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Xerostomia (dry mouth symptoms) is a group of incurable debilitating conditions of salivary glands
caused by aging, irradiation/chemical exposure or aberrant inflammation in the salivary glands. For this
PhD thesis, | aimed to evaluate whether cell-derived strategies (e.g. extracellular vesicles, EVs) could
be a potential new therapy to ameliorate salivary gland injury and restore function after radiotherapy or
in autoimmune diseases. In addition, we also explored the possibility to promote a precision cut salivary
gland slices (PCSS) ex vivo model for evaluating salivary gland disease mechanisms or potential therapy
application. In addition, we aimed to develop new imaging techniques for both 2D and 3D analysis of
larger samples which allows for quantification of disease and regenerative features. Firstly, we developed
an in vivo murine model of 25 Gy irradiation-induced salivary gland damage to evaluate the potential of
human dental pulp stem cell (hDPSCs)-derived EVs. EVs were injected 3x weekly via tail vein, beginning
immediately after irradiation. Salivary gland function was evaluated 18 days after irradiation using
salivary gland flow rate (SFR), gene expression (by gqRT-PCR) and histopathology for analysis. Next, we
tested different methods to generate PCSS using a vibratome and evaluated the slices in terms of their
viability (by WST-1), gene expression (by qRT-PCR), secreted a-amylase activity and histological/light
sheet fluorescence microscopy (LSFM) three-dimensional imaging. Following irradiation, SFR decreased
while senescence-associated (-galactosidase-positive cells (via immuno-fluorescence) and
senescence-related genes and secretory-phenotypes (e.g. p21 and MMP3in gqRT-PCR) increased. SFR
was unchanged following EVs treatment but senescence-associated genes and secretory-phenotypes
decreased. We also demonstrated that in an animal model of Sjégren’s syndrome, which exhibited dry
mouth symptoms, hDPSCs-EVs could inhibit the acquisition of the senescent phenotype in salivary gland
epithelial cells (SGECs) and alleviate the loss of glandular function. EVs were also found to perform
these effects through an underlying immunomodulatory mechanism. For PCSS, we developed protocols
to produce viable slices of controlled thicknesses which retained the ability to secrete functional a-
amylase for at least two days in ex vivo culture. Phenotypic salivary gland cell epithelial markers (e.g.
Keratin 5 and Aquaporin 5) increased over time in PCSS (by gRT-PCR), indicating the retention of cells
that are necessary for salivary gland function. We developed workflows to perform LSFM 3D visulization
in whole salivary glands as well as the PCSS model. In conclusion, hDPSCs-EVs reduced the
senescence of salivary gland epithelial cells in both murine irradiaiton and Sjoégren’s syndrome models
and may become a promising future for xerostomia patients. For the murine PCSS, we successfully
established an executable operating procedure at the methodological level to reliably generate viable
and functional murine PCSS, and developed new state-of-the-art analytical methods (such as LFSM 3D
imaging and gRT-PCR) to increase the diversity of objective tools to evaluate PCSS. Therefore, this work
laid the foundation for the future application of other therapies (such as irradiation therapy or EVs therapy)
to the PCSS model. The future application could include drug screening or mechanism of injury study.
At the same time we developed a sustainable histology process to reduce xylene utilization in histological
processing for salivary gland tissue processing. Therefore, this work has developed a set of in vitro and
in vivo experiments with state-of-the-art methods to better understand disease mechanisms and to
evaluate new therapies for salivary glands.
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Abstract

Xerostomia (dry mouth symptoms) is a group of incurable debilitating conditions
of salivary glands caused by aging, radiation/chemical exposure, or aberrant
inflammation in the salivary glands. During this PhD thesis, we aimed to evaluate
whether cell-derived strategies (e.g., extracellular vesicles, EVs) could be a
potential new therapy to ameliorate salivary gland injury and restore function after
radiotherapy or in autoimmune diseases. In addition, we aimed to develop new
imaging techniques for both 2D and 3D analysis of larger samples which allows for
quantification of disease and regenerative features. Firstly, we constructed an in
vivo murine model of 25 Gy irradiation-induced salivary gland damage to evaluate
the potential of human dental pulp stem cell (hDPSCs)-derived EVs. EVs were
injected 3x weekly via tail vein, beginning immediately after irradiation. Salivary
gland function was evaluated 18 days after irradiation using salivary gland flow rate
(SFR), gene expression (by qRT-PCR) and histopathology. Next, we tested different
methods to generate PCSS using a vibratome and evaluated the slices in terms of
viability (by WST-1), gene expression (by qRT-PCR), secreted a-amylase activity
(by o-amylase assay kit) and histological/light sheet fluorescence microscopy
(LSFM) three-dimensional imaging. Following irradiation, SFR decreased while
senescence-associated [-galactosidase-positive cells (via immunofluorescences)
and senescence-related genes and secretory-phenotypes (e.g., p2/ and MMP3 in
qRT-PCR) increased. SFR was unchanged following EVs treatment, but
senescence-associated genes and secretory-phenotypes decreased. We also
demonstrated that in an animal model of Sjogren’s syndrome, which exhibit dry
mouth symptoms, that hDPSCs-EVs could inhibit the acquisition of the senescent
phenotype in salivary gland epithelial cells (SGECs) and alleviate the loss of
glandular function. EVs were also found to perform these effects through an
underlying immunomodulatory mechanism. For PCSS, we developed protocols to
produce viable slices of controled thicknesses which retained the ability to secrete
functional a-amylase for at least two days in ex vivo culture. Phenotypic salivary
gland cell epithelial markers (e.g., Keratin 5 and Aquaporin 5) increased over time
in PCSS (by gqRT-PCR), indicating the retention of cells that are necessary for
salivary glands’ function. We developed workflows to perform LSFM 3D
visualization in whole salivary glands as well as the PCSS model. In conclusion,
hDPSCs-EVs reduced senescence of salivary gland epithelial cells in both murine
irradiation and Sjogren’s syndrome models and may become a promising future for
xerostomia patients. For the murine PCSS, we successfully established an
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executable operating procedure at the methodological level to reliably generate
viable and functional murine PCSS and developed new state-of-the-art analytical
methods (such as LFSM 3D imaging and gqRT-PCR) to increase the diversity of
objective tools to evaluate PCSS. Therefore, this work laid the foundation for the
future application of other therapies (such as irradiation therapy or EVs therapy) to
the PCSS model. Those future applications could include drug screening or
mechanism of injury study. At the same time, we developed a sustainable histology
process to reduce xylene utilization in histological processing for salivary gland
tissue processing. Therefore, this work has developed a set of in vitro and in vivo
experiments with state-of-the-art methods to better understand disease mechanisms
and to evaluate new therapies for salivary glands.
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Popularvetenskaplig sammanfattning

Xerostomi, dr en kliniskdiagnos for muntorrhet. Muntorrheten kan uppkomma till
foljd av aldersfordndringar, stralnings- och kemikalieexponering eller en
inflammation i spottkortlarna. Extracelluldra vesiklar (EVs) dr smé vesiklar (i
nanometerstorlek) vilka normalt anvénds vid cellers kommunikation med varandra.
EVs har visats ha positiv effekt i djurforsok vid skada eller sjukdom i tex lunga,
hjérta, njure mm. Detta avhandlingsarbete fokuserar pa att undersoka om EVs, fran
celler som é&ven testas inom stamcellsterapier, skulle kunna anvidndas som
behandlingsmetod vid skada pa spottkdrtlarna eller vid autoimmuna sjukdomar.
Hittills har det inte gjorts manga undersokningar kring att anvidnda EVs vid skador
eller sjukdomar som drabbar just spottkortlarna. Den stora fordelen med att anvdnda
EVs framfor stamceller dr att du inte behdver injicera hela celler 1 djuret. Att injicera
hela celler utgor en risk dé cellerna kan bli bortstotta eller riskerar att ge upphov till
tumorer. For att testa teorin kring att anvéinda EVs konstruerade vi forst en
musmodell med en strélningsinducerad skada i spottkortlarna for att sedan evaluera
potentialen i EVs fran humana stamceller fran pulpan i tdnder (human dental pulp
stem cell, hDPSC). hDPSC é&r en mgjlig eftektiv kélla for EVs da de kan utvinnas
ganska latt ur kirurgiskt avfall frén de flesta tandlékarkliniker (dvs tdnder). Vért lab
har sedan tidigare tagit fram metoder for isolering och karakterisering av EVs fran
hDPSC. EVs injicerades 3 ganger i veckan via svansvenen pa stralade mdss, med
forsta injektionen direkt efter strélningen. Spottkdrtlarnas funktion undersoktes 18
dagar efter strdlningen genom att vi mitte flodeshastigheten av saliv i spottkortlarna
(salivary gland flow rate, SFR), genuttryck (med en kvantitativmetod for genuttryck
som kallas qRT-PCR) och védvnadsanalys i mikroskop (dvs histologi). Resultaten
visar, som forvéntat, att efter strdlning minskar SFR, medan celler associerade med
aldrande (B-galaktosidaspositiva celler) samt gener och &mnen associerade med
&ldrande celler (p21 och MMP3) dkade. Aldrande celler ir celler som inte lingre
delar sig, men inte heller dor. Dessa celler utsondrar &mnen som kan vara skadliga
for kringliggande vévnad, denna fenotyp bendmns “’senescence associated secretory
phenotype” (SASP). SFR forblev oforidndrat lag dven efter EV-behandling medan
genuttryck och fenotyp associerat med SASP minskade. Vi visade ocksad i en
djurmodell av Sjégrens syndrom, dér patienterna uppvisar symptom av muntorrhet,
att hDPSC-EVs kunde forhindra att epitelcellerna i spottkortlarna utvecklade
fenotypen av aldrande celler samt bidrog till att bibehalla en stérre del av
kortelfunktionen. Vi visade dven att EVs kan ge dessa effekter genom att paverka
immunsystemet. Vi drar ddrmed slutsatsen att hDPSC-EVs minskar aldrandet av
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epitelcellerna i spottkortlarna béde i stralningsskadade musmodeller och i modeller
av Sjogrens syndrom och ddrmed utgdr en tdnkbar kandidat for behandling av
patienter som lider av xerostomi.

Da anvindning av djurforsok krdver manga djur var ett andra mal i detta
avhandlingsarbete att ta fram vévnadssnitt, precisionsskurna skivor av spottkortlar
s.k. precision cut salivary gland slice (PCSS), som en anvéndbar ex vivo modell for
sjukdomsmekanismer i spottkortlar. PCSS skulle kunna minska antalet djur
drastiskt eftersom det gé att f& ménga vévnadssnitt fran ett djur, en spottkdrtel kan
ge upp till 20 vavnadssnitt. Dessa tekniker kan dven anvéindas pa ménsklig vdvnad
(som tex kirurgiskt avfall). Vi borjade med att prova olika metoder for att producera
PCSS med en vibratom och utvérderade vdvnadssnittens kvalité med avseende pa
viabilitet (med WST-1), genuttryck (med qRT-PCR), aktivitet hos utséndrat a-
amylas (a-amylas kit) samt histologiskt med light sheet fluorescence microscopy
(LSFM, ett laserbaserat mikroskop som framforallt genererar 3D videor av
vévnaden som sedan analyseras. Vi tog fram en metod for att f& viabla vévnadssnitt
i olika, forutbestdmda, tjocklekar som producerade funktionellt a-amylas under en
period av tvd dygn. For att undersdka hur lika dessa PCSS ér hela spottkortlar,
utvecklade vi dven metoder for att mojliggéra LSFM 3D visualisering av béde hela
spottkdrtlar och var PCSS-modell. Det vi sag var att med vér metod bibeholls
vévnadsstrukturen 1 PCSS, inklusive spottkortlarnas olika lober. Vi sdg &ven att
markdrer for epitelceller i spottkortlar (Keratin 5 och Aquaporin 5) 6kade dver tid i
véra PCSS (undersoktes med qRT-PCR) vilket visar pé att dessa celltyper, som ér
de celler som framst star for spottkdrtelns funktion, finns kvar och lever i var modell.
Det finns négra fa tidigare artiklar som visar att PCSS kan tas fram, det vi har gjort
ar att vi har jaimfort olika cellmedium for att hitta det som kan hélla PCSS vid liv
samt utvecklat nya state-of-the-art analysmetoder (som LFSM 3D avbildning och
gRT-PCR). Diarmed har detta arbete lagt grunden for framtida anvindningsomraden
inom andra terapier i PCSS modellen (som stralbehandling eller EV-behandling)
samt likemedels-screening eller studier av skade- och sjukdomsmekanismer.

En sak vi noterade under vara in vivo- och in vitro-studier var att mycket av
beddmningen, bade av vdvnadsskador och av ldkning, goérs med hjélp av histologi.
Histologiska undersokningar &r véldigt komplexa och subjektiva och det kan
behovas ménga vavnadsprov for en sdker diagnos. D4 vi dven forsoker minska pé
de giftiga kemikalier som anvénds i dagligt laboratoriearbete, har vi, som ett
komplement, utvecklat och testat xylen-fri hantering av vdvnader vid histologi och
infiargning. Forst behovde vi sdkerstdlla att den xylenfria behandlingen av
vavnadsproven ger palitliga resultat. Forst jamforde vi vdvnad fran spottkortlar som
genomgatt xyleninnehéllande eller xylenfri vivnadsbehandling, sedan dven andra
organ. Vi kom fram till att genom att byta xylen mot isopropanol och forldnga
inkubationstiden samt paraffininbdddningstiden, kunde vi fa bort xylen ur
vavnadshanteringen utan forsdmrat resultat. Efter detta ville vi ta fram ett nytt och
optimerat histologiskt poéngsystem for en systematiserad klassificeringsmetod for
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vévnad. Vi gjorde forst detta i lungvévnad, da vi hade manga prover frén just lunga,
men ska framdver dven anvénda denna klassificeringsmetod pa sjukdomar i
spottkortelvdvnad. Ménga av fenotyperna fran lungvdvnad kan &ven anvéndas i
spottkdrtelvivnad (som nérvaro av inflammatoriska celler eller tecken pa vévnads
fibros) men spottkortelviavnad dr véldigt varierad och fler histologiska prov behdvs
for framtida klassificering. Dock é&r detta viktigt for utvérdering av olika
sjukdomsmodeller och framtida terapier.

Detta avhandlingsarbete har utvecklat en ny verktygslada for in vitro och in vivo
experiment samt state-of-the-art metodologi for en béttre forstéelse av de sjukdomar
och sjukdomsmekanismer som kan drabba spottkortlar samt utvardering av nya
terapier.
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Abbreviations

2D
3D
ACC
AQP5
ASCs
cAMP
DCM
DDR
ED
EGF
ER
ESCs
EVs
FGF
FN
GAGs
GDNF
HNC
IGF-1
IL6
iPSCs
LG
M3R
MC
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two-dimensional

three-dimensional

adenoid cystic carcinoma

aquaporin 5

adipose-derived mesenchymal stem cells
cyclic adenosine monophosphate
dichloromethane

DNA damage response

excretory ducts

epidermal growth factors
endoplasmatic reticulum

embryonic stem cells

extracellular vesicles

fibroblast growth factors

fibronectin

glycosaminoglycans

glial cell-line derived neurotrophic growth factor
head and neck cancers

insulin-like growth factor-1
interleukin six

induced pluripotent stem cells
lacrimal glands

muscarinic acetylcholine receptor 11

mucoepidermoid carcinoma



MSCs
MSGT
NGF
NRTN
NTA
Ol

PAI
PBMCs
PET
PG
pSS

RI

RT
SASP
Sca-1
SEM
SG
SGECs
Shh
SLG
SMG
SOX
SPECT
sSS
SWS
TEM
TGF-a
TGF-B

mesenchymal stem cell

malignant salivary gland tumors
nerve growth factor

neurotrophic factor neurturin
nanoparticle tracking analysis
optical imaging

photoacoustic imaging

peripheral blood mononuclear cells
positron emission tomography
parotid gland

primary Sjdgren’s syndrome
refractive indices

radiation therapy
senescence-associated secretory phenotypes
stem cell antigen-1

scanning electron microscopy
salivary gland

salivary gland epithelial cells

sonic hedgehog

sublingual gland

submandibular gland

SRY-related HMG-box

single photon emission computed tomography
secondary Sjogren’s syndrome
stimulated whole saliva
transmission electron microscopy
transforming growth factor-a
transforming growth factor-f§

tumor necrosis factor
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TRPM2
UWS
VAS
VIP
WSI
Z0-1
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transient receptor potential type M2
unstimulated whole saliva

visual analog scales

vasoactive intestinal peptide

whole slide images
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Introduction

Saliva

The composition of saliva

The mouth of mammals is lubricated with a complex solution coating inside the oral
cavity called saliva'. Both the major and minor salivary glands secrete saliva, which
is a thick, colourless, opalescent fluid mixture, consisting of water derived from
blood and 1 % organic and inorganic electrolytes antimicrobial compounds,
enzymes, and growth factors and so on. It maintains a physiologically healthy
environment for teeth and oral soft tissues (Table 1). Approximately 1.0 - 1.5 litres
of saliva with pH around 6.35 - 6.85 and hypotonic to plasma are secreted by
salivary glands in healthy persons each day. The major salivary glands (There are
parotid gland, submandibular gland, and sublingual gland, respectively) produce 93
% of saliva, with the remaining amount of saliva originating from around 800 -
1,000 tiny glands (7 %) located around the mouth and tongue.

A large number of proteins and peptides can be found in saliva, including
lysozyme, immunoglobulin, salivary o-amylase, histones, mucin protein, and
peroxidase®. Each protein has distinct and important functions, and the composition
of saliva varies depending on the physiological state. For example, salivary mucins
are extremely abundant and serve to both lubricate the mucous membrane and
reduce the chance of infection®. Saliva composition also varies depending on the
gland that produces it. In parotid saliva, salivary a-amylase is the most abundant
secreted protein. The knowledge regarding the salivary proteome has expanded in
recent years due to new ‘omics’ tools and can be used to detect and identify saliva
components, such as proteins, to better understand normal physiology and disease.
The saliva proteome can thus be viewed as an accurate and repeatable measurements
to identify biomarkers and can be used to diagnose diseases early as well as monitor
general health’. In the past decade, salivary protein analysis has shifted to detect
disease-related proteome differences®. Several proteins have also been identified as
potential systemic biomarkers for endocrine function, stress, psychological state,
infectious agents, drug or other xenobiotic use, and cancer. Therefore, the study of
salivary proteomics can help identify disease biomarkers and enable the detection
and treatment of diseases at an early stage.
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Physiology and chemistry of saliva secretion

The main cell type responsible for salivary production and secretion are acinar cells.
Their histological appearance varies depending on the type of proteins they secrete,
which are stored in large cytoplasmic granules. Acinar cells' histological appearance
depends on the types of proteins they secrete; these proteins are stored in large
granules in their cytoplasm. Storage particle content is an indication of the type of
saliva produced, which can be divided roughly into mucin-containing and non-
mucin-containing saliva. During secretion, three events occur: (i) fluid is filtered
from plasma into the acinar lumen by neurocholinergic stimulation, (ii) proteins that
contain cytoplasmic granules are exocytosed into the acinar lumen, and (iii) the
secretory terminals are mechanically activated by specialized myoepithelial cells.
Saliva secretion relies on an abundance of arterioles around ducts and acini, as well
as highly autonomic innervation with parasympathetic and sympathetic nerve
supply. There can be many stimuli that trigger salivation. The periodontal ligament
and the tongue's dorsum activate mechanoreceptors to trigger salivation. Gustatory
stimulation of mucous membranes stimulates minor salivary glands, motor or tactile
stimulation may affect lip and palate secretions more®. Various aromatic compounds
are found in or released by food and increase submandibular and sublingual gland
secretions, but not parotid gland secretions’ (see Table 2).

