SARS-CoV-2 
infection89, salivary gland organoids are a useful tool to explore which type of in-
flammatory responses occurs in salivary glands.

The above-mentioned cellular responses may explain the induction of acute 
COVID-19 symptoms, but a considerable number of patients suffer from post-acute 
COVID-19 syndrome after the virus has disappeared90. Several studies in different 
tissues have reported that cellular senescence is associated with the persisting 
sequelae of COVID-1991–94. Senescence in infected cells as a primary stress re-
sponse is evoked by SARS-CoV-291. The infected cells develop a pro-inflammatory 
phenotype accompanied with increased SASP expression92,93. SASP amplification 
mediated by toll-like receptor (TLR-3) contributes to dysregulated innate immune 
responses94. Furthermore, although the virus is not detectable, senescent cells 
can affect neighboring healthy cells to induce secondary senescence through 
consistently secreting SASP factors95,96. Among the various SASP components, 
the pro-inflammatory cytokine TNFα plays an important role in inducing paracrine 
senescence of previously non-senescent cells97. Given the pro-inflammatory role 
of senescent cells in the microenvironment, escalating immune responses, like 
leukocyte adhesion, macrophage activation, formation of neutrophil extracellular 
traps and immune-thrombosis, contribute to the severe COVID-19 cases91,93. Col-
lectively, SARS-CoV-2-induced senescence is a risk factor of long-term adverse 
health outcomes. Whether SARS-CoV-2 induces senescence and following senes-
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cence-related responses in salivary glands are still unknown and could be studied/
assessed using human salivary gland organoids.

To better understand the SARS-CoV-2-induced cellular responses in salivary 
glands, RNA sequencing can be performed on mock/infected salivary glands or-
ganoids. For example, in gut organoids, SARS-CoV-2 infection triggers IFN-stimu-
lated genes (ISG) due to type I and III IFN responses87. Furthermore, TNFα is the 
key SASP to induce secondary senescence in lung diploid fibroblasts after SARS-
CoV-2 disappears97. Whether SARS-CoV-2 causes the same type of responses 
and which SASP factor may play an important role in salivary glands remain un-
known. These sequencing-identified responses can be validated by PCR on in-
fected organoids and ELISA on culture supernatant. In addition, certain inhibitors 
can be tested in the model and, when proven effective, can potentially be used to 
block SARS-CoV-2-induced effects to relieve the oral symptoms. Moreover, since 
salivary gland organoids in self-renewal conditions only contain ductal cells, we 
plan to test SARS-CoV-2 infection in differentiated organoids harboring more cell 
types such as acinar and myoepithelial cells98. Single cell RNA sequencing can fa-
cilitate determining the salivary gland cell types that have the highest susceptibility 
to SARS-CoV-224. 

Organoids as a tool to discover COVID-19 therapeutics 

The exact SARS-CoV-2 entry pathway is a crucial issue to be tackled. CRISPR-
Cas9 has been applied to knockout known host entry factors TMPRSS family 
members in intestinal organoids99. Knockout of TMPRSS4 significantly reduces 
SARS-CoV-2 replication while TMPRSS2 deficiency does not99. To identify 
unknown host factors unbiasedly, genome-wide CRISPR screening has been 
performed in cell l ines100,101. The insights need to be translated to a more 
physiologically analogous systems, such as organoids. Blocking SARS-CoV-2 
entry is an indispensable step to prevent/fight the infection.