Table 2. Saliva reflex.
Types Characteristics

An inborn reflex, induces secretion of saliva when any substance is
placed in oral cavity.

A reflex acquired by experience. Sound, sight, smell, taste of food,

Conditioned reflex masticatory stimuli, or thoughts about previously enjoyed foods

initiates salivary secretion.

Unconditioned reflex

The formation of macromolecular components

Protein storage granules are exocytosed primarily by salivary acinar cells activated
by norepinephrine. Norepinephrine binds to f1-adrenergic receptors on acinar cells
and increases intracellular cyclic AMP'® levels. Signals from the parasympathetic
nerves also act through the release of vasogut polypeptide, which also acts by
increasing intracellular cyclic AMP. The entire cycle is fairly quick, completing
within 30 minutes of the initial stimulation. Intracellular cAMP levels are elevated,
resulting in degranulation. The release of granule contents in both PG and SMG
glands results in the shrinkage of individual acinar cells, which significantly
decrease in size following degranulation'' (Figure 1A).

The secretion of saliva's ionic components and its modification by ducts.

Firstly, from the endoplasmic reticulum Ca’" storage, free Ca®" is released under
parasympathetic nerve stimulation. This leads to a quick increase in the
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concentration of free cytoplasmic Ca", resulting in significant compensatory
changes, such as releasing K* channels basolateral and opening CI channels apically
to release CI into the lumen. This ionic gradient pulls Na" into the lumen through
the luminal surface. Due to the changes in osmotic pressure, water is transported
into the lumen. Isotonic plasma-like fluid is secreted by the acini into the lumen
(Figure 1A and B).

A B
Receptor: B;-Adr, VIP

Receptor:
Muscarinic M3, M1,>)
y M1,)) e
a-Adr N/

Saliva Saliva

Figure 1. The intracellular coupling of nerve-mediated reflexes to protein and water secretion in
acinar cells.

(A) The secretion of fluid is primarily influenced by acetylcholine released by parasympathetic nerves,
which activate muscarinic M3 receptors. An increase in cytoplasmic calcium levels, released from
endoplasmic reticulum stores, causes chloride release as a result of intracellular coupling. Among the
main mechanisms that activate protein secretion are noradrenaline release, 3-1 adrenoceptor activation,
and vasointestinal peptide release, due to vasointestinal peptide release from parasympathetic nerves,
binding to VPAC receptors (vasoactive intestinal peptide). In intracellular signaling, cyclic AMP is
increased, causing protein kinase A (PKA) to phosphorylate, which in turn leads to protein release into
saliva. (B) Active sodium pumps (ATP) secrete saliva when intracellular sodium concentrations are low.
Saliva secretions start when sodium and chloride ions enter the acinar lumen; water follows because of
the osmotic gradient of salt, moving between cells or passing through aquaporin 5 (AQP5) channels to
enter the acinar lumen. Different ion-transport membranes transport sodium and chloride in acinar cells:
a chloride channel opens upon glandular stimulation; sodium flows between cells via leaky tight junctions.
Using the basolateral membrane as a co-transporter, chloride enters acinar cells via a concentration
gradient of low intracellular sodium. It is isotonic saliva secreted by the acinar cells. In ductal cells, sodium
and chloride are removed due to membrane transporter proteins and a low intracellular sodium
concentration produced by the sodium pump. There are no leaky junctions between ductal cells (TJT)
and no water channels. Saliva becomes hypotonic after the ducts secrete bicarbonate. a1-Adr, a1
adrenoceptor; IP3, inositol triphosphate; IP3R, inositol triphosphate receptor; PIP2, phosphatidyl inositol
biphosphate; PLC, phospholipase C. ATPase, sodium, potassium ATPase; BCE, bicarbonate, chloride
exchanger; ClI, chloride channel; KHE, potassium, proton exchanger; Na, sodium channel; NKCC1,
sodium, potassium, chloride co-transporter. Created with BioRender.com
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Function of saliva

The traditional roles that viscoelastic saliva is capable to play are to maintain oral
homeostasis, lubrication to maintain mucosal integrity, remineralization of teeth,
aiding food digestion, and facilitating taste, as well as helping distribute
antimicrobial, antiviral, and antifungal molecules to protect the whole mouth and
body from numerous environmental hazards and offering immunity and healing role
(Figure 2). For example, saliva can lubricate mucosa so that it does not dry out,
which is the most fundamental function it performs'?>. The enzymes contained in
saliva protect teeth from bacterial decay because it helps break down food particles
trapped in dental crevices'. The enzymes also assist in the first steps of digestion
of dietary starches and fats. Through saliva, food clumps can be wetted and broken
down into smaller pieces for easier swallowing, thus allowing swallowing to start.

(+ Chewing - Dilution A
* Bolus * Buffering
formation + Lubrication

* Remineralization

* Antimicrobial
actions

» Swallowing
* Amylase lipase

* Taste
Healing
| Digestive | Protective Cleaning )

The
Function
of Saliva

Additional

Other
examples

Speech + Grooming

. Excret.lon  Themo-regulation
TI'OI?th * Olfactory signals
Social _ J L + Cancer detection
Interaction and diagnose

Figure 2. Different categories of saliva’s function

Among the many protective properties and benefits of saliva are its capacity to buffer pH changes in the
oral cavity, maintain oral mucosa integrity, remineralize teeth, increase immune defense, form boluses
for digestion, lubricate the oral mucosa. Its composition can also be used to diagnose diseases by
analyzing the proteome. Created by the author. Copyright by the author.
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Cells of salivary glands
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Figure 3. Schematic illuatrations the route of how serum molecules take to enter saliva.
When it comes to diagnostic purposes, saliva can be viewed as functionally equivalent to serum due to
the movement of constituents from serum to saliva. Created with BioRender.com.

In addition to its biological functions, the use of saliva as a body fluid for early
diagnosis, detection, and disease prediction for progression and prognostics has
developed rapidly over the past 20 years'®. As the liquid component of saliva is
derived from blood, there is a high degree of correlation between saliva and blood
(Figure 3). Thus, while saliva has many similarities with blood, it has the advantage
of being able to be collected using non-invasive approaches (see Table 3 for other
merits and drawbacks)'®. As such, the use of saliva for diagnostic purposes is
growing rapidly. With the exploration and expansion of saliva-based assays
(salimetrics), our understanding of its proteome, transcriptome, microbiome, and
metabolome (which can be combined as the study of salivaomics'®) has improved;
over 1100 proteins and peptides were identified in human saliva in a comprehensive
study published in 2008 and built an even more solid foundation for the application
of human saliva diagnostics in personalized medicine'’. For example, MMP$
contained in saliva was identified as a possible marker for periodontal diseases'®. In
the liquid biopsy field, EVs from distal cancer can also be identified in saliva
indicating they had travelled to the salivary gland, thus making saliva likely to be a
potential diagnostic indicator of circulating DNA in tumors (ct DNA)" when
compared to its traditional detection in blood using next generation sequencing
(NGS) and digital polymerase chain reaction®’. Therefore, future saliva diagnostics
could be used to increase the knowledge regarding the close relationship between
oral and systemic health by utilizing biomarkers in saliva; dentistry may be viewed
as a primary care provider by incorporating chairside screening for medical
conditions.
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Table 3. Salivary testing as a diagnostic tool: advantages and disadvantages.

Advantages Disadvantages

1) Easy, noninvasive, and inexpensive.

2) Safer than serum sampling (there are no needles).

3) Timely screening of the entire population for a specific disease.

4) Medical personnel do not need to be trained.

5) Multiple samples are easy to obtain.

6) Home screening and collection are possible.

7) Cross-contamination risks are minimal.

8) More economical to sample, ship, and store than serum.

9) Requires less manipulation during diagnostic procedures than serum.
10) Commercially available assays for screening.

1) Detection systems are
not accurate and portable.
2) Lacking cheap sampling
methods.

3) There are no specific
biomarkers for diseases.

4) Still causes a lot of pain.

Decreased production of saliva (dry mouth)

Causes

Dry mouth, or xerostomia, is a widespread condition due to a lack of saliva
production to keep the mouth moist*'. On its own, dry mouth isn't a serious medical
condition but is a sign that another underlying condition requires treatment. Such
conditions may include systemic and local health conditions like dehydration or
mouth breathing but also conditions like Alzheimer's disease, uncontrolled diabetes,
autoimmune disorders, anxiety, poor nutrition”?, or be due to lifelong habits of
tobacco and alcohol consumption”. Other major clinical problems may include
salivary gland tumors treated with partial or complete glandectomy in conjunction
with tumor resection, which results in loss of salivary secretory function.
Importantly, dry mouth is a significant long-term and common complication after
radiotherapy or chemotherapy for malignant head and neck cancer (HNC) patients®*,
Around 550,000 patients are annually diagnosed globally with HNC, with
irradiation therapy (RT) to be the main supplemental treatment”. Although
uncommon, sleep-related xerostomia is also a category of dry mouth, meaning sleep
is interrupted by the need for fluids inside mouth at night and the dryness of the
throat. For such patients, the adjustment of night-time monitoring can therefore
greatly reduce their night-time discomfort and improve their sleep quality. Fast
diagnosis therefore requires a complete assessment of medical and medication (such
as stimulants and antihypertensives) history accompanied with patients’ age and
gender. Treatments for dry mouth are dependent on their cause.

Symptoms and diagnosis

With less saliva, the patient may experience symptoms like burning sensations in
their mouth, sticky saliva, and oral fungal infections, difficulty speaking, and

31



swallowing® (Table 4, with detailed treatment introduced later). In addition, there
may be issues such as bad breath, sore throat, cracked lips, and difficulty eating or
drinking, which all cause various life-impacting pathological events that
compromise both dental and general health.

Table 4. Symptoms and palliative treatments?’.
Symptoms Current symptomatic therapy

Dry mouth
Painful mucositis
Difficulty eating, speaking,

Review patients’ medications

Mouth swallowing Brgathe through your nose

Increased thirst Drink plenty of water

Bad breath

Tooth decay and rampant cavities Good oral hygiene
Teeth . Prevent tooth decay

Trouble wearing dentures .

Other dentures solutions

Nose Dry feeling in your nose Moisturizer
Skin Dry skin Skin protection cream

Skin rash Immunomodulator: thymulin
Throat, lip and Dryness and pain Use a humidifier in you room
tongue Hoarseness Change diet styles
Eye Dry eye Pilocarpine
Taste Taste disorders Avoid caffeine, tobacco, alcohol

In terms of diagnosis, with the development of more reliable and wvalid
questionnaires, more accurate saliva flow measurement devices, and more
sophisticated imaging methods, diagnostic techniques for xerostomia have
developed in recent years®®. Tracing a patient's past diseases, past treatment history,
and past medication history is the fastest and most effective way to diagnose
xerostomia. Xerostomia is a subjective feeling, so the first developed and golden-
standardized diagnosis for dry mouth is a subjectively natured questionnaire with a
rating scale (visual analog scales (VAS) for the patient to fill out®>"). The salivary
secretion test is the most clinically applicable way to supplement for diagnosis®?,
including measurement of unstimulated whole saliva flow (UWS, less than
simulated 0.1 mL/min) and stimulated whole saliva flow rate (SWS, less than 0.5 -
0.7 mL/min). There is a need for such a salivary secretion test because the secretory
components (depending on the gland which serves as the source of secretion) and
the amount of saliva secreted at various times of the day as well as whether they are
stimulated or not vary greatly for humans within the cycle of a day*?. Standardizing
the measurement of saliva secretion through the creation of special devices®** has
contributed to help make saliva an accurate diagnostic tool. Contrast-enhanced
computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound
imaging are examples of imaging methods® for diagnosing because in cases of dry
mouth, the salivary glands may have atrophy after irradiation, or there may be
inflammation or necrosis, showing corresponding changes in MRI signals®. A
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technetium 99m pertechnetate (TPT)* scan of the head and neck is an advanced
imaging option. For MR sialography®® which uses saliva itself to be the contrast
medium, small changes in the amount of saliva can be observed and the status of
salivary ducts could be observed without using ionizing irradiation as in RT
sialography?’.

Salivary gland organs

Salivary gland embryology

The salivary glands and other branched tubular organs like the respiratory system
and many internal glands are all formed with branching morphogenesis or
organogenesis*’, which is known as the interplay of epithelial or endothelial with
the nearby mesenchyme to induce and remodel epithelium into multicellular tubular
networks.

An embryo's outermost layer is the ectoderm. Salivary gland is an ectoderm-
derived structure (ectodermal appendages) with ectodermal precursors
differentiating into organ-specific stem cells to start the dynamic process to form
the tissue morphology*®** of the salivary gland. Salivary glands start from
ectodermal placodes. Because optimal acinus surface area ensures enough saliva
daily, salivary gland branching starts in mice at E11 to E16 days* and humans E4"
to E12™ weeks of pregnancy*. Single buds become bulbs and continuously develop
during glandular differentiation, resulting in treelike extensions (tubes) and
lobulation (Figure 4). A hollow duct then occurs, and terminal buds become
functional acinus. Thus, saliva can be produced under fully nerve-stimulated after
birth for human. Representative developmental stages are summarized in Table 5
and Figure 4.

Table 5. Development of salivary glands.

Stages of development Characteristics

| Ectodermal placodes thicken Adjacent mesenchyme has inductive signals.

Il Bud formation Condensed mesenchyme condensed to form
endothelial plexus (single epithelial bud).

1] Epithelial cord proliferation This single epithelial bud goes through proliferation
and cleft** and outgrow into tubes.

\Y, Continuous branching and lobule Parasympathetic nerves participate in

formation tubulogenesis***58 to ensure nerve and tubes are

parallel developing.

\Y Canalization Krt 19 positive ductal cells will proliferate and
condense in the midline to fuse into microlumen.

\ Cytodifferentiation Multicytodifferentiation form end-buds, with the

connective tissue encapsuling and blood vessels
formation. Myoepithelial cells appear from the
external epithelial layer and can contract under
innervation regulations.
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Complex sequences of morphogenetics suggest multiple intrinsic and extrinsic
signalling pathways are tightly coordinated spatiotemporally, such as glial cell-line
derived neurotrophic growth factor (GDNF) family, WNT signalling family, and
basement membrane proteins families (like network forming collagens, fibronectin,
and laminins)*.

£©  Mesenchyme

g Epithelial

\ Eﬁg{gss Terminal

& Myoepithelial cells buds

JS(\ Vessel SLG
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100
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E12.5 E 135 E 14.5 E 15.5
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Figure 4. Schematical branching morphogenesis for mouse submandibular and sublingual
glands.

(A) Schematic images demonstrate the embryonic submandibular and sublingual glands developmental
stages of mouse as E, embryonic days. SMG, submandibular gland. SLG, sublingual gland. (B) Gross
observation of mouse submandibular and sublingual glands using bright field microscope in 4 days of ex
vivo organ culture. Scale bar: 100 uym. Figure 4A created by the author and Figure 4B, DONG et al.
unpublished data. Copyright by the author.

Major and minor salivary glands

Saliva bathes the oral cavity primarily as a mixture of secretions from the major
salivary glands (parotid, submandibular, sublingual) and innumerable minor glands
(labial, buccal, palatine, and lingual). Detailed comparison and introductions about
the major and minor salivary glands in terms of sizes, classifications based on the
saliva that they secrete, gland locations (Figure 5), saliva output, duct numbers and
openings, innervation distribution and gland functions are listed in Table 6.

The major salivary glands are highly vascularized. The external carotid artery
supplies blood to the parotid gland. The facial artery, which is a branch of the
external carotid artery, supplies blood to the submandibular gland.
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There are more lymph nodes in and around the parotid glands. Roughly 90 % of
nodes are located within the glandular tissue for parotid glands. For submandibular
gland, they are located between the gland and its fascia.

Parasympathetic nerves primarily stimulate electrolyte secretion, whereas
sympathetic stimulation is primary for protein secretion, but these two systems often
interact. Sympathetic innervation also regulates blood flow to glands, local
inflammation, immunity, and biogenesis. The major salivary glands are highly
innervated, so they rest at night and minor glands*’ produce a small amount of saliva
continuously to lubricate mouth.

Parotid gland duct

A Parotid gland
Sublingual gland ducts

Submandibular gland duct

Sublingual gland
Submandibular gland

= Serous
= Mucous
B = Mixed
Palate gland
Nasal cavity
Oral cavity
Pharynx and Lip gland

Larynx

Figure 5. Salivary glands location and types

This diagram illustrates the location and glandular types of major and minor salivary glands. (A) The
location and types of major salivary glands includes parotid glands, submandibular glands, and
sublingual glands, with their duct openings in the mouth. (B) The location and types of minor salivary
glands locating everywhere beneath the epithelium in almost all parts of the oral cavity and oropharynx,
with their short ducts opening directly into mouth. Examples that listed here are palate glands, lip glands,
and cheek glands. Created by the author. Copyright by the author.
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Salivary gland histology

Salivary glands contain two main components: glandular secretory tissues
(parenchyma) and connective tissue (stroma) that surround parenchyma (generally
shown in Figure 6). The parenchyma of salivary gland is encapsulated outside by
connective tissue and separated into lobes by connective tissue septa, which are
further subdivided into lobules. Each lobule is made up of numerous rounded
glandular terminal bulbs as secretory units and arborized ductal parts. Three types
of secretory acinus are serous acinus (secreting proteins in watery saliva), mucous
acinus (secretes viscous fluid), and mixed acinus (forms serous demilune). All
salivary glands are mainly made up of a mixture of acinar cells, ductal cells, and
myoepithelial cells*’ (shown in Figure 6). Table 7 shows major cellular biomarkers
in different histological components, respectively.

-~
/ % % / Excretory duct
~ Septum (dividing / Fibroblast oh \\° ~ Duct
the parenchyma / N -/ Striated duct
~ into lobes) ,"l Serous Intercalated duct
dexnilune <
- 5% Mucous acinus Serous acitus
Lobule “\‘ Myoepithelial - Acinus
\ o cell
Connective
tissue Capsule % "Mix acinus
Apical side y — -
Secretory granule Myoepjthelial cell
Golgi complex N
oo
. . Rough endoplasmic |, ©° ¢
Mitochondria e o Mitochondria Basal
Nl . i ) nl striations Sy: :
Serous acinar Mucous acinar Striated ductal Serous demilune

cell cell cell
Basolateral side

Figure 6. The architecture of mouse salivary glands

A diagram of mouse salivary gland histology showing foundamental substructural units like serous
acinus, mocous acinus, and mixed serous-mucous acinus with ductal systems. Serous and mucous
acinar cells contains mitochondria, rough endoplasmic reticulum (RER), Golgi apparatus, secretory
granules. For striated ductal cells, they are columnar with obvious basal striations produced by the
infoldings of basal cell membrane, between which are packed numerous mitochondria. Created with
BioRender.com.
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Table 7. Major cellular biomarkers for different histological components in salivary gland organs.
The Categories of cells Biomarkers

a-amylase

NKCC

Acinar epithelial cells

Secretory function . .
Water-producing acinar

epithelial cells Aquaporin 1, 3, 5

Ductal epithelium Epithelial cells Cytokeratins (CK 7, CK 15)
Myoepithelial cells a-SMA
Tight Junctions Occludens 1 (ZO-1)

Cystatin 3, 10 (Cst 3, 10)

Def inst oral bacteri
efense against oral bacteria Mucin 5b (Muc 5b)

Neurotrophin NGF
Neural innervations Neurotransmitter . .
receptor Muscarinic acetylcholine receptor Ill (M3R)

Terminal secretory units

The salivary glands can be divided into parotid glands which are composed of serous
acinus, sublingual glands, and minor salivary glands with mucous acinus, whereas
submandibular glands have mostly serous acinus and some mucous acinus attached
to serous demilunes®**' (The blind end of a mucous acinus are serous acinar cells
that cap this region, forming serous demilune).

Serous acinus predominantly exist in parotid and submandibular glands and
exhibit with granular appearances in histology. They secrete thin watery secretions
which are rich in enzymes. Serous acini have narrow lumens compared to mucous
acini. They are comprised of groups of serous cells that are polygonal in shape with
dense, intracytoplasmic, basophilic zymogen enzyme-containing granules. Both the
parotid and submandibular gland show darker staining of serous cells compared
with mucous cells with standard hematoxylin and eosin (H&E). Alcian Blue and
Periodic Acid Schiff staining (PAS) shows that the parotid gland has neutral mucins
while the submandibular gland has mixed neutral and acidic mucins. In serous
acinar cells, proteins are transported to from rough endoplasmic reticulum to the
Golgi apparatus where they are combined with carbohydrates to form mucin.

Mucous acinar are more often found in sublingual glands and the minor salivary
glands. They are formed by round mucous cells with mucin and contain a condensed
and basally located nucleus and a large lumen. Rough endoplasmic reticulum, Golgi
apparatus, and mitochondria, are not readily apparent. They have a diffuse mass of
secretory material that is weakly stained in H&E staining and visible with standard
light microscopy. Mucin generated by the mucous acini varies from red to purple to
royal blue in PAS staining, indicating that it is a mixture of neutral and acidic mucin.

Mixed seromucous acinus are most prevalent in the submandibular (serous
predominance) and sublingual (mucous predominance) glands, as well as some
minor salivary glands in the lips, cheeks, and anterior tongue. It has a classical
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structure on one side with mucous acinus and crescent-shaped caps of serous cells
(serous demilunes) (see Figure 7).

Treelike salivary gland ducts

The three main types of ducts in the salivary gland are intercalated, striated, and
excretory ducts, forming a treelike ductal delivery system (Figure 6). Intercalated
and striated ducts are intralobular ducts and excretory ducts are interlobular ducts.

The acini form from intercalated ducts in parotid and submandibular glands as
well as sometimes in sublingual glands. There is a single layer of cuboidal
epithelium lining the acini. Compared to primitive acinar and ductal cells of fetal
salivary glands, intercalated ductal cells retain primitive characteristics and can
differentiate into other secretory cells’>, and may play a role in the pathogenesis of
pleomorphic adenomas®® (which is an epithelial (ductal) neoplasm of the salivary
gland characterised by neoplastic proliferation with myoepithelial components, with
a potential for malignancy).

Striated ducts are intralobular ducts having an intermediate caliber between
intercalated and excretory ducts; they have a columnar epithelium with prominent
basal striations along their lumen, formed by mitochondria alternately folding with
the folded cell membranes. These folds increase the surface area of the cell
membrane, enabling active transport through the duct. Thus, sodium and chloride
ions are reduced in isotonic primary saliva by water resorption and ion secretion,
while carbonate and potassium ions are increased. The water, protein, and
electrolyte secretion inside of saliva is energy-consuming and thus a high
concentration of mitochondria is required to provide energy. Striated ducts
eventually drain into the interlobular ducts.

The excretory ducts (ED) are formed by the striated ducts that partially merge in
the interlobular portions of the parotid and submandibular glands. In ED,
pseudostratified epithelium is the predominant type of tissue. Columnar luminal and
basal cells may also be present. Only a few species of ED have sequestratory
granules located in their apical cytoplasm, but they may also contain a wide range
of oxidases, acid hydrolases, and transporters, indicating that these ducts serve more
than just facilitating saliva production, but also perform metabolically active roles
in glandular function (Figure 7).

Myoepithelial cells

Acini and intercalated ducts of salivary glands, as well as other exocrine organs,
contain myoepithelial cells. These are a starfish-shaped cell type derived from basal
cells in large ducts and form a basal layer around acinar and ductal cells. In addition
to their elongated processes, they contain bundles of contractile myofilaments. As
they are an intermediate cell type with features of both epithelial and smooth muscle
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cells, they are able to contract rhythmically when parasympathetic or sympathetic
stimulations are applied to squeeze secretions into ducts (including intralobular,
interlobular, or excretory ducts) before draining into the mouth®*. Acini cells as well
as the underlying parenchyma, are supported by these cells, so when the
myofilament component of myoepithelial cells is lost or thinned, as in sialadenosis,
the acini lose their mechanical support and secretory granules accumulate
intracellularly, resulting in an expansion of these cells. Additionally, they may be
able to propagate secretory stimuli or reduce saliva backflow”.

Figure 7. Histological H&E staining for mouse submandibular glands

Submandibular glands from adult mice averaging 7 - 9 weeks old were processed with xylene,
embedded in paraffin blocks and stained with H&E. (A) H&E staining of a healthy mouse's submandibular
gland shows strongly stained serous acinar cells (S) with a circular or oval gland morphology. Under H&E
staining, pale and light stained mucous acinar cells (M) together with strongly stained serous cells (S)
form the charactered structurure serous demilunes which are labeled in white arrows in Figure 7B. The
fibrous connective tissue between intertubules is called F. The ducts with simple columnar epithelium
lining in (A) and (B) are intercalated or striated (striated ducts shorten as SD is shown in black arrows).
The scale bar is 20 pm (40 times magpnification). Dong et al. unpublished data. Copyright by the author.

Connective stroma tissue

The salivary gland extracellular matrix and stroma (including endothelial and
lymphatic vessels) is mainly maintained by fibroblasts but also contains endothelial,
lymphatic, nervous cells, adipocytes, macrophages, mast cells, leukocytes, plasma
cells, and macrophages. CD34-positive fibroblasts in the stroma are thought to
function as immunosurveillance agents®®. Plasma cells are scattered throughout the
stroma, secreting IgA to protect the mucosa from infection. As a surrounding
capsule, the stroma separates the gland from the adjacent structures. Along with
proteoglycans and glycoproteins, collagen and reticular fibres are embedded in the
stroma. Small ganglia can also be found within the gland stroma.
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Salivary gland disorders and pathology

A disorder of salivary gland secretory function can occur as a consequence of many
types of diseases and treatments®’, including diabetes and Sjogren's syndrome, as
well as oral manifestations after systemic drug applications, or complications
following radioisotope or irradiation treatment for antineoplastics. Moreover,
sialadenitis associated with salivary gland duct stones and other glandular lesions
(such as benign or malignant tumours of the salivary glands) can also result in
salivary gland dysfunction. Therefore, all of the above circumstances can contribute
to salivary gland dysfunction symptoms. Below are a few examples and descriptions
of some of the situations.

Complications after irradiation therapy

The parotid glands are naturally included in or close to the target field of
irradiation*' during irradiation therapy for nasopharyngeal carcinoma patients.
Irradiation-induced xerostomia is hypothesized to be a multi-factorial clinical
manifestation involving damage to major and minor salivary glands and associated
nerves and endothelium™,

Irradiation therapy for head and neck cancer patients includes the parotid gland
in irradiation pathway. In clinical radiotherapy, irradiation is given in fractions, such
as 2 Gy a day, 5 days a week, for 5 - 7 consecutive weeks. Fractionated radiotherapy
reduces irradiation damage to non-malignant tissues™. Patients may experience 50
% saliva volume reduction in the first week following radiotherapy®. Irradiation-
induced xerostomia is believed to be caused by multiple factors, including damage
to the salivary glands, nerves, and endothelium. Salivary gland epithelium consists
of 80 % acini and 20 % ducts, surrounded by blood vessels, nerves, and fibrous
connective tissue. Researchers initially thought that apoptosis of acinar cells caused
salivary gland function loss during the acute phase of injury®"®*. However, further
research has shown that acinar cells do not undergo massive apoptosis in the early
stage®. Therefore, the early stages of irradiation injury cannot be explained by the
"apoptosis theory".

According to current understanding of salivary gland dysfunction in different
stages of irradiation injury, salivary glands are highly radiosensitive at the acute
stage due to interference with signal transduction pathways (muscarinic receptors
and aquaporin 5). Consequently, watery secretions are hindered®. Later, as time
goes on after irradiation, the impact of cumulative exposure to irradiation (IR) will
have a combined effect on the acini, ducts, nerves, blood, and stroma interact and
further damage to the tissue develops over time®. The comprehensive issues that
develop with time could include different degree of fibrosis and inflammation,
cellular senescence, ongoing parenchymal cell apoptosis, microvascular
dysfunction caused by endothelial cell injury, and reduced parasympathetic
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function. With the surrounding micro-environment impaired, stem cells can become
exhausted and depleted and excess extracellular matrix deposits remain. Ultimately,
due to combined alterations on the acini, ducts, nerves, blood, and stroma, fibrosis
irreversibly replaces the salivary gland parenchyma and renders the salivary glands
incapable of secreting saliva® or an altered saliva composition with changed pH and
altered bactericidal properties®’ (Figure 8).

With the continuous progress of research, it becomes increasingly apparent that
nerves and blood vessels also play a significant role in irradiation injury®. Studies
have shown, for example, that neuronal apoptosis can occur within 24 - 72 hours
after IR and that neurotrophic nutrients (NRTN) stimulate neuronal survival and
regeneration in salivary gland explants®. Endothelial cell death can occur at least
four hours after IR in murine models’. The proliferation of endothelial cells may
be stimulated by stem cell factor (SCF) and granulocyte colony-stimulating factor
(G-CSF) in irradiated glands®, thereby increasing the production of saliva.

Serous acinar cells

O Mucous acinar cells
e

@ Blood vessel

. Myoepithelial cells

Fibroblast

. Neutrophil

Ke
y g Parasympathetic
Macrophage nerves
. i‘. Ductal cells
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Damaged serous

Senescent cells 8
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Figure 8. The changes in salivary glands following irradiation injury.

(A) The salivary gland maintains its functional integrity by maintaining the homeostasis of the gland
parenchyma. As part of the niche, neural, blood vessel, and mesenchymal microenvironments must
maintain a fine balance between self-renewal and differentiation of stem and progenitor cells. (B) Acinar
progenitor cells fail and the acini die as a result of therapeutic irradiation in head and neck cancer, while
irradiation also damages parasympathetic innervation. As inflammatory cells invade the glandular niche,
fibrosis occurs, and the vascular system fails to function, the glandular niche irreversibly fails. Created
with BioRender.com.
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Sjogren’s Syndrome

SS is an autoimmune disease characterized by chronic inflammation of exocrine
glands throughout the body, such as the salivary glands and lacrimal glands (LG)"".
Due to the fact that Sjogren's syndrome is an autoimmune disease, it is also seen in
patients with rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
scleroderma, and polymyositis, which may involve additional extraglandular organs
such as the lung, kidney, and skin. SS can either occur alone (primary SS, pSS) or
in association with other autoimmune diseases (secondary SS, sSS)”.

Table 8. General accepted criteria to diagnose SS
Number Categories
| Ocular symptoms
Il Oral symptom
I} Ocular signs: at least one test is positive
1. Schirmer’s test |, performed without anaesthesia (€5 mm in 5 minutes)

2. Rose bengal score or other ocular dye score (24 according to van Bijsterveld’s scoring
system)

\Y, Histology: In minor salivary glands (obtained through normal-appearing mucosa), focal
lymphocytic sialadenitis, defined as a number of lymphocytic foci (near normal mucous
acini and containing more than 50 lymphocytes) per 4 mm? of glandular tissue
(evaluated by an expert histopathologist).

\% Salivary gland involvement: at least one test is positive
1. Unstimulated whole salivary flow (1.5 mL in 15 minutes)

2. Parotid sialography showing punctate, cavitary or destructive pattern, reminding for a
diffuse sialectasias, no obstruction in the major ducts

3. Salivary scintigraphy showing delayed uptake and excretion, reduced concentration
\ Autoantibodies in the serum:

1. Antibodies to Ro/SSA

2. Antibodies to La/SSB antigens

3. Both antibodies

In order to diagnose Sjogren's syndrome’>”, subjective symptoms such as dry

mouth and eyes are highly important reference values. This subjective symptom has
significant individual and regional differences in measurement and evaluation, and
its specificity is low’. An auxiliary diagnosis based on objective and effective
examination is therefore required (Table 8). Serological tests for anti-SSA
antibodies (Ro) and anti-SSB antibodies (La) (Ro/SSA and La/SSB), physical
examination, dry eyes and mouth for a period of three months, positive Schirmer's
tests (primarily used to diagnose dry eye syndrome), as well as an unstimulated
whole saliva flow test to determine salivary gland function and aid in diagnosis.
After salivary gland biopsies, salivary gland histopathology provides the most
important diagnostic basis. Sjogren's syndrome has a histological hallmark of focal
lymphocytic infiltration. Analysing the infiltrating and focus score (FS)” is a key
indicator for the diagnosis of this disease. Chronic inflammatory lymphocytic
infiltration is defined as a lymphocytic foci contains >50 lymphocytes per 4 mm?
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tissue in minor salivary gland biopsies. With a focus score >1, histologically it can
be diagnosed as Sjogren's syndrome. As a conclusion, glandular infiltration of
lymphocytes and the presence of anti-SSA autoantibodies are two key indicators of
SS, while ocular problems and salivary hypofunction may also be helpful to
diagnose SS™.

The pathogenesis mechanism of Sjdgren’s syndrome remains unclear. It is
generally believed that environmental factors trigger inflammation among
individuals with a genetic predisposition to Sjogren's syndrome. Then the exposure
to self-antigens, the activation of both B cells and T cells as well as disturbed
cytokine networks, and the apoptosis of exocrine gland epithelial cells’*’" all
contribute to the progression of disease. The initial steps in pathogenesis are likely
to involve glandular epithelial cells, glandular vascular endothelial cells, or the
stromal and dendritic cells that lie beneath them. Stress or infection can trigger the
accumulation of apoptotic debris, thereby stimulating plasmacytoid dendritic cells
to produce interferon (IFN) type I Upon accumulating apoptotic debris,
plasmacytoid dendritic cells produce interferon type I. In addition to stimulating
IFN-primed effector cells, IFN type I also stimulates adjacent target cells by
presenting IFN signatures. Neutrophils can further damage tissue by forming
extracellular traps, resulting in the production of IFN type I. As autoantibodies
trigger netting of IFN-primed neutrophils, RNA-associated autoantibodies
(SSA/Ro, SSB/La) will increase, further amplifying the loop. Autoantibodies and
RNA form immune complexes in conjunction with self-apoptotic debris. Figure 9
summarizes the pathogenesis. Sjogren's syndrome is characterized by an infiltration
of lymphocytes into specific organs and by autoantibodies to SS-A, an antigen found
on all nucleated cells. In primary Sjogren's syndrome, dendritic cells trigger T and
NKT cells, causing decreased complement solubilization and immune complex
accumulation as inflammation exhausts the complement system. IFN-driven
pathogenic loops result in a decline in the functional ability of target tissues. In
Sjogren's syndrome mice (non-obese diabetic severe combined immunodeficiency
mice), epithelial cells and venules undergo changes even without functional
lymphocytes”, which may result from the production of metalloproteinases or
secretion of other cytokines from infiltrating immune cells which alter the functional
units of the salivary gland. In support of the hypothesis that secreted factors from
infiltrating immune cells are responsible for causing salivary gland dysfunction, the
glands of these mice do not become dry until T lymphocytes are present. As part of
the process of homing lymphocytes into the gland, adhesive proteins are upregulated
and chemokines are produced that perpetuate the cycle of lymphocytes and dendritic
cells migrating into the gland, further causing damage®*®'. In addition to dendritic
cell abnormalities, organ-specific lymphocytic localization has been suggested as a
contributing factor®”. These cells have been suggested to cause abnormal
lymphocyte retention in tissues as well as the production of type 1 interferon, which
activates lymphocytes and metallo-proteinases.
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There are several advantages to using animal models®*’ to study the pathogenesis
of SS. Over the past few years, several animal models have been developed that
reproduce the key characteristics of primary SS patients, including secretory
dysfunction, glandular inflammation, and presence of autoantibodies.
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Figure 9. The pathogenesis in primary Sjogren's syndrome is an interferon-mediated self-
amplifying multifactorial loop.

Plasmacytoid dendritic cells produce interferon type | when apoptotic debris accumulates. IFN type |
stimulates IFN-primed mature effector cells as well as IFN signatures on adjacent target cells following
binding. By forming neutrophil extracellular traps, neutrophils can cause further tissue damage, causing
IFN type | production as well. RNA-associated autoantibodies (SSA/Ro, SSB/La) will increase as
autoantibodies trigger netting of IFN-primed neutrophils, further amplifying the loop. Autoantibodies and
RNA form immune complexes in conjunction with self-apoptotic debris. As inflammation exhausts the
complement system, complement-mediated solubilization becomes decreased and immune complexes
accumulate. In primary Sjogren's syndrome, dendritic cells trigger T and NKT cells. IFN-driven
pathogenic loops result in functional decline in target tissues. The T-helper cells are Th17; IL: interleukin;
MHC is major histocompatibility complex. The B-cell activating factor is BAFF. Created with
BioRender.com.

Salivary gland tumors

Patients with lower lip biting are susceptible to a variety of benign salivary gland
neoplasms, the most common of which is mucocele®®. Malignant salivary gland
tumours (MSGT) are very rare diseases (incidence rate 0.5 - 2 per 100,000 people),
accounting for 20 % of salivary gland tumours and about 1 - 7 % of head and neck
tumours. Each year, approximately 53,000 new cases of salivary gland cancer are
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reported worldwide®. In accordance with statistics, the incidence rate ranges from
40 to 60 years old, and men are slightly more susceptible than women®. The most
common malignancies are mucoepidermoid carcinoma (MC) and adenoid cystic
carcinoma (ACC)*. Parotid gland tumours are the most common form of salivary
tumour, but only 25 % of them are malignant. The malignant transformation rate for
submandibular glands is 40 % - 45 %, for sublingual glands is 70 % - 90 %, and for
minor salivary glands is 50 % - 75 %. The main cause of salivary gland tumours is
unknown. The tumours are heterogeneous and can occur from multiple cell types
within the tissues (Table 9). In addition to smoking and alcohol consumption, there
are some risk factors associated with the etiology of the disease, such as exposure
to chemicals and hair dye, exposure to ultraviolet irradiation previously, and a
history of immune-suppressive or HPV virus-related diseases. Currently, MSGT is
more inclined to utilize immunohistochemical staining and morphological features
for diagnosis®®. It is worth mentioning that protein and molecular analyses® of
MSGT may reveal genetic changes, which may provide insight into the discovery
of new treatments for salivary gland tumours as well as predictive biomarkers®.
Also understanding the etiology, progression, histology demonstration, and
metastasis of malignant salivary gland tumours may facilitate our study on salivary
gland regeneration.

Table 9. The most common cancer of salivary glands.