Meanwhile, the organoid model provides a platform for testing antiviral drugs. 
The use of organoids for predicting drug efficacy against viruses has been 
examined102,103. Based on the knowledge of coronavirus biology and well-known 
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viral inhibitors, 25-hydroxycholesterol, which modulates the IFN pathway, has been 
used to treat SARS-CoV-2-infected lung organoids successfully controlling SARS-
CoV-2 replication104. Adenosine analog remdesivir, a drug now widely administered 
to SARS-CoV-2 patients, showed inhibition of SARS-CoV-2 propagation in iPS-
derived organoids105. Furthermore, in order to discover new candidate drugs for 
COVID-19 therapeutics, studies demonstrated how organoids aided in unbiased 
drug screening106,107. The fluorescent readout by using an integrated luciferase 
reporter could be used as a measurement of viral entry and replication106,107. So far, 
such a screening has been only realized in organoids treated with pseudotyped 
viruses containing SARS-CoV-2 spike protein with lower handling risk. Using alive 
SARS-CoV-2 or substitutes, which better mimic the viral life cycle, and increasing 
the screening throughput are the next challenges to overcome. Likewise, genome-
wide CRISPR and drug screening can be potentially applied in salivary gland 
organoids to explore the specific therapeutics against SARS-CoV-2 infection in 
salivary glands.

Within the last 20 years, SARS-CoV-2 has been the third coronavirus epidemic 
occurred to humans after SARS-CoV and MERS-CoV. It can be foreseen that the 
new types of coronaviruses are very likely to emerge in the near future. With the 
advent of a human organoid platform, we can better understand the coronavirus 
infection process and find possible prophylactic and therapeutic approaches to 
control the viral entry and slow down the viral spreading. Studying coronavirus 
biology in salivary gland organoid system should be further investigated since 
salivary glands potentially act as the coronavirus transmission route.



145

Summary, general discussion and future perspectives

06

References 

1. Sung, H. et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of 
Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. 
Clin. 71, 209–249 (2021).
2. Chiu, Y.-H., Tseng, W.-H., Ko, J.-Y. & Wang, T.-G. Radiation-induced swal-
lowing dysfunction in patients with head and neck cancer: A literature review. J. 
Formos. Med. Assoc. Taiwan Yi Zhi 121, 3–13 (2022).
3. Mercadante, V. et al. Salivary Gland Hypofunction and/or Xerostomia In-
duced by Nonsurgical Cancer Therapies: ISOO/MASCC/ASCO Guideline. J. Clin. 
Oncol. Off. J. Am. Soc. Clin. Oncol. 39, 2825–2843 (2021).
4. Pringle, S. et al. Human Salivary Gland Stem Cells Functionally Restore 
Radiation Damaged Salivary Glands. Stem Cells 34, 640–652 (2016).
5. Rocchi, C., Barazzuol, L. & Coppes, R. P. The evolving definition of sali-
vary gland stem cells. NPJ Regen. Med. 6, 4 (2021).
6. Lombaert, I. M. A. et al. Rescue of salivary gland function after stem cell 
transplantation in irradiated glands. PloS One 3, e2063 (2008).
7. van Luijk, P. et al. Sparing the region of the salivary gland containing stem 
cells preserves saliva production after radiotherapy for head and neck cancer. Sci. 
Transl. Med. 7, 305ra147 (2015).
8. Maimets, M. et al. Long-Term In Vitro Expansion of Salivary Gland Stem 
Cells Driven by Wnt Signals. Stem Cell Rep. 6, 150–162 (2016).
9. Pringle, S., Van Os, R. & Coppes, R. P. Concise review: Adult salivary 
gland stem cells and a potential therapy for xerostomia. Stem Cells 31, 613–619 
(2013).
10. Cinat, D., Coppes, R. P. & Barazzuol, L. DNA Damage-Induced Inflam-
matory Microenvironment and Adult Stem Cell Response. Front. Cell Dev. Biol. 9, 
729136 (2021).
11. Bentzen, S. M. Preventing or reducing late side effects of radiation thera-
py: radiobiology meets molecular pathology. Nat. Rev. Cancer 6, 702–713 (2006).
12. Hernandez-Gonzalez, F. et al. Cellular Senescence in Lung Fibrosis. Int. J. 
Mol. Sci. 22, 7012 (2021).
13. Schaue, D., Kachikwu, E. L. & McBride, W. H. Cytokines in Radiobiological 
Responses: A Review. Radiat. Res. 178, 505–523 (2012).
14. Barazzuol, L., Coppes, R. P. & van Luijk, P. Prevention and treatment of 
radiotherapy-induced side effects. Mol. Oncol. 14, 1538–1554 (2020).
15. Liao, E.-C. et al. Radiation induces senescence and a bystander effect 
through metabolic alterations. Cell Death Dis. 5, e1255 (2014).
16. Marmary, Y. et al. Radiation-Induced Loss of Salivary Gland Function Is 
Driven by Cellular Senescence and Prevented by IL6 Modulation. Cancer Res. 76, 
1170–1180 (2016).