Type Origin Most Metastatic 5-year Molecular
common survival targests and
location rate pathway

activition

Mucoepidermoid Excretory PG Yes, regional 22-86 % Notch, Hes1,

carcinoma®' stem cells lymphnodes EGFR, P53 ,Krt 5

Adenoid cystic Intercalated  minor SG Yes, lungs 89 % Notch, TGF-B, c-

carcinoma® stem cells Kit, Myb, p63

(ACC)

Acinic cell Intercalated PG - 76 % p63, SOX2

carcinoma® stem cells

Polymorphous Intercalated  minor SG Rarely 80 % p63

adenocarcinoma®  ductal cells perineural

lymphnodes

Squamous cell Excretory PG, SMG Neck region - WNT/B-catenin,

carcinoma® stem cells SOX2

Non-Hodgkin Infiltrating PG Bone Marrow 69 % p53, INK4a, RB,

lymphoma®® immune metastatic is mTOR, NF-kB,

cells common. BCL-1, c-MYC

Pleomorphic Intercalated PG no - Krt5

adenomas®®% stem cells
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Animal disease model

The development of experimental animal models has been extended to a wide
variety of diseases to simulate clinical situations that cause salivary gland
dysfunction’”. These animal models included irradiation or radioisotopes, ligation
of salivary gland ducts, the administration of inflammatory agents to induce
inflammation, mechanically injuring salivary gland ducts, or the use of drugs or
genetic manipulation. Through the development of these animal models, we have
been able to gain a deeper understanding of the disease's pathogenesis, how it
progresses and pathological characteristics. Below is a brief summary of the models
used to date and major findings (Table 10).

Table 10. An overview of experimental animal models that mimic diseases associated with
salivary gland dysfunction.

Model’s typel Methodology for experiments

Irradiation using experimental
equipment®.

Pathological targets

Loss of salivary gland function
due to irradiation.

Salivary gland function is
reduced as a result of
radioactive iodine exposure.

Irradiation model

Radioisotope model A radioiodine administration®®.

Obstruction of the salivary duct through

) The condition of obstructive
the use of surgical sutures or aneurysm ialadeiti
clips1. sialadeitis.

Ductal obstruction
(ligation) model

Sjogren's syndrome, or
inflammation caused by
bacterial.

Using animal models of autoimmune

Inflammation model . ;
diseases'® or inflammongens.

Mechanical injury

Systemic diseases or

Using biopsy punches, direct tissue
damage is induced'®.

The use of animal models of systemic

Inflammatory sialadeitis
caused by trauma
Diabetes, renal disease,
hypertension, and/or their

diseases and/or the application of their
therapeutic medications'®®.

therapeutic interventions may
result in salivary gland
alterations.

medications

Animal models of irradiation injury are one of the most commonly used animal
models of salivary gland dysfunction. Currently, the majority of animal irradiation
models used to simulate irradiation therapy for head and neck cancer patients are
conducted on mice and rats. At the histopathological and some genetic level, these
experimental models present disease-related changes associated with salivary
glands. Table 11 presents common animal models for single-dose or fractionated
irradiation treatments. The treatment of fractionated irradiation in animals is often
simulated as a real treatment for patients receiving fractionated irradiation therapy,
which is given in small doses (2 Gy in one dose) over several weeks (6 to 8 weeks).
In the majority of the animal models, irradiation of the salivary glands results in
extensive deterioration, including acinar atrophy, interstitial fibrosis, loss of
glandular parenchyma, ductal hyperplasia, and striated duct dilation, along with
decreased AQPS expression. This largely mimics the pathology of human
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irradiation damaged salivary glands. A deterioration in regenerative potential (Shh
signal activation) and stem cell expression (Sca-1) is a result of late post-irradiation
effects (parasympathetic dysfunction and nonparenchymal tissue damage)'™. Mice
and rats and human model have major genetic differences'®'°, Recognition of
differences between species is therefore necessary to apply the results from rodent
models into humans. The following is a comparison of the salivary glands between

humans and rodents'?"'%® (Table 12).

Table 12. A comparison of the salivary glands between humans and rodent.

Categories Human Rodent
Paroid gland Size: 1st largest 2nd largest
Histology:  Mainly consist of serous acini Mainly consist of serous acini
Prominent intralobular adipose  Less prominent intralobular
tissue adipose tissue
Location: Antioinferior area of ear Posteroinferior area of ear
Submandibular  Size: 2nd largest 1st largest
gland Histology:  Both serous and mucous acini Mixed composition with
predominant serous acini
Marked demilunes Less/no marked demilunes
- Prominent: granular convoluted
ubule producing various growth
factors
Location: Submandibular area Ventral cervical area
Sublingual Size: Smallest in major glands Smallest
gland Histology:  Mainly consist of mucous acini ~ Mainly consist of mucous acini
Location: Sublingual area Ventral cervical are

Parotid glands are the largest salivary glands in humans, while submandibular
glands are the largest salivary glands in rodents. Minor salivary glands in mice are
too small and difficult to dissect for biopsy to be used as a diagnostic tool for
Sjogren's syndrome, but human minor salivary glands can be dissected. The location
of the major salivary glands is also different between rodents and humans. The
submandibular glands are located in the head (i.e., submandibular region) of
humans, while submandibular glands of rodents are located in the cervical area.
Thus, in rodent models of irradiation, the neighbouring tissue which may also be
co-irradiated is very different. Histologically, sexual dimorphism in granular
convoluted and intubated cells (GCTs and GIDs, respectively) is demonstrated in
mice. This means male submandibular glands have larger and more numerous GCTs
than glands in female. These GCTs are composed of serous-like exocrine cells
between the intercalated ducts and the striated ducts. While GID cells are found to
be located in the female SMG intercalated ducts, there are not found in males'®”. In
contrast, human SMG does not have granular convoluted tubules and does not
display this sexual dimorphism''’. Due to their influence on histological features
and downstream analyses, careful attention must be paid to these species and sex
factors.
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Senescence

Endogenous as well as exogenous stresses (e.g., irradiation induced DNA damage,
telomere dysfunction, activation of oncogenes, persistent DNA damage) result in
senescence, which is characterized by permanent proliferative arrest and
inflammatory effects''”. Senescence can also be a controlled process that occurs
during embryonic development as well as is a hallmark of normal aging. The
defining characteristic of aging is stable growth arrest, which ensures that damaged
and transformed cells do not continue to reproduce'?’. This is achieved by activating
a tumour suppressor network of p16™<4/Rb and p53/p21<*".

The drivers to senescence can be many. A combination of impairments, including
irradiation, telomere attrition, metabolic and proteostasis dysfunction,
carcinogenesis, or oxidative stress, are all other important driver of senescence,
leading to DNA damage'?'. As the signalling cascade of the DNA damage response
(DDR) is triggered, the deposition of phosphorylated histone H2AX (YH2AX) and
53 binding protein 1 (53BP1) increases, thereby activating the following kinase
cascade, eventually leading to p53 activation. This in turn causes cell cycle arrest
(shown in Figure 10 and Table 13). The insulin/IGF signalling pathway has been
associated with aging and longevity'*, research has demonstrated that IGF1 could
together with p21, play a role in signalling pathways that signal cell cycle arrest'®.

Table 13. Most common protein in senescence

Protein or marker

Role in senescence

Senescence-associated 3-
galactosidase

Increased activity at pH 6.0 in senescent cells

p53

Its activation triggers cell cycle arrest

Rb (retinoblastoma suppressor
protein)

Its activation triggers cell cycle arrest

p21CP1 Inhibits cyclin-dependent kinase; downstream of p53
p16!NKaA Inhibits pRb phosphorylation and inactivation
Bcl-2 Increase expression of senescent cells, inhibit apoptosis

macro H2A1.1

Macro H2A1 isoform; SAHF marker

H3K9Me2/3 (lysine 9 di- or tri-
methylates histone H3)

SAHF markers

HP1 (heterochromatin protein 1)

SAHF markers

Phosphorylated Histone H2A.X
(Ser139)

DNA damage markers

MMP3 (matrix metalloproteinase-3) SASP components
TNF-a (tumor necrosis factor a) SASP components
IL-6 (Interleukin 6) SASP components
HMGB1 (High Mobility Group Box B1) | SASP components
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Figure 10. The drivers and phenotypes of cellular senescence and functions of SASP. Created
with BioRender.com

In order to identify senescent cells in culture or tissue samples, multiple markers are
used because there is no single biomarker for senescent cells''?. The first and still
the most widely used biomarker to detect senescent cells in cultured cells and in
fresh tissue samples is the accumulation of a lysosomal enzyme termed ‘senescence-
associated-p-galactosidase’ (SA-B-gal)'**. Senescent cells also accumulate
lipofuscin. Sudan black B staining containing biotin have recently been developed
for use as diagnostic tools. In addition to their abnormally enlarged and flattened
morphology, senescent cells possess disproportionately large nuclei. Senescent cells
normally accumulate two cyclin-dependent kinases known as p21 and pl6 that
inhibit p53- and RB-mediated tumour suppressor pathways. It has been
demonstrated that the expression of p21 and p16 can serve as surrogate markers for
senescent cells in mouse models that eliminate senescent cells selectively. As
additional markers of senescent cells, nuclear senescence-associated
heterochromatin foci are also present, but appear to be specifically associated with
aging caused by oncogene activation. Telomere-associated foci may also serve as
markers. As a marker for general senescence, the senescence-associated secretory
phenotype (SASP), mainly the proinflammatory cytokines interleukin 6 (IL6) and
IL8, can also be measured transcriptionally and proteomically (shown in Figure 10).

In multiple organs, irradiation induces senescence. Irradiation can induce
senescent cells in salivary gland stem and progenitor cells, suggesting that
irradiation-induced salivary gland insufficiency is caused by senescent cells'®. To
eliminate senescent cells, senolytic compounds such as ABT263, with activity
against anti-apoptotic proteins BCL-2 could be used. Thus, senolytic therapies may
be promising to explore in the future to treat irradiation-induced xerostomia. In
addition, irradiation causes bone cell senescence; thus, bone cells in the path of
irradiation can become senescent and secrete characteristic SASP factors; this may
interfere with bone marrow stem cell differentiation and subsequent phenotypes of
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immune cell infiltration into the salivary gland or systemically through paracrine
signals'?®. Thus, organ-to-organ communication in the context of senescent cells and
their SASP (both through aging and concomitant injury) is an important emerging
concept.

Treatment and prevention of dry mouth

There is no cure for dry mouth, only relief from it. Preventative and conservative
remedies””'?” include a quick review of every patient's medication history to
determine the cause of xerostomia. If possible, the attending physician will
recommend, and quickly alter the patients’ medication to see if withdrawal of a
specific prescription can relieve symptoms. In addition, cessation of the use of
tobacco and alcohol usage are also recommended and can contribute to a reduction
in the symptoms of dry mouth?’. After xerostomia is ultimately diagnosed, only
symptomatic or palliative treatments are available; this is independent of partial or
complete loss of functioning secretory tissue that remains. The most common and
practical method is to prescribe substitutes like mouth humidifiers to locally replace
saliva and increase the moisture content of the mouth'?*,

Artificial saliva

As anon-Newtonian fluid, artificial saliva is similar to natural human saliva in terms
of fluid properties and molecular composition, and it performs most of the same
functions that natural saliva does, namely lubricating, moisturizing, remineralizing,
and regulating microorganisms'?*'*°. Approximately 700 different types of bacteria
have been identified in the oral cavity, and the oral microbiome is also constantly
changing. As a result of the accumulation of mixed biofilm plaque on teeth, which
contains more than 500 species of bacteria, bacteria then colonize the tooth surfaces,
resulting in dental caries and periodontal disease and further general health issues
as a consequence'®'. Therefore, the use of artificial saliva preparations in patients
suffering from xerostomia requires that the antimicrobial properties of saliva can
also be restored.

Consequently, artificial saliva is comprised primarily of matrix materials and pre-
caries antibacterial auxiliary materials'*?. Among the effective matrix materials'*?
are carboxymethylcellulose, glycerol, and mucin combined with xanthan gum or
guar gum, whereas antibacterial auxiliary materials include fluoride, xylitol,
enzymes, etc.

The development of fully functional artificial saliva is thus complex. Normal
saliva is composed of a liquid phase of electrolyte solution, a continuous network
structure resembling a scaffold, less water-soluble proteins and saliva molecules
suspended within the network structure, phase microorganisms and epithelial cells
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suspended within the network structure'**. The correct adjustment of natural saliva's
viscosity and viscoelasticity is a key of the current areas of development for artificial
saliva'®. A great deal of future research is needed to understand how artificial saliva
can be developed for xerostomia patients; this will need to be done in parallel to
better understanding the fluid and biological functions of natural saliva'*. There are
numerous dosage forms theoretically available for administering artificial saliva,
including mouthwash, sprays, gels, and so on. Artificial saliva could thus become a
scientific alternative strategy to mouth health and may become a reality in the future,
despite some temporary issues like inconvenient portability, poor oral comfort, and

less relief time'?’.

Salivary gland transfer surgery

Mandible

Submandibular
gland duct

Marginal
mandibular nerve

Digastric muscle muscle Forceps

Figure 11. Schematic workflow of submandibular gland transfer.

(A) In the right upper neck, a neck incision is made at a distance of two centimeters below the mandible
body in order to expose the surgical submandibular area. (B) The submandibular gland and the anterior
belly of digastric muscle is released from the surrounding tissues. The facial artery and vein are ligated
and cut near their branches that supplies the gland with blood. Finally, the submandibular gland is
repositioned in the submental space. Created by the author. Copyright by the author.

In addition to restoration of salivary gland function after irradiation injury, there are
also approaches to prevent damage to the gland from the onset as irradiation for
head and neck cancer patients has a known clinical timing. Thus, submandibular
gland transfer has emerged as a potential surgical approach to temporarily relocate
the submandibular gland to the submental space to shield it from irradiation
therapy'*”"'* (Figure 11). One study from 12 institutions, 177 patients in a mean
follow-up of 22.7 months shows'* that approximately 80 % of patients who
received salivary gland transfer surgery before irradiation therapy did not develop
xerostomia (95 % confidence interval, 76.6 - 87.7 %). They observed a similar
pattern with unstimulated/stimulated saliva flow rates, with the transfer surgery
patients maintaining 79 %/74 % of their pre-surgical values compared to 28 %/17
% for control subjects. The results of this study suggest that salivary gland transfer

53



surgery could maintain a standardized level of baseline salivary flow rate in one
year after irradiation treatment, together with patients’ improved perception of
saliva amount and consistency.

This surgical transfer procedure can potentially change the way patients with dry
mouth are managed'*'. But its validation and promotion are being limited by the
requirements for practicing on this surgical procedure and small patient sample
sizes. Thus, while it is still in the pilot stages of prospective clinical trials, it may be
a promising approach'4!""'#*,

Protective drugs used in radiotherapy

As a cytoprotective drug, amifostine was approved by the FDA (Food and Drug
Administration) in 1995'*. Amifostine improves DNA repair abilities and induces
hypoxia in tissue to protect patients undergoing radiotherapy. A meta-analysis
conducted by Gu et al'*. shows that amifostine significantly reduces complications
such as mucositis, dry mouth, and dysphagia after radiotherapy for head and neck
squamous cell carcinoma without reducing the efficacy of tumour treatment, and its
adverse effects on the digestive tract are acceptable. Despite this, some claim
amifostine causes more serious adverse reactions, such as nausea, vomiting,
hypotension, and even protects tumour cells'“*®. Its widespread use therefore depends
on the results of future research.

Another commonly used drug, pilocarpine, has also been shown to increase
residual salivary gland secretion after radiotherapy as a cholinergic receptor
agonist'¥’. In addition, Jaguar et al'*® in a phase IIl study showed that oral
bethanechol twice daily reduced salivary gland damage caused by radiotherapy in
head and neck tumour patients. Irradiation protective drugs need to be verified by
additional clinical studies.

In radiotherapy, active oxygen scavengers may be used as radioprotectors’.
Furthermore, transient receptor potential type M2 (TRPM2) also mediates the
increase in intracellular Ca** concentration induced by oxidative stress, and one type
of radioprotector tetramethylpiperidine restored salivary gland function, suggesting
that transient receptor potential M2 type inhibitors may be effective in treating dry
mouth'"*. A prospective double-blind randomized controlled trial conducted by
Chung et al'* found that antioxidant supplements (100 U vitamin E and 500 mg
vitamin C) improved dry mouth symptoms. Based on a systematic analysis of seven
related articles, Fox et al'® concluded that hyperbaric oxygen improves xerostomia
after radiotherapy, but randomized controlled trials are still lacking.

Intensity modulated radiotherapy

Further advancements in radiotherapy may include the use of intensity-modulated
radiotherapy (IMRT), which would improve partial salivary gland secretion, as it is
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CT-planned radiotherapy with conformal control in three dimensions so that only
the tumour is irradiated while maximum protection is provided to the parotid
glands®*'*""12, The functional outcome of IMRT is to better execute the specific
irradiation treatment plan created for every individual with HNC, also avoid
affecting specific regions containing epithelial stem cells in salivary gland, known

to be especially radiosensitive'*.

Gene therapy

Gene therapy for salivary glands was only a theoretical concept in researchers'
minds in the early 1990s. However, over the last 30 years, researchers have
advanced this idea to small and large animal studies and now to phase I and II
clinical trials. Bringing gene therapy for salivary glands into the clinic treatments
from the research bench has the potential to achieve long term and effective
functional changes.

S
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Figure 12. Schematic flow depicting the theory of AdhAQP1-encoded gene therapy.

(A) Some salivary glands are damaged by irradiation and produce less saliva. (B) After gene therapy,
the ductal epithelium expresses AQP1, ductal epithelial cells move more water into the ductal lumen.
Thus, saliva components have a low osmolarity concentration. Created with BioRender.com.

The most common gene therapy being explored for salivary glands uses
recombinant adenovirus serotype 5 vector as gene delivery vehicles to deliver
human aquaporin-1 genes (AdhAQP1) to salivary glands' cells (Figure 12). This is
an adenovirus that causes only transient gene expression, and thus carries less risk
long terms. After the encoding aquaporin 1 protein is expressed on cell membranes,
water will move more freely through ductal cells. Animal studies and clinical trials
have demonstrated that rejection is reduced in viral vectors, and dry sensations are
relieved in the mouth. This response has been shown to last for several years after
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the one-time injection of AdhAQP1, which is quite surprising because it is short-
expression viral vectors'>*'>7. Further research is needed to better understand the
longer-term mechanism of action.

Next, with the completion of additional clinical studies, methods to avoid immune
reactions and extend long term expression in the salivary glands are needed;
identification and optimization of vector doses to deliver the AQP1 gene that elicits
only minimal immune responses, as well as to advance gene therapy to a broader
population, such as patients with Sjogren’s syndrome or other difficulties will be
interesting. There may be other cells affected by salivary gland diseases, so gene
therapy of functional secretory proteins like AQP1 may not be sufficient to

regenerate fully functional salivary glands'®,

Molecular therapy

While gene therapy approaches have shown promise, other approaches have
demonstrated potential therapeutic effect by directly delivering therapeutic proteins.
The following is only a brief introduction to one representative example.

In the past, apoptosis was considered a major mechanism of irradiation damage
to the salivary glands. Irradiation-induced salivary gland cell apoptosis can be
inhibited by down-regulating p53 activity in transgenic mice expressing protein
kinase B (Akt)*%. By injecting (IGF-1) or activating endogenous Akt or inhibiting
p53 expression, salivary gland apoptosis can be prevented during radiotherapy®®.
IGF-1 administration has been shown to be effective when injected into irradiated
FVB mice (1 - 2 Gy/d, 5 days in total) as well into similarly irradiated transgenic
mice (myr-Aktl). Aging is also influenced by the Insulin/IGF axis and thus IGF-1
administration may be effective for reversing senescent related salivary gland
dysfunction beyond irradiation induced injury. However, due to the wide range of
tissues expressing the IGF-1 receptor, IGF-1's effects are diverse and thus off-target
effects must be minimized if administered systemically. Alternatively, mechanisms
to deliver it locally to salivary glands, such as gels or sprays, could help overcome
this problem. IGFs communicate with cells' physiologic environment.

In addition to IGF-1, cyclin-dependent kinase inhibitors'> may also be used as a
preventive treatment for salivary gland dysfunction. In sum, molecular therapies
have the benefit of avoiding potential genetic alterations as are possible if viral
vectors are used; they have been shown to be a precise and effective targeting
strategy for preventing and treating irradiation damage of salivary glands. But the
high cost of molecular therapy and the fact that it may need repeat administrations
to sustain therapeutic effects may prevent it from being widely used.
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Stem cell-based transplantation

Stem cells are thought to play a crucial role in salivary gland formation as well as
play an important role in recovery from injury'®’. Stem cell therapy offers the
possibility of long-term restoration of salivary gland tissue and secretory function
either through modulation of the remaining endogenous stem cells or exogenous
delivery of stem cell populations to the damaged tissue'®'. Different types of stem
cell therapies are currently under study. Both embryonic stem cell (ESC) and
induced pluripotent stem cells (iPSCs) derived salivary gland cells are being
explored as replacement therapies. On the other hand, immunomodulatory therapies
derived from mesenchymal stem cells (MSC) are also being explored'®’. These
MSCs can be derived from different tissues such as dental pulp'®, bone-marrow
derived MSCs'®, adipose-derived mesenchymal stem cells'®*'® (ASCs), amniotic
membrane mesenchymal stem cells'®, urine-derived mesenchymal stem cells'®’,
etc).

While ESC applications have shown promise for several diseases, the ethical
question of destroying fertilized embryos remains. Therefore, iPSCs can be
considered to have less societal resistance to implement. By transferring four
transcription factors (Oct4, Sox2, KLF4 and c-Myc) into differentiated somatic
cells, human iPSCs'®® can be generated and they completely avoid ethical concerns
like ESCs. They also have other advantages which include the ability to select donor
somatic cells, avoiding histocompatibility issues with donor/recipient grafts, and the
ability to transfer information from the reprogramming process directly into the
human body so that damaged or diseased tissues or cells can be repaired in vivo.
Teratomas are still possible for iPSCs, and this must be carefully examined with
each new protocol and cell type. Progress has been made for deriving salivary gland
stem cell from iPSCs'®. Currently, the use of non-epithelial sourced peripheral
blood mononuclear cells'”® (PBMCs) for regenerative medicine is one potential
promising concept. A study has shown that intraglandular transplantation of mouse
SGs results in gradual restoration of salivary function by reducing inflammatory
genes, increasing proliferation, vascularization, increasing acinar and ductal areas,
and reducing fibrosis following irradiation'™.

Currently, there have been more studies focused on using the immunomodulatory
and angiogenic properties of MSCs as compared to direct cell replacement
(producing new cells to replace dead ones). Recently, secreted factors from stem
cells* and extracellular vesicles (EVs)'’! have become a topic with high research
and clinical interest as they avoid concerns about the risks associated with directly
injecting stem cells into the human body'®®. Despite the need for further research to
confirm safety and efficacy, cell transplantation remains a promising regenerative
technique which will be discussed further in this thesis.
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Human dental pulp stem cells

Dental pulps are divided into three major parts: a central pulp chamber, pulp horns,
and root canals (shown in Figure 13). There are several types of loose connective
soft tissues in the dental pulp, including fibroblasts, undifferentiated mesenchymal
cells, macrophages, and lymphocytes, with water, proteoglycans, glycoproteins, and
collagen matrixes surrounding these cells. A tooth's pulp is highly vascularized and
neutrally innervated, ensuring teeth healthy and forming dentin. As we age, the pulp

chamber shrinks due to dentine deposition'”%.
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Figure 13. Developmental and anatomical structure of teeth and stem cells derived from dental
pulp.

In this diagram, the ectoderm cells contribute to the formation of only the enamel of the teeth, whereas
the neural crest cells are responsible for generating the remaining tooth tissues. In addition, it illustrates
that dental pulp stem cells are capable of multilineage differentiation because they derive from the neural
crest. Created with BioRender.com.

Exfoliating deciduous teeth, orthodontic treated teeth, traumatized teeth, and
periodontal disease teeth can be used to obtain dental stem cells'”. A highly notable
feature of hDPSCs is that when compared to other adult stem cells from other
tissues, they can be readily sources from medical wastes (dental pulp) after routine
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dental surgery. Other advantages include their ability to be stored long-term using
cryo-preservation, and potential use as autologous transplants later in life with
reduced immune rejections. hDPSCs also are less controversial than ESCs are
multipotent owing to their neural crest source'”. hDPSCs could also be used as a
source of iPSCs; therefore, their application prospects are broad'”.

In light of the potential to use dental pulp stem cells for diverse clinical stem cell
therapy applications in the future, it is particularly important to separate and expand
them with effective and well-characterised markers, store them appropriately with
vital viability, and administer them in a clinically manageable way. There may be
several populations of stem cells in dental pulp that express surface markers such as
CD29, CD44, and CD90'"°, which could prove useful for future isolation. Well-
defined protocols to expand and cryopreserve teeth, with consideration being given
to controlled cooling rates and lower the limitation of cryo-preservant have been
established' "',

Stem cells in salivary gland

There is a small pool of undifferentiated stem cells in a variety of tissues in most
living organisms, termed adult stem cells'”’. However, unlike embryonic stem cells,
adult stem cells cannot become any type of cell and only have the capacity to
differentiate into a few types of cells contained within the organ in which they
reside. Because of their renewal potential, adult stem cells may be a promising
source of cells for the reconstruction of damaged organs. They also eliminate ethical
concerns associated with human embryonic stem cell research and concerns of
teratomas with iPSCs. The identification and characterisation of salivary gland stem
cells has been an ongoing interest since their discovery. A list of biomarkers for
progenitor cells and stem cells of the salivary gland is provided in Table 14. Several
markers have been studied for sorting/isolating these cells, including c-kit (CD117),
CD49f, CD29, CD24, and CD133; combinations of these markers can improve
accuracy of precise cell populations.

As evidence of their proliferative and differentiation capacity, in vitro
microspheres of human salivary glands, termed salispheres, can be created using c-
Kit-derived cells'”. After xenografting, these salispheres increased regenerative
potential of irradiated salivary glands'®!. A study involving genetic tracing of animal
models concluded that SOX2-marked acinar cells differentiated into MUC19-
expressing acinar cells after salivary gland irradiation, resulting in the recruitment
of acinar cells'”. Nevertheless, no ductal cells have been shown to be generated
from these cells, indicating a fate commitment program'®. Future salivary gland
stem cell applications could involve harvesting salivary gland stem cells during
surgery and implanting them after radiotherapy in a scenario envisioned for future
use. Through improved cell extraction, culture, transportation, and transplantation,
damaged salivary gland epithelial cells may be replaced with healthier salivary
gland stem cells in the future.
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Table 14. Biomarkers for putative salivary gland progenior/stem cells'%-182,

Category Cellular surface biomarkers References
C-Kit* 18
SOX 2
SOX 9
Krt 5

Salivary gland stem cells CD 49f 183
CD 133 18
CD 24 183
CD 29 187,188
803-1 + 189

184

185

186

Cell free therapy-Extracellular vesicles

The use of human MSCs in clinical trials began in 1993. In the early stages of MSC
research, the hope was that MSCs could be used to directly replace lost or damaged
cells by these stem cells. A seminal study conducted by Yoshitaka'** in 2007
demonstrated an improvement in cardiovascular function after administration of
MSCs intravenously, along with the secretion of several protective factors from
engrafted MSCs, indicating that MSCs function by paracrine effects or secreted
factors. Subsequent studies in many other organs and tissues, including cell free
supernatants, have confirmed that secreted factors from MSCs contain potent anti-
inflammatory, immunomodulatory, and regenerative factors. Furthermore, the
advent of ultracentrifuge techniques and their rapid development during the mid-
20th century led to the awareness of the presence of extracellular vesicles secreted
by stem cells which protects their contents from degradation by the body during
transport. Thus, these techniques have encouraged the deeper exploration of
extracellular vesicles (EVs) derived from MSCs and other cell types towards future
clinical applications.

EVs are membrane-bound lipid bilayer vesicles secreted by cells or body liquid,
with strong capacity to delivery bioactive proteins, metabolites, nucleic acids,
lipids'®>. In addition to being a novel form of information transfer between cells,
EVs can also integrate extracellular information, thus extending the concept of
signal transduction. Roughly classified into small extracellular vesicles (SEV) with
diameter from 30 - 150 nm and multivesicular bodies (MVBs) and apoptotic bodies,
most EVs are smaller than 200 nm. The various isolating method for EVs and their
cons/pros respectively are described in Table 15. The family of EVs are separated
into three major classes based on their biogenesis: EVs, microvesicles, and apoptotic
bodies. The biogenesis and release of extracellular vesicles is under comprehensive
regulation by extracellular signals and have significant clinical relevance in both
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healthy and sicknesses® depicted in Figure 14. For example, due to the
characteristic marks left after EVs packing substances, the surface characters and
materials contained in EVs can vary based on the source cells. It has also been
discovered that nucleic acids contained with EVs can be used to diagnose disease
because they can be traced back to the cells that originated them, such as tumour
cells. Therefore, EVs can be used as diagnose purpose by forming tumor landscapes
and analysing how tumors spread. For therapeutic purposes, the development of
engineered EVs and the identification of specific EVs biomarkers are increasing
their research prospect, as we may be able to use EVs with specific miRNAs and
modified surface proteins for disease specific treatments in the future'”’-'%,
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Figure 14. Using EVs as personalized therapy.

Diagram (A-E) shows the wide functions of EVs. (A) EVs play regenerative role in diseases. (B) EVs
impact in cellular functionality like immune modulation. (C) EVs work as drug delivery vehicles to against
tumor. (D) EVs serves as potential biomolecules in diagnostic tools. (E) EVs load with engineering
material to play a targeting role'’". Created with BioRender.com.
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Table 15. Comparision of different EVs isolation techniques.

Techniques Mechanism Advantages Disadvantages
Gold standard Time comsuming,
Ultra- Size. densit method, minimal nonspecific purification,
centrifugation'®® 128, 1y reagents and decrease in biological
expertise required activity.
Particle size heterogeneity;
Ultrafiltration2% Size, molecular weight Rapid, EVs loss due to attaching to
membranes
Immuno-isolation?®’! Affinity High purity, rapid,  Not suitable to larger scales.
Polymer-based Solubility, surface . . Low purity (with free
e 196 High yield . L
precipitaiton charge proteins contamination).
Microfluidics- Affinity, density, Rapid, high purity, .
based??? electrophoretic high efficiency Not-suitable for larger scale.
M::;Z';jazgf - Surface properties High affinity, rapid Low purity.

Tissue engineering regenerative medicine (TERM)

As defined by Langer in 1993°*, tissue engineering (TE) is the process of replacing
or regenerating human tissue or organs using combinations of cells, scaffolds, and
growth factors with the goal of restoring or fabricating normal function or replace
with transplanted organ. Regenerative medicine is not only restricted to tissue
engineering but also includes cell-based therapy, gene therapy, nanomedicine, and
TE strategies and so on. These fields are merging as tissue engineering and
regenerative medicine (TERM)*” since they have similar missions and concerns.

Scaffolds, serving as structural matrices, can be manufactured with synthetic
materials engineered to contain cell binding sites or together with extracellular
matrix components and inductive growth factors. They provide structural,
biochemical, and biomechanical cues to trigger and regulate cell behaviours and
tissue development. Later the scaffold with different cells should be amenable for
vascularization upon implantation in vivo to allow integration with the host. In
addition to their usage as clinical tissue for transplantation, tissue engineering has
also opened up new possibilities for modelling tissue or disease in the lab as well as
for studying new therapies. In particular, this allows for the study of disease in
human cells or tissue before performing clinical trials. This next section will discuss
different in vitro models of salivary gland tissue and cells.

Three-dimensional organoids or spheroids

The simplicity of 2D cell culture with one or more cell types makes it the first choice
for many scientists. However, there is a limited ability to culture multiple cell types
with spatial orientation with this technique. In particular, 2D culture is insufficient
for studying tissues and diseases in a dish that depend on the careful coordination
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of multiple cell types for tissue function. As a result, 2D culture cannot replicate the
interactions of multiple cells in a 3D network where they exist in vivo. Cultures in
2.5D (monolayers on 3D substrates) use additional materials to alter topography,
altering cell membrane curvatures, while maintaining a free surface. While diverse
substrates have been used, including those with extracellular matrix components
(ECM), to better form a microenvironment required for SG morphology, they still
do not fully replicate native cell-ECM interaction characteristics. Recent advances
in stem cell biology, microfabrication techniques, and tissue engineering have led
to the development of a wide array of 3D cell culture platforms, including
multicellular spheroids, hydrogel-based culture, bioreactor-based culture,
bioprinting, and scaffold-based culture’***"” (shown in Figure 15). However, no 3D
strategy has not been able to completely recreate a 3D tissue engineered salivary
gland. Therefore, animal models are currently viewed as the most practical model
for studying salivary glands.
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Figure 15. Salivary gland ex vivo models using 3D cultured models. Created with BioRender.com.

Allogeneic tissue specific ECM in tissue engineering

All cells in the human body carry the same genetic material. Therefore, the
specification of certain cells and how they function is dictated from the context that
surrounds them. This context is called the extracellular matrix niche. Generally
speaking, being an abundantly distributed network, ECM is composed of a
heterogeneous network of fibrillar proteins between the exterior and cells, including
collagen, laminin, fibrin, elastin, fibronectin, GAGs, proteoglycans, and
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glycoproteins. Additionally, chondroitin sulfate, heparin sulfate, and sulfonic acids
also serve as functional groups that help stabilize tissue mechanics. All these natural
"textures" are the source of bioactive cues and growth factors in playing an
instructive role to cell fate (by offering cellular signals for tissue specific
homeostasis) and a supportive role (as a three-dimensional structural support
containing the matrix substrates)*®**%. The development and usage of 3D stem cell
cultures aim to recapitulate this niche. The use of ECM is thus needed to bring the
native in-vivo environment to the in-vitro setting, which enables cell models to be
significantly more predictive of human physiology and rebuild the clinical
transplantation perspective for dangerous patients. Extracellular matrix profiles
tailored to specific tissues and adapted to age is found to better summarize the
healthy and pathologies for in vitro models®'®*. However, the development of
models which recapitulate the ECM niche are challenging to engineer.

Precision-cut salivary gland slices

As an alternative to in vivo animal studies, precision-cut tissue slices (PCTS)
model*"*2"> have emerged as a promising technique. PCTS are derived by using
techniques which can thinly slice native tissue for subsequent ex vivo culture. They
retain nearly all tissue-derived cell types and the original tissue configuration. PCTS
reduce some of the limitations caused by using Matrigel in organoids (which is
derived from tumour cells) or other synthetic materials in 2D cultures and organoids
as architectural and signal instructions. As a powerful model with a natural in vivo
microenvironment, PCTS are thus a promising model which mirrors the natural in
vivo microenvironment, and further reduces animal usage to allow for safer drug
development. Furthermore, they can be derived from excess surgical waste and thus
allow testing directly in human tissue. There are many organs in the PCTS system
(the liver, the lung, the brain, etc.) and their applications includes physiological
research, disease modelling, drug toxicology, and pharmacology*'**'*2!62!7_(Figure
16).

While only a few papers have reported on the generation and use of precision-cut
salivary gland slices (PCSS)*'®%%!, their promise is clearly evident, and they can fill
an important research need”'®**"**°, Thus far, most studies have used image-based
analysis (i.e., antibody or specific staining) which has low throughput. There is thus
still room for improvement and thus far there are a limited number of tools available
with which to analyse them, in comparison to the tools available for other PCTS.
Slice preparation is extremely challenging, especially for murine PCSS which has
further limited the number of labs which use this model. Only one study has thus far
analysed transcriptional changes during culture, which was done in human PCSS
due to the fact that more material was available?'’. As a result, it is less clear how
pathways are activated during normal culture as well as how well pathological
processes are replicated in slices. New techniques, including the use of ‘omics’
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technologies and advanced and state-of-art imaging techniques are urgently needed
to allow further usage of this promising in vitro model.

| -

- Immunofluorescence

HE staining

350 pm per tissue slice qRT-PCR
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thickness

Figure 16. Generating PCSS tissue pieces by vibrotome.

This diagram illustrates how precision-cut tissue slices (PCSS) are prepared, cultured, and analyzed.
The insets (A) through (E) show a technical drawing (not to scale) depicting the workflow for culturing
different organs as precision-cut tissue slices. Created with Biorender.com.

Advanced in vitro imaging techniques

Light sheet fluorescence microscopy (LSFM) imaging

While light-based imaging has been a standard technique for over 100 years in both
research and clinical diagnosis, the majority of research is conducted on thin
sections of tissue so that the light can penetrate it. Furthermore, these techniques are
time consuming because they require illumination with small points of light. An
emerging technique is light sheet-based microscopy. With light sheet microscopy, a
thin slice of the sample is illuminated with laser light to create fluorescence images
and can be used on thick sections if the tissue is optically cleared”*’. The
fluorescence signal and images of the observed region are captured using a wide-
field fluorescence microscope placed perpendicular to the light-sheet (Figure 17).
The 3D optical sectioning technique is significantly faster than other fluorescent
imaging techniques due to its orthogonal arrangement, which decouples
illumination from detection.

Compared to confocal microscopy imaging, light-sheet microscopy imaging
offers fast, high resolution, true volume, and in-depth imaging with the following
major advantages: low photobleaching, minimal phototoxicity, the ability to image
transparent tissues at cellular and subcellular levels at high spatial and temporal
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resolutions and the ability to generate serial optical tissue sections that allow for 3D
reconstruction of tissue structures®**. The unique capabilities of light sheet
microscopes allow for the acquisition of challenging specimens as well. At the same
time, this fast-moving technology poses many technical difficulties and challenges,
such as the preparation of samples, the development of pattern recognition software
for data interpretation, and the handling of data deluges and data interpretation.
However, these challenges are being overcome with more research undertaken in
this area and light sheet microscopy is currently advancing research in a wide range
of fields™®.

For example, it has proven invaluable for studying embryonic development, as it
can provide quantifiable data on morphogenetic processes*® and overall features of
cells and tissues as entire, intact organisms can be studied. Quantitative mapping of
large biological systems can also be achieved through a light sheet microscope. A
thin, clarified coronal slab of the human brain has been visualized, as well as
hydra?*’ body shape changes. By analysing clinical specimens rapidly, light sheet
microscopy”*® is also capable of informing treatment decisions. However, thus far,
there are no reported images of salivary glands from any mammals. The
development of techniques for tissue preparation for light sheet microscopy are thus
urgently needed.
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Figure 17. The principles of light sheet microscopy are illustrated in the following schematic with
comparision to confocal microscope. Created by the author. Copyright by the author.