146

Chapter 6

17. Chang, J. et al. Clearance of senescent cells by ABT263 rejuvenates aged 
hematopoietic stem cells in mice. Nat. Med. 22, 78–83 (2016).
18. Nagle, P. W. et al. The In Vitro Response of Tissue Stem Cells to Irradi-
ation With Different Linear Energy Transfers. Int. J. Radiat. Oncol. 95, 103–111 
(2016).
19. Huang, L. et al. Ductal pancreatic cancer modeling and drug screening us-
ing human pluripotent stem cell- and patient-derived tumor organoids. Nat. Med. 
21, 1364–1371 (2015).
20. Dekkers, J. F. et al. A functional CFTR assay using primary cystic fibrosis 
intestinal organoids. Nat. Med. 19, 939–945 (2013).
21. Schwank, G. et al. Functional repair of CFTR by CRISPR/Cas9 in intestinal 
stem cell organoids of cystic fibrosis patients. Cell Stem Cell 13, 653–658 (2013).
22. Geurts, M. H., van der Vaart, J., Beumer, J. & Clevers, H. The Organoid 
Platform: Promises and Challenges as Tools in the Fight against COVID-19. Stem 
Cell Rep. 16, 412–418 (2021).
23. Coronaviridae Study Group of the International Committee on Taxonomy of 
Viruses. The species Severe acute respiratory syndrome-related coronavirus: clas-
sifying 2019-nCoV and naming it SARS-CoV-2. Nat. Microbiol. 5, 536–544 (2020).
24. Huang, N. et al. SARS-CoV-2 infection of the oral cavity and saliva. Nat. 
Med. 27, 892–903 (2021).
25. Matuck, B. F. et al. Salivary glands are a target for SARS-CoV-2: a source 
for saliva contamination. J. Pathol. 254, 239–243 (2021).
26. Xu, J., Li, Y., Gan, F., Du, Y. & Yao, Y. Salivary Glands: Potential Reser-
voirs for COVID-19 Asymptomatic Infection. J. Dent. Res. 99, 989 (2020).
27. Price, R. E., Ang, K. K., Stephens, L. C. & Peters, L. J. Effects of continu-
ous hyperfractionated accelerated and conventionally fractionated radiotherapy on 
the parotid and submandibular salivary glands of rhesus monkeys. Radiother. On-
col. J. Eur. Soc. Ther. Radiol. Oncol. 34, 39–46 (1995).
28. Soto-Gamez, A., Quax, W. J. & Demaria, M. Regulation of Survival Net-
works in Senescent Cells: From Mechanisms to Interventions. J. Mol. Biol. 431, 
2629–2643 (2019).
29. Soares, C. D., Mosqueda-Taylor, A., Hernandez-Guerrero, J. C., de Car-
valho, M. G. F. & de Almeida, O. P. Immunohistochemical expression of angioten-
sin-converting enzyme 2 in minor salivary glands during SARS-CoV-2 infection. J. 
Med. Virol. 93, 1905–1906 (2021).
30. Usami, Y., Hirose, K., Okumura, M., Toyosawa, S. & Sakai, T. Brief com-
munication: Immunohistochemical detection of ACE2 in human salivary gland. Oral 
Sci. Int. (2020) doi:10.1002/osi2.1085.



147

Summary, general discussion and future perspectives

06

31. Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. 
Science 339, 819–823 (2013).
32. Grün, D. et al. Single-cell messenger RNA sequencing reveals rare intesti-
nal cell types. Nature 525, 251–255 (2015).
33. Grün, D. et al. De Novo Prediction of Stem Cell Identity using Single-Cell 
Transcriptome Data. Cell Stem Cell 19, 266–277 (2016).
34. Tomer, R. et al. SPED Light Sheet Microscopy: Fast Mapping of Biological 
System Structure and Function. Cell 163, 1796–1806 (2015).
35. Spence, J. R. et al. Directed differentiation of human pluripotent stem cells 
into intestinal tissue in vitro. Nature 470, 105–109 (2011).
36. Finkbeiner, S. R. et al. Transcriptome-wide Analysis Reveals Hallmarks of 
Human Intestine Development and Maturation In Vitro and In Vivo. Stem Cell Rep. 
S2213-6711(15)00122–8 (2015) doi:10.1016/j.stemcr.2015.04.010.
37. Watson, C. L. et al. An in vivo model of human small intestine using plurip-
otent stem cells. Nat. Med. 20, 1310–1314 (2014).
38. Wells, J. M. & Spence, J. R. How to make an intestine. Dev. Camb. Engl. 
141, 752–760 (2014).
39. Burghartz, M. et al. Development of Human Salivary Gland-Like Tissue In 
Vitro. Tissue Eng. Part A 24, 301–309 (2018).
40. Kwon, H. R., Nelson, D. A., DeSantis, K. A., Morrissey, J. M. & Larsen, M. 
Endothelial cell regulation of salivary gland epithelial patterning. Dev. Camb. Engl. 
144, 211–220 (2017).
41. Nelson, D. A. & Larsen, M. Heterotypic control of basement membrane dy-
namics during branching morphogenesis. Dev. Biol. 401, 103–109 (2015).
42. Sfakis, L. et al. Mesenchymal Cells Affect Salivary Epithelial Cell Morphol-
ogy on PGS/PLGA Core/Shell Nanofibers. Int. J. Mol. Sci. 19, E1031 (2018).
43. Shin, H.-S., Lee, S., Kim, Y.-M. & Lim, J.-Y. Hypoxia-Activated Adipose 
Mesenchymal Stem Cells Prevents Irradiation-Induced Salivary Hypofunction by 
Enhanced Paracrine Effect Through Fibroblast Growth Factor 10. Stem Cells 36, 
1020–1032 (2018).
44. Samuel, R. Z., Lei, P., Nam, K., Baker, O. J. & Andreadis, S. T. Engineering 
the mode of morphogenetic signal presentation to promote branching from salivary 
gland spheroids in 3D hydrogels. Acta Biomater. 105, 121–130 (2020).
45. Lin, C.-Y. et al. Cell therapy for salivary gland regeneration. J. Dent. Res. 
90, 341–346 (2011).
46. Sumita, Y. et al. Bone marrow-derived cells rescue salivary gland function 
in mice with head and neck irradiation. Int. J. Biochem. Cell Biol. 43, 80–87 (2011).
47. Gong, Y.-Z. et al. Differentiation of follicular helper T cells by salivary gland 
epithelial cells in primary Sjögren’s syndrome. J. Autoimmun. 51, 57–66 (2014).