New developments in pathology and image-based analysis

Historically, histological analysis has been used in science and medicine for over
900 years since its inception®*’. The basic procedure is that the pathologist cuts the

tissue into thin sections, stains them, and examines the samples under a microscope.
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It is possible to diagnose, monitor, predict survival rates, and provide personalized
treatment based on pathological images, which contain rich phenotypic information.
The role of histology has always been important, especially for diagnosing and
treating cancer, which is currently a major concern*'.

Histological analysis is relatively simple to operate, easy to understand, and many
persons can perform it after suitable training. However, this method has several
disadvantages, including the high variability in results, the influence of chemicals
and laboratory operations, and the time-consuming and cumbersome nature of the
process. The process of processing and staining samples in traditional histology also
uses toxic chemicals**, which are harmful to the environment and there is an urgent
need to find alternatives which are safer for the environment and
pathologist/researcher. Pathologists and researchers will also interpret results
differently based on their levels of experience and subjective factors (such as the
selection of the specimen or regions of interest). In this case, the interpretation of
results can vary greatly, and may even result in false negative results that affect a
patient's treatment plan or be inconsistent with the research results. Thus, while
histology is a longstanding technique, innovation is needed. The emergence of
sustainable histology, virtual pathology, and artificial intelligence in pathology have
all become very significant turning points in modern pathology.

Sustainable histology

Pathologists collect, fix, dehydrate, transparentize, embed, section, stain, and mount
samples during their daily work in the pathology department. Gradient ethanol
dehydrates the tissue before entering the waxing step which allows thin sectioning
(most commonly paraffin), but ethanol and paraffin are not compatible, so a solvent
is required as a bridge, since it is miscible with both ethanol and liquid paraffin. The
most typical tissue clearing agent used in histopathology is xylene. It has a benzene
ring and is an aromatic hydrocarbon compound. In experimental and clinical studies,
Xylene233 has been found to accumulate in the kidneys, bone marrow, and other
organs, and can be absorbed through the skin, respiratory tract, and digestive tract.
Xylene can cause autonomic dysfunction and decrease hematopoietic function,
while affecting the ecosystem irreversibly. To replace xylene in histological
staining, a new environmentally friendly agent is needed. This area has received
increased attention and alternatives have been explored such as alcohols (e.g.,
isopropanol®*) or limonene based compounds®. Several products have now
entered commercialization but are known to have limitations. Importantly, all
corresponding tools (e.g., antibodies), need to be revalidated with changes of
protocols. Thus, despite health and environment benefits, there is a general
resistance to research and implement these changes. The development and
implementation of bio-environmentally friendly tissue dewaxing/clearing reagent to
replace xylene in pathological technical work is nonetheless needed. It is important
to confirm firstly whether the pathological sections of different organs with different
diseases will remain of sufficient quality and whether clinical pathological diagnosis
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and research requirements will be met. Thus, new environmentally friendly clearing
and dewaxing agents not only needs to meet the laboratory's and hospitals'
environmental requirements, but also protect pathologists from physical injury.

Histological scoring

Even highly trained pathologists and researchers have subjective experience when
evaluating tissues, and pathology-assisted clinical diagnosis can be very
complicated due to histopathological appearances in staining. Furthermore,
detecting the differences between some disease groups can require highly
specialized training. In the case of the common research setting, there may be a
limited number of highly trained persons who can evaluate histological sections.
The use of histological scoring or grading”® is one way to help reduce subjective
judgments in both the clinic and research because it increases objective evaluations
and can further be used to achieve semi-quantitative analysis and comparison. There
have been several mature scoring systems used in scientific research, such as those
for mouse osteoarthritis models®’. It is also widely used in clinical work to assess
mitosis in the process of histopathological grading of breast cancer. There are
several critical principles which should be used to develop histological scoring
systems>®. First, scoring criteria should be chosen based on the ability to define,
repeat, and correlate histological manifestations with clinical or laboratory induced
diseases. The importance of tissue sampling cannot be overstated, and it must be
explained clearly how a sample is obtained and defined. Understanding the
principles behind the creation of histological scores is essential for creating
meaningful histological scores applicable to target disease organs, tissues, and
models.
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Aims of the thesis

As a whole, the objective of this thesis is to establish methods to evaluate salivary
gland regeneration and functional restoration with cell-free therapy as well as tissue-
engineering strategies, with the following sub-aims.

1.
2.

Identify the isolation and identification of EVs from hDPSCs (Paper I).

Investigate the pathological features of salivary gland hypofunction in two
main salivary gland diseases (irradiation and autoimmune-induced damage)
by animal modelling (Paper I & III).

Evaluate the potential of hDPSCs-derived EVs therapy in salivary gland
hypofunction and the possible mechanisms behind (Paper I & III).

Explore the possibility of implementing an ex vivo organotypic precision-
cut salivary gland slices (PCSS) model for modelling disease and functional
evaluation of salivary gland (Paper II).

Examine the feasibility of advanced imaging like using sustainable tissue
processing method without xylene for histological staining and three-
dimensional visualization through light sheet fluorescent imaging for an
advanced imaging assessment of salivary gland’s tissue and diseases (Paper
V).
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Materials and Methods

Animal (murine) usage

Paper I

Thirty-six female ICR mice bred at the Nagoya University School of Medicine were
used in this study. The mice were 7 - 9 weeks of age at the time of experimentation
and weighed 20 - 30 g. All mice were housed (four mice per cage) under well-
controlled conditions with a temperature of 23 + 3 °C, relative humidity of 54 + 5
%, and 12 hour light-dark cycle with free access to food and water.

Paper 11

All procedures performed on live animals were approved by the Ethical Committee
at Lund University when conducting animal research. 8 - 12-week-old mice
C57BL/6J mice (Mus Musculus) were housed with free access to water and food
and euthanized for organ harvest by injecting a 3:1 ketamine/xylazine (v/v) solution
intraperitoneally for every 20 grams of body weight. Fresh salivary gland samples
were extracted and immediately placed in an ice-cold PBS or physiological saline
solution (PSS)*'® (see manuscript Paper II for detailed components).

Paper 111

The animal experiments for Paper II were approved by the Nagoya University
School of Medicine Animal Care and Use Committee (No. 31427, 20274,
M210183-001) in accordance with the Guidelines for Animal Experimentation of
Nagoya University School of Medicine). 7-week-old female NOD/Jcl (NOD) and
Jcl:ICR (ICR) mice ( CLEA Japan, Inc) were housed with wood tip bedding and
maintained under specific pathogen-free conditions. Animals were housed 4 per
cage and received normal food and filtered water.
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In vitro cell culture of hDPSCs and EVs characteristics

The cell is hDPSCs. We as a whole lab bought this cell line years ago. It is from
Lonza coded PT-5025 from Basel, Switzerland. According to manufacturers'
protocol, this cell line is cultured in Dulbecco's Modified Eagle Medium (Sigma-
Aldrich, St. Louis, MO, USA). The medium only have additives like 10 % fetal
bovine serum (GE Healthcare Bioscience, Little Chalfont, UK). We culture cells at
37 °C in 5 % CO; incubator. For cells at Passage five, until they grow to 90 %
confluency, we could extract EVs from them. Detailed procedures are described in
published articles previously” with a schematic workflow shown in Figure 18B.
Briefly, 3 x 10° cells were initially seeded and cultured in 250 mL medium. Cells
were washed twice with phosphate-buffered saline (PBS), and the culture medium
(CM) was replaced with Advanced DMEM (FBS free; Thermo Fisher Scientific).
After 48 hour of incubation, the cell viability was 99 % as detected using trypan
blue exclusion assay. The CM was collected and centrifuged at 2,000 x g for 10 min
at 4 °C, and the supernatant was filtered through a 0.22 pm filter (Merck Millipore)
to remove cellular debris. The CM was centrifuged at 100,000 X g using an
ultracentrifuge (Optima L-100; Beckman Coulter) and a swing rotor (SW 41Tj;
Beckman Coulter) for 70 min at 4 °C; this step was repeated four times. The pellets
were ultracentrifuged at 100,000 x g in PBS. The concentration of EVs was
measured by estimating the concentration of protein in the putative EVs fraction,
using the Qubit Protein Assay Kit with Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). The EVs pellets were resuspended in 500 pL PBS. The concentration of
proteins within EVs was approximately 30 pg/mL as measured by Qubit. The EVs
were stored at - 80 °C (shown in Figure 18B).

The isolated hDPSC-sEV were visualized by transmission electron microscopy
(JEM-1400PLUS, JEOL, Tokyo, Japan), as described previously**>. The particle
size distribution of hDPSC-sEV was analysed using the Particle Size Analyzer
ELSZ-2 (Otsuka Electronics, Osaka, Japan) following the manufacturer's protocol.
For western blot analysis, please see Paper I for detailed full steps. Briefly, 200 pL
Pierce™ RIPA Buffer (Thermo Fisher Scientific, Waltham, MA, USA) was used to
mix with sEV solution. Samples were then run on an SDS page gel, transferred to
membranes, and then staining with primary and second antibodies for visualization.
Purified sEV were fluorescently labelled using a PKH26 Red Fluorescent Labelling
Kit (Sigma-Aldrich; 4 mM) (shown in Figure 18C), following the manufacturer's
instructions, for histological imaging.
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Figure 18. The workflow to identify small extracellular vesicles (sEV) and their uptake by cells.
(A) Cell culture of human dental pulp stem cell (hDPSCs) to passage 5 until 90 % confluency. Scale bar:
10 ym. DONG et al. unpublished data. Copyright by the author. (B) General diagram showing the
extraction process of hDPSC-sEV. Created by the author. Copyright by the author. (C) Workflow of how
to apply PKH26 to identify cellular uptake of sEV. Created with BioRender.com.

Irradiation and NOD model and mouse treatment

Irradiation model

The submandibular glands of mice were irradiated after anesthetization using
intraperitoneal administration of ketamine and xylazine mixture (0.3 uL/g body
weight) to immobilize them during IR. Single irradiation doses at 25 Gy were
delivered only to the middle neck region using an X-ray irradiator (MBR-1520R-3;
Hitachi Power Solutions, Tokyo, Japan); the mice were shielded with lead blocks.
IR was performed at a dose rate of approximately 3 Gy/min. All mice were
randomly assigned to three groups (n = 4 mice in each group): control (no IR, only
PBS administration in the following 18 days); 25 Gy+PBS (0.5 mL PBS was
injected into the tail vein of irradiated mice); and 25 Gy+sEV (5 pg/0.5 mL hDPSC-
sEV were injected into the tail vein of irradiated mice). Injections were performed
three times per week for 2 weeks consecutively. All animals were euthanized on day
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18 after IR, and the bilateral submandibular glands were carefully dissected. After
washing the submandibular glands with 0.9 % saline, the organ wet weight was
measured. The change in weight was calculated as follows: weight change (%) =
organ wet weight (g)/mouse body weight (g).

Precision-cut salivary gland slices (PCSS) organotypic culture

The method to prepare after organ harvesting (Figure 19A and B) and conduct tissue
slicing through vibratome and culture in incubator (Figure 19C to G) is shown in
the following workflow. The detailed full method is described in Paper II. Briefly,
3 % low gelling temperature agarose was prepared (A9414, Sigma-Aldrich, USA)
(Figure 19A) and poured into a syringe-mould made from a sterile 5 mL syringe
with the top cut off (Figure 19C). Next, intact, whole single salivary glands were
then placed vertically onto the retracted syringe plunger and immersed in the liquid
agarose and allowed to cool at 4°C (Figure 19D). Once solidified, the agarose block
was removed and attached to the substrate holder using a few drops of SuperGlue
and then sliced with a PBS or PSS solution in a 7000smz-2 vibratome (Campden
Instruments, UK) (Figure 19F and G). A vibratome (Campden Instruments) was
then used to cut salivary glands into 300 um thick sections. (Figure 19G). PCSS
were cultured in McCoy's 5SA Medium (L-glutamine and sodium bicarbonate) or
RPMI with 0.05 mM B-mercaptoethanol, 10 % FBS (Fetal Bovine Serum) and 1 %
Pen/Strep (Sigma-Aldrich, USA) in an incubator held at 37 °C, 95 % O; and 5 %
CO; (Figure 19H). PCSS tissue was cultured for up to five days with medium
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Figure 19. Schematic overview of generating PCSS tissue pieces from mouse salivary glands and
culture. (A) 3 % agarose prepared and kept at 42 °C. (B) The harvested salivary glands (submandibular
and sublingual) were kept in cold PSS. (C) A manually made syringe-mold was made with 3% agarose
pouring in, so agarose is embedded to encapsulate mouse salivary glands. (D) put the mold in 4 °C
fridge. (E) Take out the agarose block and glue it on the substrate holder (F). (G) Vibratome slicing at
300 pm thickness and (H) culture in incubator. Additional details described in the Materials and Methods.
Created by the author. Copyright by the author.
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Irradiate on PCSS

PCSS samples were placed in a 48-well plate where each row was designated to
receive single doses of irradiation at 1 Gy, 5 Gy, 10 Gy, and 15 Gy. In order to block
neighbouring rows from cumulative irradiation doses, lead strips were used.
Irradiation was delivered using a well-established XenX x-ray irradiator platform at
the Lund University, Department of Medical Irradiation Physics. Detailed and full
steps are described in manuscript Paper II.

NOD model

Eight-week-old female NOD mice were randomly assigned into one of two groups
(hDPSC-EVs and PBS; n=9 in each group). Mice received weekly tail-vein
injections of 10 ng hDPSC-EVs in 200 pL. PBS/mouse for 14 weeks with regular
blood glucose monitoring. Mice were anesthetized and sacrificed 8 weeks later.
Bilateral submandibular glands were excised and subjected to standard histological
processing. Fluorescent labelling of purified EVs was performed using PKH26 Red
Fluorescent Labelling Kit (Sigma-Aldrich; 4 uM), following the manufacturer's
instructions. Further details are described in Paper III.

Measurement of stimulated saliva flow

For Paper I and Paper III, the method of collecting stimulated saliva flow is the
same. Briefly, each mouse was weighed and administered 1 mg/kg (body weight)
pilocarpine (P6503, Sigma-Aldrich, concentration: 1 mg/mL) subcutaneously. The
saliva of each mouse was collected within 15 min (Paper I) or 10 min (Paper III)
and stored in a 0.5 mL microcentrifuge tube; the saliva volume was measured by
gravimetric analysis (saliva density was presumed to be 1 g/mL). The SFR was
calculated as follows: SFR (uL/min/g) = saliva volume/mouse body weight/time.
For Paper IlII, the mice were anesthetized at different time points with described
details.

Primary epithelial cell isolation by MACS

Using Multi Tissue Dissociation kit 1 (Miltenyi Biotec, Germany), minced
submandibular gland tissues were dissociated and homogenized. Using
gentleMACS (Miltenyi Biotec, Germany), we selected SGECs with Miltenyi mouse
CD 34%6 (epithelial cell adhesion molecule; EpCAM) by MicroBeads (130-105-
958)~™".
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Sphere-formation assay and cellular senescence detection

EpCAM-positive cells were isolated and cultured as described by Beucler and
Miller 2019 in a previous report**!. For detailed descriptions and steps, please see
Paper I11. Briefly, well plates were coated with basement membrane matrix (BMM;
R&D Systems, USA) after suspending the cells in BEGM Lonza, Switzerland. On
days 2, 5, and 8, cells were soaked in paraformaldehyde for 4 %, and incubated one-
hour with SPiDER-BGal staining solution SGO03 (Dojindo Laboratories, Japan) with
further fluorescence observation and analysis. No xylene is used in all
immunofluorescences.

Metabolic Assay (WST-1)

WST-1 assays (Roche, Sigma-Aldrich, USA) were used to assess PCSS metabolism
and proliferation. At 1, 3, and 5 days, PCSS tissue slices were incubated in 200 pL
culture medium adding WST-1 (dilution in 1:10) according to manufactures’
instruction. The optical density of the formazan solution was measured after 3 hours
at 37 °C incubation in a plate reader (Epoch, Biotek) at 440 nm. For detailed
workflow, measurement mode and calculation method, please see Figure 20 and
correlated method description in Paper II.

Medium: McCoy

Oh 24h 48h 72h 96h 120h
- i

Medium: RPMI+B-Mer

Generate PCSS ~ Medium change WST-1 (Roche)
every day

Figure 20. Schematic overview of experimental setup for WST-1 assay for PCSS samples at
various time points. Created by the author. Copyright by the author.

a-amylase-activity assay

a-Amylase activity was used to determine if starch could be broken down into sugar
molecules by its activity. In this experiment, the a-Amylase Assay Kit
(Colorimetric, ab102523) was used on the collected medium supernatant following
sectioning and PCSS culture for 12 hours and 48 hours. The supernatant medium
was centrifuged for 10 minutes at 1500 rpm and stored at - 20°C. In a kinetic mode,
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absorbance was read at OD = 405 nm with a colorimetric multimode plate reader
(Cytation 5, BioTek, USA) at 37 °C. a-amylase activity (mU/mL) was calculated

X D. For detailed
AT XV

explanation about measurement and the interpretation about the formula, please see
Paper II (The overall schematic for the assay is shown in Figure 21).

using the following formula: a-amylase activity =

\\ Medium: McCoy a-amylase assay Kit

- (ab102523)
Medium: 12h  43h
RPMI+B-Mer =
4 mm biopsy pouch to  Change medium Supernatant frozen,
normalize PCSS everyday Run the assay together

Figure 21. Schematic overview of experimental setup for a-amylase-activity assay for PCSS
samples at 12 hour and 48 hour post sectioning. Created by the author. Copyright by the author.

Assay of superoxide anion scavenging activity

The superoxide anions were measured using an SOD Assay Kit (Dojindo
Laboratories), according to the manufacturer's protocol. This assay indicates
whether superoxide dismutase (SOD) has a strong or weak ability to remove
superoxide anions (shown in Figure 22).

oy o &S Q. - Dojindo, Superoxide
— - g — dismutase (SOD) Assay
Dissection Snap-frozen in Hom.ogenize in Centrifuge,
liquid nitrogen lysis buffer - 20 °C frozen

(contain EDTA)

Figure 22. Schematic flowchart of how SOD assays are conducted on animal tissue samples.
Remove blood from animal tissues by thoroughly washing them with physiological saline. Wet weight
should be measured after wiping off moisture with filter paper. The tissue was disrupted with a histo-
homogenizer. Then add 4 to 9 times the wet weight of sucrose buffer (0.25 moles sucrose, 10
mmol/LTris-HCI buffer pH 7.4, 1 mole/L EDTA). Afterwards, use the supernatant for subsquent steps and
measurement. Created by the author. Copyright by the author.
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Histological analysis and xylene-free tissue processing

For Paper I

Tissue fixation and processing was performed according to conventional techniques
using xylene (described in Table 16, the third column) based protocols®***%,

Table 16. Schedule overview of histological processing with and without xylene.