148

Chapter 6

48. Liu, H., Liu, G., Gong, L., Zhang, Y. & Jiang, G. Local suppression of IL-21 
in submandibular glands retards the development of Sjögren’s syndrome in non-
obese diabetic mice. J. Oral Pathol. Med. Off. Publ. Int. Assoc. Oral Pathol. Am. 
Acad. Oral Pathol. 41, 728–735 (2012).
49. Scofield, R. H. IL-21 and Sjögren’s syndrome. Arthritis Res. Ther. 13, 137 
(2011).
50. Kang, K. Y. et al. Impact of interleukin-21 in the pathogenesis of primary 
Sjögren’s syndrome: increased serum levels of interleukin-21 and its expression in 
the labial salivary glands. Arthritis Res. Ther. 13, R179 (2011).
51. Szabo, K. et al. Follicular helper T cells may play an important role in the 
severity of primary Sjögren’s syndrome. Clin. Immunol. Orlando Fla 147, 95–104 
(2013).
52. Lisi, S., Sisto, M., D’Amore, M. & Lofrumento, D. D. Co-culture system of 
human salivary gland epithelial cells and immune cells from primary Sjögren’s syn-
drome patients: an in vitro approach to study the effects of Rituximab on the acti-
vation of the Raf-1/ERK1/2 pathway. Int. Immunol. 27, 183–194 (2015).
53. Rivière, E. et al. Salivary gland epithelial cells from patients with Sjögren’s 
syndrome induce B-lymphocyte survival and activation. Ann. Rheum. Dis. 79, 
1468–1477 (2020).
54. Murrow, L. M., Weber, R. J. & Gartner, Z. J. Dissecting the stem cell niche 
with organoid models: an engineering-based approach. Dev. Camb. Engl. 144, 
998–1007 (2017).
55. Shin, H.-S. et al. Stem cell properties of human clonal salivary gland stem 
cells are enhanced by three-dimensional priming culture in nanofibrous microwells. 
Stem Cell Res. Ther. 9, 74 (2018).
56. Gracz, A. D. et al. A high-throughput platform for stem cell niche co-cul-
tures and downstream gene expression analysis. Nat. Cell Biol. 17, 340–349 
(2015).
57. Wang, Y. et al. Micromolded arrays for separation of adherent cells. Lab. 
Chip 10, 2917–2924 (2010).
58. Allazetta, S. & Lutolf, M. P. Stem cell niche engineering through droplet mi-
crofluidics. Curr. Opin. Biotechnol. 35, 86–93 (2015).
59. Chan, H. F. et al. Rapid formation of multicellular spheroids in dou-
ble-emulsion droplets with controllable microenvironment. Sci. Rep. 3, 3462 (2013).
60. Dura, B. et al. Longitudinal multiparameter assay of lymphocyte interac-
tions from onset by microfluidic cell pairing and culture. Proc. Natl. Acad. Sci. U. S. 
A. 113, E3599-3608 (2016).
61. Haisler, W. L. et al. Three-dimensional cell culturing by magnetic levitation. 
Nat. Protoc. 8, 1940–1949 (2013).



149

Summary, general discussion and future perspectives

06

62. Türker, E., Demirçak, N. & Arslan-Yildiz, A. Scaffold-free three-dimensional 
cell culturing using magnetic levitation. Biomater. Sci. 6, 1745–1753 (2018).
63. Tseng, H. et al. A three-dimensional co-culture model of the aortic valve 
using magnetic levitation. Acta Biomater. 10, 173–182 (2014).
64. Adine, C., Ng, K. K., Rungarunlert, S., Souza, G. R. & Ferreira, J. N. Engi-
neering innervated secretory epithelial organoids by magnetic three-dimensional 
bioprinting for stimulating epithelial growth in salivary glands. Biomaterials 180, 
52–66 (2018).
65. Nanduri, L. S. Y. et al. Purification and ex vivo expansion of fully functional 
salivary gland stem cells. Stem Cell Rep. 3, 957–964 (2014).
66. Shin, K. et al. Three-Dimensional Culture of Salivary Gland Stem Cell in 
Orthotropic Decellularized Extracellular Matrix Hydrogels. Tissue Eng. Part A 25, 
1396–1403 (2019).
67. Yin, X. et al. Engineering Stem Cell Organoids. Cell Stem Cell 18, 25–38 
(2016).
68. Zimoch, J. et al. Polyisocyanopeptide hydrogels: A novel thermo-respon-
sive hydrogel supporting pre-vascularization and the development of organotypic 
structures. Acta Biomater. 70, 129–139 (2018).
69. Pradhan, S. et al. Lumen formation in three-dimensional cultures of sal-
ivary acinar cells. Otolaryngol.--Head Neck Surg. Off. J. Am. Acad. Otolaryn-
gol.-Head Neck Surg. 142, 191–195 (2010).
70. Srinivasan, P. P. et al. Primary Salivary Human Stem/Progenitor Cells Un-
dergo Microenvironment-Driven Acinar-Like Differentiation in Hyaluronate Hydro-
gel Culture. Stem Cells Transl. Med. 6, 110–120 (2017).
71. Pradhan-Bhatt, S. et al. Implantable three-dimensional salivary spheroid 
assemblies demonstrate fluid and protein secretory responses to neurotransmit-
ters. Tissue Eng. Part A 19, 1610–1620 (2013).
72. Pradhan, S. et al. Perlecan domain IV peptide stimulates salivary gland 
cell assembly in vitro. Tissue Eng. Part A 15, 3309–3320 (2009).
73. Nahavandi, S. et al. Microfluidic platforms for biomarker analysis. Lab. 
Chip 14, 1496–1514 (2014).
74. Grad, M., Young, E. F., Smilenov, L., Brenner, D. J. & Attinger, D. A simple 
add-on microfluidic appliance for accurately sorting small populations of cells with 
high fidelity. J. Micromechanics Microengineering Struct. Devices Syst. 23, (2013).
75. Steenbakkers, R. J. H. M. et al. Parotid Gland Stem Cell Sparing Radiation 
Therapy for Patients With Head and Neck Cancer: A Double-Blind Randomized 
Controlled Trial. Int. J. Radiat. Oncol. Biol. Phys. 112, 306–316 (2022).
76. Lombaert, I. M. A. et al. Mobilization of bone marrow stem cells by granu-
locyte colony-stimulating factor ameliorates radiation-induced damage to salivary 
glands. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 12, 1804–1812 (2006).