Xylene-free tissue processing Tissue processing with
Xylene
1. Fixation use 10 % neutral buffered formalin overnight and keep in PBS in 4 °C
2. Tissue cut in appropriate size, put in right labelled cassettes, keep in fresh PBS
Handling
3. Dehydration 50 % EtOH, 1 hour 50 % EtOH, 1 hour
70 % EtOH, 1 hour 70 % EtOH, 1 hour
80 % EtOH, 1 hour 80 % EtOH, 1 hour
80 % EtOH, 1 hour 90 % EtOH, 1 hour
100 % EtOH:100 %ISO (80 mL: 20 mL), 1 hour 95 % EtOH, 1 hour
100 % EtOH:100 %ISO (80 mL: 20 mL), 1 hour 100 % EtOH, 1 hour
100 % EtOH, 1 hour
100 % EtOH, 1 hour
4. Clearing xylene, 1 hour 100 % Isopropanol, 1 hour
xylene, 1 hour 100 % Isopropanol, 1 hour
Xylene, 1 hour 100 % Isopropanol, 1 hour
5. Paraffin Paraffin 1st, 1 hour
Infiltration

Paraffin 2nd, overnight

Firstly, the tissues were fixed overnight and sliced into 4-um-thick sections using a
Microtome and placed on a glass slide. Hematoxylin and eosin (Muto Pure
Chemicals, Tokyo, Japan) staining was conducted according to previous
protocols** in Nagoya University using paraffin-embedded specimens, and also
include steps that use xylene to clear before the final mouthing steps.
Immunohistochemistry was conducted according to previous protocols’” in
Nagoya University using paraffin-embedded specimens, and also include steps that
use xylene to clear before the final mounting steps. Briefly, immunohistochemistry
was performed using the Vectastain ABC Kit (Vector Laboratories, Burlingame,
CA, USA). After dewaxing and incubation with primary anti-AQPS5 antibody
(1:250, Ab3559, Sigma-Aldrich) overnight at 4 °C, the sections were treated with
specific biotinylated secondary antibodies, Vectastain ABC Reagent, diamino-
benzidine chromogen, and hematoxylin blue. Tissue images were captured with a
fluorescence microscope (BZ9000, Keyence, Osaka, Japan). The percentage of
acinar cells was calculated by two independent examiners. Ten fields per
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gland/mouse were selected and ImageJ Software (National Institutes of Health,
Bethesda, MD, USA) was used for image analysis.

Immunofluorescence was done according to previous protocol*’. Xylene is not
used in immunofluorescence. The frozen tissue sections were incubated with iced
acetone overnight and 10-pm-thick coronal sections were prepared using a cryostat
(CM3050S, Leica Biosystems, Wetzlar, Germany). Immunofluorescence staining
was performed according to the manufacturer's instructions. The sections were
incubated with 0.5 % Triton X-100 for 15 min and 3 % bovine serum albumin for 1
hour. Primary antibodies were incubated overnight: E-cadherin antibody (AF748,
R&D Systems, Minneapolis, MN, USA), senescence-associated (SA)-B-
galactosidase (SPiIDER-BGal, SG03, Dojindo, Kumamoto, Japan), phospho-histone
H2A.X antibody (2577, Cell Signalling Technology, Danvers, MA, USA), anti-
aquaporin5 antibody (Ab3559, Sigma-Aldrich), and anti-keratin-5 antibody (Krt5,
905503, BioLegend, San Diego, CA, USA). After washing, secondary antibodies
were incubated for 30 min at 37 °C: donkey anti-rabbit Alexa Fluor 594 (ab150076,
Abcam, Cambridge, UK), donkey antirabbit Alexa Fluor 488 (ab1608521, Abcam),
chicken anti-goat Alexa Fluor 488 (ab1613906, Abcam), and chicken anti-goat
Alexa Fluor 647 (ab1129666, Abcam). Hoechst 33258 (Thermo Fisher Scientific)
was stained for 1 min, a confocal laser scanning microscope (A1Rsi, Nikon, Tokyo,
Japan) was used to observe the samples.

For Paper II and IV

Paper II and IV use a xylene-free tissue processing procedure where isopropanol
replaces xylene (described in Table 16, the second column). Xylene was however
used for deparaffinization and mounting steps in Papers II and IV for H&E
staining®. Tissue was fixed overnight in a 10 % neutral buffered formalin solution,
and then replaced with fresh PBS solution the following day and stored at 4 °C.
Using an Automated Spin Tissue Processor STP-120, we first programmed the
xylene-free tissue-processing-protocol for the steps of dehydration, clearing, and
paraffin infiltration for salivary gland (Table 16). Due to the fact that xylene is a
health and environmental hazard, isopropanol was used to replace xylene**. The
use of xylene-free protocols is also important in order to more readily compare
antibody staining and morphology of paraffin embedded sections to those generated
with light sheet fluorescence imaging (LSFM) (Paper II), as tissue processing,
staining, and clearing for LSFM is an alcohol-based procedure (i.e., methanol)
without the use of xylene. Xylene has been previously shown to alter antibody-based
immunostaining’®. The Tissue Processor was programmed to stir at a speed of 60
rotations per minute during the entire procedure and to change rotational direction
every 60 seconds. To ensure complete infiltration of the paraffin into the entire
tissue thickness, the dehydrated and cleared tissues in cassettes must be
automatically transferred to the final containers within the tissue processor
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containing molten paraffin at 65 °C controlled temperature during the final two
steps.

For performing the subsequent tissue sectioning, a microtome was used to cut 5
um thick sections after paraffin embedding into solidified paraffin blocks. Floating
sections were transferred to pre-warmed water baths at 37 °C and placed on
histological glass slides for overnight drying. According to the published
protocol**, H&E staining and imaging was then carried out.

For Paper III

In tissue processing steps before paraffin infiltration and before stain, xylene was
used (described in Table 16, the third column). For hematoxylin and eosin (H&E;
Muto Pure Chemicals, Japan) and Sudan black B (SBB; FUJIFILM Wako, Japan)
staining, paraffin-blocks were used. In the trully staining stage to stain hematoxylin
and eosin and Sudan black B, xylene was used to clear before the final mounting
steps according to previous protocols in Nagoya University”*?%. For the
senescence-associated -galactosidase immunofluorescent staining, frozen sections
of the salivary gland tissue were used, and xylene is not used in
immunofluorescence. For the detailed protocol, please see manuscript Paper I11.

Real-time RT-PCR

For Paper I and II1

For reverse transcription (RT)-quantitative PCR (qPCR), TRIzol reagent (Thermo
Fisher Scientific) and ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan)
was used. RT-qPCR was done with THUNDERBIRD SYBR qPCR Mix (Toyobo).
Gene expression fold-changes were calculated relative to the control group using
**, For the detailed protocol, please see manuscript Paper III.

For Paper 11

For PCSS, we firstly optimized a protocol previously optimized for precision cut
lung slices (PCLS) that could isolate high quantity and quality RNA from the limited
sample amounts generated with PCSS samples®*.

RNA has been isolated from human salivary gland slices RNA for quantitative
real-time polymerase chain reaction (QRT-PCR)*", where there is not a huge
limitation in the amount of sample in human PCSS as compared to murine PCSS.
The amount of material available for RNA isolation and subsequently PCR is

limited due to murine salivary gland slices being much smaller than human salivary
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gland slices and thus we first needed to develop a protocol. Furthermore, PCSS
agarose can be retained between lobules over time and the residual agarose in
organotypic slices can interfere with high-quality RNA isolation®*. Initially, we
aimed to optimize a protocol for separating RNA from murine PCSS samples
containing agarose (Figure 23). To simulate residual agarose, we coated native
murine salivary gland tissues with agarose. We then modified a TRIzol-based RNA
extraction protocol and compared it with agarose-free native salivary gland samples
of similar size (Figure 23). To homogenize the PCSS, a Qiagen TissueLyser Il was
used with stainless steel beads of 5 mm in TRIzol for three times for one minute
each, and then for two more times until there are no obvious pieces of tissue in each
tube. We found that inclusion of agarose did not affect Azs0/Azs0 or Azeo/Az3o ratios
(Please see Figure 4A in manuscript II) and thus that this protocol was suitable for
evaluating isolation of RNA from murine PCSS.

3%
Agaro

/
oo/

Thaw the sample, cut Tissue homogenizing qRT-PCR
into tiny piece with TRIzol

Lo
| /’T“

Figure 23. A workflow to mimic PCSS samples in RNA isolation and Nanodrop analysis.

We isolate RNA from PCSS samples obtained from mice by either adding or not adding agarose to
salivary gland organ samples after they have been cut into PCSS size samples. Created by the author.
Copyright by the author.

After we confirmed that TRIzol can be used to isolate RNA from mouse native
salivary glands follow this protocol, then we evaluated RNA’s potential for
downstream analysis. A three-day culturing of snap frozen PCSS samples (prepared
in McCoy and RPMI medium) was used to assess RNA purity and concentration
(Figure 24). When PCSS cultures were cultured in McCoy or RPMI media, there
was no apparent relationship between high quality RNA yields (Azs0/A2s0 and
Az60/Az30) and McCoy or RPMI medium usage. We found that samples with higher
RNA concentrations yielded good quality Azeo/Azso and Azeo/A23o samples. For RNA
concentrations less than 100 ng/puL, Axso/Asso purity values were around 2.0, but
Axeo/ Azzo ratios were lower (Please see Figure 4B in manuscript Paper II).

Further analysis revealed that Aso/Aaso ratios were to be of good quality, ranging
around 2.0 and not significantly differing between groups of two media and over
time. This modified TRIzol protocol, therefore, was used for isolating RNA from
PCSS derived from murine tissues with high Aseo/Axgo ratios (Please see Figure 4C
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in manuscript Paper II). In contrast to the samples from native glands, the majority
of RNA samples from PCSS had an Aze0/A230 ratio below the recommended value
(i.e., 2.1) (Please see Figure 4D in manuscript Paper II). This contrasts with our pilot
experiments. This may be due to the limited amount of tissue used for RNA isolation
from PCSS samples. A low A3 indicates contamination that absorbs at 230 nm,
such as carbohydrates, salts (guanidine salts), phenol, etc. The lower quality limit
for RNA preparation for downstream applications is not known and depends on the
contaminant. Therefore, we next tested whether RNA samples with high and low
Az60/A230 have the same amplification and primer efficiency in qRT-PCR. RNA is
converted to cDNA and then amplified for next generation sequencing. Thus,
evaluation of RNA quality using reverse transcribed qPCR can also give a
preliminary indication if our RNA quality is suitable for multiple downstream
assays using cDNA.

@ ’

Medium: Medium: — ‘t, — LK 2 —
McCoy RPMI+B-Mer O
24h 48h 72h Snap-frozen in Tissue homogenization, ~ gRT-PCR

liquid nitrogen RNA isolation,
Change medium everyday cDNA synthesis

Figure 24. A three-day culture of PCSS samples in different media was performed RNA isolation
and Nanodrop analysis.

This is a schematic showing that we culture PCSS for three days in McCoy and RPMI medium to assess
the RNA purity and concentration. Created by the author. Copyright by the author.

Two representative PCSS samples were tested to see if they could effectively
amplify a housekeeping gene, Hprt, previously determined to have a primary
efficiency of 90 - 110 % in native tissue (Figure 25). After converting RNA into
cDNA, we generated a series of cDNA concentrations from representative PCSS
isolated RNA ranging from 1 to 1:256 (Figure 25) and performed qRT-PCR. Using
simple linear regression analysis, we found that primer efficiency for cDNA was
within acceptable limits for low and high Axe/A230 groups (Please see Figure 5B
and Supplemental Table 3 in manuscript Paper II). Moreover, melt temperatures
were consistent across all dilutions and Azeo/A230 at high ratio and low ratios. The
melting temperatures of primer have not changed significantly (see Figure 5C in
manuscript Paper II). This phenomenon is not for the samples that diluted at 1:256,
they have a slight rightward shifts of around 0.5 °C. It was therefore demonstrated
that PCSS RNA samples with low Azeo/A230 ratios can be used in qRT-PCR.
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Figure 25. Low Aze0/A230 purity RNA isolated from PCSS was applied to qRT-PCR with acceptable
primer efficiency for the common housekeeping gene (mouse HPRT).

The schematic workflow to extract RNA and make a series of dilution and run gRT-PCR after cDNA
synthesis. Created with BioRender.com.

Following validation, RNA isolation was done as briefly described below. The
entire description is in Paper II. TRIzol homogenates were then mixed with
chloroform 5:1 (vol/vol) and RNA was isolated using a published protocol used
before for PCLS?*®. After evaluating the RNA concentration by Nanodrop, iScript™
Reverse Transcription Supermix Kit (Bio-Rad, USA) was used to generate cDNA.
gqRT-PCR was done using SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad, USA) and custom designed and previously validated primers. For more details,
please see Paper II for a fully description on the working flow.

Light-sheet fluorescence microscopy

Thus far, there is no published work which has described light sheet imaging on
whole native salivary gland samples from mouse or human or PCSS tissue pieces.
Therefore, our aim is to establish and optimize a workflow for it.

Using tissue clearing techniques previously established in the lab for lung tissue
(Alsafadi et al. in preparation), we want to know whether tissue clearing could be
done on salivary gland organs and their tissue slices PCSS, according to a protocol
described earlier™”. During this modified iDISCO protocol and imaging,
dehydration and delipidation are performed using a series of methanol and other
organic solvents, along with final incubation in a medium with a RI equivalent to
image structures. Due to its nontoxic nature and in alignment with a more
sustainable chemical use, we selected ethyl cinnamate as our preferred solvent over
previously described organic solvents for RI matching to produce optically clear
tissue**® (Figure 26).

After clearing salivary gland tissue, the samples were submerged in an organic
solvent (ethyl cinnamate) and placed into the imaging chamber of a light sheet
fluorescence microscopy (LSFM, Ultramicroscope Blaze, Miltenyi Biotec).
Autofluorescence (excitation/emission: 488/525 nm) imaging was performed in
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dual-side fusion mode and a 4x dipping objective, the samples were sequentially
evaluated using SyGlass, a virtual reality software (PCSS after 24 hours).

it o
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Sections Formalin to fix Embedding
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Methanol 20% 30% 60% 80% 100 % 100 %
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Figure 26. Fluorescence imaging by light sheet microscope after tissue clearing was shown in
the following schematic. Created by the author. Copyright by the author.

Statistical analysis

All data are presented as the mean =+ standard deviation. At least three independent
experiments were done. GraphPad Prism 9 software (GraphPad Software Inc., USA)
was used for all statistical analysis. Student's t-test was used to determine the P value
in two group comparisons with normally distributed data. Multiple comparison post-
test was combined with one-way analysis of variance to determine differences
between multiple groups. Differences were considered statistically significant at P
<0.05. Please see Paper L, 11, III and IV for complete details, including a discussion
of the statistical approaches relevant to semi-quantitative scoring in Paper I'V.
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Summary of Results and Discussion

This thesis examined the potential of stem cell-derived therapy for two major
salivary gland diseases which are acute irradiated salivary gland dysfunction and
chronic immune-related salivary gland hypofunction (Paper I & III). As a result of
the development and implementation of precision-cut salivary gland slices (PCSS),
a bioengineered model was built in Paper II to model disease and evaluate salivary
gland regeneration. Furthermore, this thesis aimed to extend the application of
sustainable histology, without the use of xylene and semi-quantitative histological
scoring system (Paper 1V), as well as a more environmentally friendly light sheet
fluorescence microscopy approach using ethyl cinnamate as the organic solvent, for
future application to salivary gland research.

Paper |

EVs could be generated from hDPSCs

An analysis of transmission electron microscopy revealed that the diameter of
hDPSC-sEV was 60 - 120 nm, which was in accordance with the results of particle
size distribution analysis (Figure 1A and B for Paper I). Positive adhesion of gold
colloids was observed to these sEVs (Figure 1A for Paper I). As indicated by
Western blotting (Figure 1C for Paper I), exosomal markers CD9, CD63, and CDS§1
were positively expressed, but a-tubulin was only detected in cells rather than
hDPSC-sEV. It was observed that mice were sacrificed 1 days following
administration with hDPSC-sEV (5 pg/0.5 mL) labelled with PKH26 (Figure 1D
for Paper 1) via the mouse tail vein (three times per week for two weeks).
Micrographs of the 25 Gy+sEV group revealed that PKH26-labeled sEV were taken
upby submandibular gland epithelial cells (Figure 1D for Paper I).
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Figure 1 for Paper l. Identification of small extracellular vesicles (sEV) and their uptake by cells.
(A) Immunogold labeling of human dental pulp stem cell-derived sEV (hDPSC-sEV) with CD9 antibody
visualized by transmission electron microscopy. Scale bar: 100 nm. (B) hDPSC-sEV particle size
distribution was measured. (C) Exosomal marker expression in sEV was determined by western
blotting, with a-tubulin expression as a reference. (D) Analysis of cellular uptake of sEV. Hoechst
33258 was used to stain cell nuclei (blue). Scale bar: 20 pm.

Characterisation of isolated EVs

With differential centrifugation, cells, large vesicles, and debris are removed while
EVs are precipitated. Owing to its simplicity and high yields, this method is suitable
and commonly used for our group to separate EVs from biological fluids. The most
obvious disadvantage for our frequent usage is being time-consuming and multiple
rounds of centrifugation will impact purity*”’. Regardless of the method used for
EVs isolation, it is difficult to achieve extremely high purity, and non-EVs
impurities will still remain. For example, neither ultracentrifugation nor gradient
density centrifugation can remove low-density lipoprotein particles in serum well,
so we used serum-free medium when producing EVs and being able to starve cells
also helps us to eliminate the interference of serum. It is necessary to show the
characteristics of the "EVs" samples we obtained.

In order to identify EVs, their existence, purity, and integrity are considered;
therefore, multiple experiments and analyses are needed to confirm one another.
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By using electron microscope imaging (scanning electron microscope, SEM and
transmission electron microscopy, TEM), we were able to detect the existence and
integrity of individual EVs under high magnification. This method is highly
sensitive and can identify EVs of different sizes. However, its disadvantages include
high requirements for sample preparation and pre-treatment, the inability to
accurately measure the concentration of EVs, and the electron microscope can also
show partial scenes of nanoparticles which may also be mycoplasma and lysosomes
(because they are very similar to EVs under electron-microscope).

The population characteristics of EVs numbers and diameters can be confirmed
by particle size analysis. Although this method is accuracy, rapidity, and
repeatability, we cannot reliably detect the sample is EVs. Also, particle size
detection cannot reflect the particle shape, making it impossible to confirm the
existence and integrity of EVs.

Consequently, we used the third method of WB to confirm the presence of EVs
by detecting exosomal protein markers presented at the protein level. Common
exosomal markers include CD63, CD9, etc. However, CD63 is not unique to EVs;
it is also found in cell debris and lysosomes. Thus, WB can only confirm the
existence of EVs components, but cannot confirm the quantity and integrity of EVs.

Therefore, we chose to follow the guidelines issued by the International
Association of Extracellular Vesicles™, and used three experiments to jointly
identify EVs, that is, the classic structure similar to EVs existed in the sample
observed by electron microscopy, and WB found that the samples contained EVs
markers. For the number of EVs, the number of particles and the statistical diameter
distribution are measured by Nanoparticle tracking analysis (NTA) experiments,
and samples are evaluated at the particle population level.

Therefore, the results of these three experiments in our results are all normal (the
classical structure was seen by electron microscopy, the marker enrichment of EVs
was detected by WB, and the diameter distribution measured by NTA conforms to
the definition of EVs). So, we are sure that we have successfully isolated and
purified hDPSC-EVs. Moreover, what we obtained was the result of
immunoelectron microscopy combined with CD9 antibody labelling, so we are
more perfect in the method of identifying EVs.