150

Chapter 6

77. Linard, C. et al. Long-term effectiveness of local BM-MSCs for skeletal 
muscle regeneration: a proof of concept obtained on a pig model of severe radia-
tion burn. Stem Cell Res. Ther. 9, 299 (2018).
78. Benderitter, M. et al. Stem cell therapies for the treatment of radiation-in-
duced normal tissue side effects. Antioxid. Redox Signal. 21, 338–355 (2014).
79. An, H.-Y. et al. Adipose Mesenchymal Stem Cell Secretome Modulated in 
Hypoxia for Remodeling of Radiation-Induced Salivary Gland Damage. PloS One 
10, e0141862 (2015).
80. Hou, Y. J. et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infec-
tion Gradient in the Respiratory Tract. Cell 182, 429-446.e14 (2020).
81. Han, Y., Yang, L., Lacko, L. A. & Chen, S. Human organoid models to study 
SARS-CoV-2 infection. Nat. Methods 19, 418–428 (2022).
82. Ramachandran, P. et al. Gastrointestinal Symptoms and Outcomes in Hos-
pitalized Coronavirus Disease 2019 Patients. Dig. Dis. Basel Switz. 38, 373–379 
(2020).
83. Amorim Dos Santos, J. et al.  Oral Manifestations in Patients with 
COVID-19: A Living Systematic Review. J. Dent. Res. 100, 141–154 (2021).
84. Tindle, C. et al. Adult stem cell-derived complete lung organoid models 
emulate lung disease in COVID-19. eLife 10, e66417 (2021).
85. Huang, J. et al. SARS-CoV-2 Infection of Pluripotent Stem Cell-Derived 
Human Lung Alveolar Type 2 Cells Elicits a Rapid Epithelial-Intrinsic Inflammatory 
Response. Cell Stem Cell 27, 962-973.e7 (2020).
86. Triana, S. et al. Single-cell analyses reveal SARS-CoV-2 interference with 
intrinsic immune response in the human gut. Mol. Syst. Biol. 17, e10232 (2021).
87. Lamers, M. M. et al. SARS-CoV-2 productively infects human gut entero-
cytes. Science 369, 50–54 (2020).
88. Heuberger, J. et al. Epithelial response to IFN-γ promotes SARS-CoV-2 in-
fection. EMBO Mol. Med. 13, e13191 (2021).
89. Balachander, A. et al. Organ-specific immune response in lethal SARS-
CoV-2 infection by deep spatial phenotyping. Clin. Transl. Immunol. 11, e1384 
(2022).
90. Nalbandian, A. et al. Post-acute COVID-19 syndrome. Nat. Med. 27, 601–
615 (2021).
91. Lee, S. et al. Virus-induced senescence is a driver and therapeutic target 
in COVID-19. Nature 599, 283–289 (2021).
92. Evangelou, K.  et al .  Pulmonary infect ion by SARS-CoV-2 induc-
es senescence accompanied by an in f lammatory phenotype in  severe 
COVID-19: possible implications for viral mutagenesis. Eur. Respir. J. (2022) 
doi:10.1183/13993003.02951-2021.



151

Summary, general discussion and future perspectives

06

93. Meyer, K., Patra, T., Vijayamahantesh,  null & Ray, R. SARS-CoV-2 Spike 
Protein Induces Paracrine Senescence and Leukocyte Adhesion in Endothelial 
Cells. J. Virol. 95, e0079421 (2021).
94. Tripathi, U. et al. SARS-CoV-2 causes senescence in human cells and ex-
acerbates the senescence-associated secretory phenotype through TLR-3. Aging 
13, 21838–21854 (2021).
95. Xu, M. et al. Senolytics improve physical function and increase lifespan in 
old age. Nat. Med. 24, 1246–1256 (2018).
96. Iske, J. et al. Senolytics prevent mt-DNA-induced inflammation and pro-
mote the survival of aged organs following transplantation. Nat. Commun. 11, 4289 
(2020).
97. Tsuji, S. et al. SARS-CoV-2 infection triggers paracrine senescence and 
leads to a sustained senescence-associated inflammatory response. Nat. Aging 2, 
115–124 (2022).
98. Yoon, Y.-J. et al. Salivary gland organoid culture maintains distinct glandu-
lar properties of murine and human major salivary glands. Nat. Commun. 13, 3291 
(2022).
99. Zang, R. et al. TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection 
of human small intestinal enterocytes. Sci. Immunol. 5, eabc3582 (2020).
100. Wei, J. et al. Genome-wide CRISPR screen reveals host genes that regu-
late SARS-CoV-2 infection. BioRxiv Prepr. Serv. Biol. 2020.06.16.155101 (2020) 
doi:10.1101/2020.06.16.155101.
101. Wang, R. et al. Functional genomic screens identify human host factors 
for SARS-CoV-2 and common cold coronaviruses. BioRxiv Prepr. Serv. Biol. 
2020.09.24.312298 (2020) doi:10.1101/2020.09.24.312298.
102. Alvarado, G. et al. Human Monoclonal Antibodies That Neutralize Pandem-
ic GII.4 Noroviruses. Gastroenterology 155, 1898–1907 (2018).
103. Watanabe, M. et al. Self-Organized Cerebral Organoids with Human-Spe-
cific Features Predict Effective Drugs to Combat Zika Virus Infection. Cell Rep. 21, 
517–532 (2017).
104. Wang, S. et al. Cholesterol 25-Hydroxylase inhibits SARS-CoV-2 and other 
coronaviruses by depleting membrane cholesterol. EMBO J. 39, e106057 (2020).
105. Krüger, J. et al. Remdesivir but not famotidine inhibits SARS-CoV-2 
repl icat ion in human plur ipotent stem cel l -der ived intest inal  organoids. 
2020.06.10.144816 Preprint at https://doi.org/10.1101/2020.06.10.144816 (2020).
106. Han, Y. et al. Identification of SARS-CoV-2 inhibitors using lung and colon-
ic organoids. Nature 589, 270–275 (2021).
107. Duan, X. et al. Identification of Drugs Blocking SARS-CoV-2 Infection us-
ing Human Pluripotent Stem Cell-derived Colonic Organoids. 2020.05.02.073320 
Preprint at https://doi.org/10.1101/2020.05.02.073320 (2020).


	Chapter 6