In vivo irradiation model shows decreased salivary output and no
remarkable improvement on SFR shown after SEV administration

During pre-experiments, mice were irradiated at gradient IR doses of 10, 15, and 25
Gy, resulting in a progressive decrease in body weight and wet weight of the
submandibular glands as compared to mice that were irradiated at 0 Gy. Weights in
each group also decreased with increasing IR doses. In the 25 Gy group, the weight
change was 0.4 %, in the 0 Gy group, 0.6 % (Please see Figure S1 in the published
Paper I).
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Based on IR as shown in Figure 2A, the total SFR of bilateral submandibular
glands decreased significantly after stimulation (Figure 2B for Paper I). In contrast
to the 25 Gy+PBS group (Figure 2B for Paper I), no significant improvement in
SFR was observed in 25 Gy+sEV group. The histological analysis revealed that
enlarged acinar cells with hyperchromatic nuclei were present (Figure 2C for Paper
I), which were rare in the control and 25 Gy+sEV groups.
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Figure 2 for Paper l. The establishment of the in vivo model was shown.

(A) An overview of the experiment design was provided. (B) SFR was calculated for each mouse (n = 4
per group, 1 data per sample) (**P <0.017). (C) A histological evaluation was performed by using H&E
staining (scale bar, 20 ym) (40 x magnification). Hyperchromatic nuclei were depicted by black arrows.

DNA damage correlates to irradiation and the need for histological scoring

DNA is the majority of the genetic material in the cell. The nucleus of a tumor cell
is often larger and has a higher nucleoplasmic ratio than a normal cell's nucleus.
Deformities of the nucleus include elongation, jagged edges, depressions, long buds,
lobes, and crescents. Area ratio (nuclear enlargement/nuclear area of normal cells)
and nuclear outline thickening are important cell morphology indicators.

There are three phases to an irradiation effect: physical, chemical, and biological.
The time of physical processes is quite short, the interaction between wave and
particle irradiation and atoms in the exposed tissues, then ions are formed. Then
completely chemical phase begins. Inorganic molecules are cleaved, and reactive
radicals are generated. All subsequent processes are included in the biological
phase, which can last for several decades. It involves a chain reaction between
inorganic radicals and biomolecules. There is significant relevance to DNA damage
in the form of base damage, sugar changes, and DNA protein cross-links as well as
single and double strand breaks. So, irradiation should be accompanied by the
changed morphology and structure of DNA that could be detected by histological
analysis.
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In our study, our identification method for nuclear enlargement is, however,
extremely subjective and lacks objective quantitative or semi-quantitative analysis.
Due to our subjective and unsystematic way to evaluate how large is the enlarged
nucleus of submandibular glands and their abnormal proliferation, we are unable to
demonstrate the correlation between irradiation damage and the cellular changes on
nucleus of submandibular glands cells, which is why pH2A.X was used as an
indicator of DNA damage response in later experiments. Also, this implies that the
establishment or optimization of histological evaluation, classification, and grading
methods to detect nuclear changes caused by irradiation is what we need to do in
the future. The development of such a methodology, as outlined in Paper IV in this
thesis, can be used as a template to develop this further.

Irradiation induces cellular senescence in submandibular glands and
hDPSC-sEV reduces the number of senescent cells

SA-B-galactosidase is a marker for senescence. The number of SA-B-galactosidase-
positive cells increased significantly in the 25 Gy+PBS group, which was
substantially reduced (**P <0.01) in the 25 Gy+sEV and control groups (Figure 3A
and B for Paper I). pH2A.X is a representative protein that is highly expressed
during the DNA damage response (DDR). PBS group had a greater number of cells
positive for both SA-B-galactosidase and pH2A.X, as compared to the sEV and
control groups. Additionally, pH2A.X-positive cell nuclei damage occurred in both
the acinar and ductal compartments of the submandibular glands (Figure 3C and D
for Paper I). The 25 Gy+PBS group also displayed increased expression of genes
involved in cellular senescence (p16™%%, p21) and SASP factors (MMP3) (p16™%%,
MMP3, **P <0.01; p21, *P <0.05). The administration of SEV, on the other hand,
significantly reduced the expression of senescence genes and inflammatory
cytokines (p16™* and MMP3, **P <0.01; p21, *P <0.05). For the targets of
senescence and hDPSC-sEV among the irradiated submandibular gland cells, Krt5
was expressed explicitly in ductal epithelial cells. In the 25 Gy+PBS group,
senescence was co-stained with ductal epithelial cells positive to Krt5 (Figure 3F
for Paper I, **P < 0.01), whereas in the 25 Gy+sEV group, this was relatively rare
(Figure 3G for Paper [, **P <0.01).

Limitations for markers of senescence

There is a difference between aging and cellular senescence. As we age, our bodies
begin to undergo a progressive decline which can occur throughout our lives,
including during embryogenesis. The number of senescent cells increases as we age.
The term cellular senescence refers to a stable state of cell cycle arrest in which
proliferating cells become resistant to growth-promoting factors. Several damaging
stimuli can trigger senescence, including telomere shortening (replicative
senescence), DNA damage (DNA damage-induced senescence), and oncogenic
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signalling (oncogene-induced senescence). The morphological and metabolic
characteristics of senescent cells are characterized by changes in gene expression,
chromatin remodelling, and a pro-inflammatory phenotype known as senescence-
associated secretory phenotype (SASP). Another hallmark of senescent cells is
extensive chromatin remodelling and altered gene expression, most notably the
formation of senescence-associated heterochromatin clusters (SAHF). These
facultative heterochromatin loci play a role in the silencing of pro-proliferative
genes, including E2F target genes such as cyclin A. Typically, senescent cells
contain 30 - 50 SAHF, characterized by DAPI bright staining, macroH2A,
heterochromatin protein 1 (HP1), and lysine 9 dimethylated or trimethylated histone
H3 (H3K9Me2/3) immunoreactivity. Despite the frequent observation of SAHF
during senescence, some cells appear to be senescent without SAHF, so we have
not checked for SAHF. This should be done in future work.

Senescence can be destructive or regenerative in xerostomia following irradiation
therapy

IR is known to contribute to DNA double-strand breaks or genomic instability,
which elicits DDR signals. DDR fuels reactive oxygen species generation and
enhances pl6™%* tumour suppressor expression. pl6™%% restrains progression
from G1 to S phase of the cell cycle. Persistent DDR signalling also activates SASP.
p21 can interfere with cell division. Rapid phosphorylation occurring at Ser139 of
H2A X after DNA impairment is required to halt the cell cycle*'. SASP comprises
numerous proinflammatory cytokines, proteases, growth factors, and chemokines
such as MMP3, which can stabilize cell cycle arrest. Our 25 Gy+PBS group also
showed predominant overexpression of pH2A.X, senescence genes, and SASP
factors after IR damage.

The biological role of aging is complex, and both protective? and deleterious
effects of senescent cells have been described, mainly depending on the
physiological environment. Senescence, for example, is important for development
and wound healing. Senescence also prevents the replication of cells containing
damaged DNA, which serves to prevent tumours from developing. Even though
senescence may have evolved as a means to prevent malignant transformation of
damaged cells, it may also lead to many age-related pathologies, including cancer,
tissue degeneration, excessive scarring, and inflammatory disorders. The role that
senescence plays in chronic pathology changes of irradiation damage in
submandibular gland organs is important to clarify. It is presently not known
whether senescence in irradiated submandibular gland exaggerates fibrosis or
whether senescence helps to regenerate the functional acinar of submandibular
glands. Understanding the role of senescence in every stage of irradiated
submandibular gland is necessary for designing and evaluating therapies.
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Figure 3 for Paper I. The role of sEV in cellular senescence was demonstrated.

(A) Senescence-associated (SA)-B-galactosidase-positive cells were stained with E-cadherin and
Hoechst 33258 for immunofluorescence staining. Scale bar: 20 ym (n = 4 per group, 3 images per
sample). (B) Percentage of SA-B-galactosidase-positive cells in the PBS and sEV groups are depicted
(n = 4 per group, 3 replicates per sample) (**P <0.07). All data are presented as the mean + standard
deviation and analyzed by two independent examiners blindly. (C) An immunofluorescence image of SA-
B-galactosidase (green) co-staining with pH2A.X (red). Scale bar was 20 ym. (D) The number of pH2A.X
and SA-B-galactosidase double positive cells was calculated (**P < 0.07). (E) An analysis of the gene
expression of senescence-associated genes was conducted at 18 days post-IR (*P < 0.05, **P < 0.01).
(F) Immunostaining for Krt5 (red) and SA-B-galactosidase (green). Scale bar: 20 ym. (G) The number of
Krt5 positive cells that are double-positive for SA-B-galactosidase (**P < 0.07).

EVs play a role by reversing the oxidative microenvironment

As a result of IR, the 25 Gy+sEV group showed higher levels of SOD activity as
compared to the 25 Gy+PBS group (Figure 4 for Paper I). This suggests that the 25
Gy+sEV group had a greater capacity to scavenge reactive oxygen species than the
25 Gy+PBS group.
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Figure 4 for Paper L.The effect of SEV on oxidative stress in the submandibular gland was shown.
All data represent the mean + standard deviation from three independent experiments (**P <0.07).

EVs and reactive oxygen metabolites

Additionally, we observed that hDPSCs may possess the ability to perform reactive
oxygen metabolism, which can be transmitted by sEVs. EVs derived from mice with
2 Gy irradiation were found to transmit the cellular antioxidant system of donor
mice to bystander mice, thereby increasing circulating reactive oxygen metabolite
levels systematically in bystander mice*>. It is widely accepted that the potential
molecular (MRNA/miRNA/protein) shuttled by EVs (derived from healthy cells)
may be responsible for the therapeutic effects of EVs?*. There is therefore a need
for further research into which miRNA fragments transmitted by hDPSC-sEV exert
the advantages of reactive oxygen metabolites (will discuss more in “Future
Perspectives” with discussion on mitochondrial) and how they react with the
pathological senescence process of submandibular glands' stem cells and ductal
cells.

As a limitation of this study, we did not explore the long-term impact of cellular
senescence and the long-term role of hDPSC-sEV. The use of small animals in
disease modelling is another limitation.

Paper 11

Metabolic activity exists in murine PCSS model at 0 hour of ex vivo
culturing.

The first step was to embed the excised salivary glands in agarose, then conduct
slicing on a vibratome. Slices were then cultured in McCoy's SA or RPMI+f-
mercaptoethanol (Please see Figure 1D in manuscript Paper II) to compare.
Learning from the experience of previous work?*', we created our own workflow to
generate multiple, serial sections of precise thickness (300 pm). Multiple lobules
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were visible along with blood vessels and ducts within these slices (Please see
Figure 1A and B and C in manuscript Paper II).

Next, we are interested that PCSS were viable after vibratome slicing or not. We
found that PCSS has metabolic activity in both McCoy’s 5A and RPMI+f-
mercaptoethanol at 0 hour after slicing (Please see Figure 1E in manuscript Paper
1D.

Murine PCSS exhibit metabolic activity up to 96 hours.

In the 96 hours of culture, all PCSS initiated strong metabolic activity. It was evident
that at no point were there any statistically significant differences between the two
culture mediums (Please see Figure 2A and B in manuscript Paper II), which has

been observed in other precision cut organ systems generated by our group**.

Generation of an organotypic PCSS culture system with a vibratome

In terms of the current workflow of generating PCSS, one question is how to
generate PCSS of precision and consistent thickness. Thickness of 30 - 50 um has
reported in published papers for direct observation. The precise thickness of salivary
gland is hard to obtain because salivary gland is not a hard tissue, and it is super soft
organ with fibrotic texture tissue. It is important to note that, solidified agarose that
is embedded around salivary glands provides a support structure. It is possible to
injure organs when the vibratome performs a mechanical slicing process because of
the amount of connective tissue present. For this method to become more widely
used, many more practical small tips should be compared between laboratories. For
many soft tissues, such as the salivary gland, PCTS (Precision-cut tissue slices) are
generated by embedding the excised tissue in low melting agarose which matches
the mechanical environment of the native tissue. This allows for the vibrating blade
to cut through the tissue evenly. However, the salivary gland has connective tissue
both within and outside the organ which are more difficult to cut due to their
composition. Alternative techniques like cutting first with a tissue biopsy punch
might help avoid these problems but are difficult to do for small organs.

The second major limitation is until now, the most optimal cutting conditions and
culture system for PCSS tissue pieces is unknown. In this thesis, we tried two
different cutting buffers and did not see any major changes. We also only cut with
one major orientation (vertical) and one slice thickness. In preliminary studies, we
tested if we could cut PCSS of different thicknesses using our approach. While we
could cut 100 pm PCSS, this is a limited amount of material for some downstream
assays, so we did not continue with testing this condition. However, thin slices are
optimal for imaging applications so future studies should look into the role of slice
thickness. With regard to cell culture conditions, depending on the researcher’s
question, different cell types within the PCSS might be of more interest. Different
culture conditions, such as air-liquid-interface, are known to greatly impact
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organotypic slices and this should be evaluated for PCSS. In addition, we have
learned a lot from primary cell cultures and organoid culture of primary salivary
gland epithelial cells. They are known to require specific growth factors to maintain
them but none of these factors are included in the majority of medias used.
Currently, fetal bovine serum is used in different concentrations due to the fact that
it provides a range of growth factors. However, more studies are needed to
understand what components should be there. For some studies, it might be enough
to preserve acinar cells to study saliva production where in other studies, both
nervous and acinar cells should be preserved. Different media formulations might
also be necessary for extended culture time. All of this depends on what the model
is used for and what sort of readouts the researchers will use.

Culture supernatant of PCSS has physiological a-amylase secretory
function during the first 48 hours of culture.

Secretion of enzymatically active a-amylase is central to normal saliva function".
Previous studies have used secretion of active a-amylase activity as a marker of
tissue level function in PCSS although®'’. a-amylase activity was determined by
measuring the ability of PCSS supernatants to cleave the substrate ethylidene-pNP-
G7 over time. This substrate releases nitrophenol (NP) which can then be read using
kinetic measurements (Please see more details in Paper II in Figure 3A and B). a-
amylase activity was apparent due to the continuous increase in the amount of NP
during the 1 hour assay period. As expected, the ddH.O group had no active
functional a-amylase secretion while the positive control confirms that the assay is
functioning as expected. In comparing McCoy 5A and RPMI+B-mercaptoethanol
medium, we saw trends towards increased secretion of functional a-amylase in the
McCoy media (Please see Figure 3C for manuscript Paper II), but no statistical
analysis was performed due to it only being done on two animals. McCoy’s 5A
medium has not been used for PCSS before but is known to be commonly used for
culturing diverse epithelial cell types (such as a-amylase producing acinar cells)**
8 Because of this observation, we next wanted to check what cell types are still
present during the culture with different mediums.

McCoy's SA medium maintains diverse epithelial and mesenchymal
phenotypes.

After developing a workflow to isolate high-quality and quantity RNA from PCSS,
we used qPCR to evaluate how cell populations change over time in the PCSS model.
In our study, we tested two culture mediums and two initial cutting mediums (PBS
versus PSS). It is not known how these impact the cell types which are present in
PCSS. PCSS models can be used in many different ways, so it's important to know
this. The qRT-PCR method was used to study changes in epithelial markers (Agp5
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in acinar cells and Kr#5 in ductal cells). In addition, extracellular matrix, and
mesenchymal markers Collagenlal (Collal) and Fibronectin (Fn) were also
studied. It is recommended that PCSS cultures be carried out for 72 hours.

The use of PBS and PSS as a cutting bath medium did not seem to change any of
the markers we assessed after culture in McCoy’s 5SA medium (Aqp5, Krt5, Collal,
and Fn) (Please see Figure 6 in manuscript Paper II). Next, we compared the
changes in Kr#5. This is belonging to a group of well-known markers that represent
epithelial cell types in PCSS over time. Krt5 increased over the first 72 hours with
McCoy’s 5A medium but only increased for the first 48h with RPMI media (Please
see Supplemental Figure 1 in manuscript Paper II). Agp5 decrease during the first
48 hours with McCoy’s 5A medium but recovered to baseline levels at 72 hours.
This indicates restoration of Agp5 expression which may come from newly
produced Agp5 or from cells differentiating into Agp5 cells. Agp5 decreased over
time in RPMI media, with only small increases in one sample at 72 hours (Please
see Supplemental Figure 1 in manuscript Paper II).

Fibroblasts are known to be relatively easy to isolate and culture in comparison
to epithelial, endothelial, and nervous cells. Other PCTS tissues have seen that
fibroblasts can increase over time in these models due to the culture conditions.
Using type 1 collagen (collagen lal) and fibronectin as markers, we observed
increases in both Collal and Fn over time in PCSS for both medias (Please see
Figure 6 and Supplemental Figure 1 in manuscript Paper II). This might indicate
fibroblast proliferation and should be checked in the future. This can also be a
limitation of the model if fibroblasts overgrow.

In conclusion, McCoy’s 5A media has several advantages over RPMI. PCSS
cultured in McCoy’s 5A increases functional a-amylase expression and also results
in increased expression of key markers for epithelial cell types. We therefore only
used McCoy’s SA for the remainder of Paper II.

McCoy’s 5A culture media retains the general structural integrity and
neuro-innervation distribution in mouse PCSS

Bright field images of PCSS over 72 hours showed relatively intact PCSS, including
retention of the parenchyma and a typical capsule structure. We could also observe
intact blood vessels within the tissue slice. This confirms the integrity over culture
time (Please see Figure 7A in manuscript Paper II).

We then stained cryosections of PCSS with antibodies against E-cadherin for
epithelial cells and B-IV-tubulin for neurons. It was evident that E-cadherin and
intracellular tubulin were both expressed over the 48-hour culture period, and both
levels were similar to native cells. Hence, McCoy's 5A is effective in maintaining
epithelial as well as neuronal cells in PCSS culture (see Figure 7B and 7C in the
manuscript paper II).
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Three-dimensional imaging is feasible for PCSS and native salivary
gland using light sheet microscopy.

In spite of the fact that thin sections of PCSS allow more throughput and the
visualization of multiple markers, thin sections do not give the ability to visualize
how cells related to one another in 3D within the PCSS. Previous studies in PCSS
have used thin slices (as thin as 50 um) and imaged using confocal imaging. The
light scattering that occurs in thicker tissues as well as the long times needed for
imaging, which can result in photobleaching. This makes conventional light-based
techniques inefficient for visualizing PCSS. LSFM is an emerging technique which
has been used to image thick tissues, including up to whole organs which are a few
centimetres thick. This is achieved due to advances in optical clearing which then
allows an entire sheet of light to pass through the sample. Therefore, we chose to
apply this emerging imaging technique to PCSS.

There are several different tissue clearing techniques available for making native
tissues optically transparent and currently this must be determined experimentally.
We used a modified iDISCO optical clearing protocol (Please see Figure 8A in
manuscript Paper II), due to success in our lab in parallel projects on lung tissue.
After the modified iDISCO protocol, the tissue appears extremely transparent
(Please see Figure 8B in manuscript Paper II), even in air, but the overall structure
of the tissue was still preserved. Due to refractive index matching, the tissue appears
even more transparent when it was submerged in ethyl cinnamate solution which is
the final organic solvent we used (Please see Figure 8B in manuscript Paper II).

After clearing native salivary gland tissue, autofluorescence imaging was
performed with a light sheet microscope. Analysis of large 3D images is challenging
to do on 2D computer screens and therefore we used a virtual reality software,
SyGlass, with virtual reality glasses for visualization. We compiled all of the light
sheet imaging computationally (i.e., transformed 2D data into 3D) for both native
salivary glands and PCSS and were visualized in VR (virtual reality) with this
software. Then we could compare their architecture pre (i.e., native) and post slices
(PCSS cultured 24 hours after slicing). We found that both the native salivary gland
and PCSS tissue pieces can be easily image by LSFM and look similar (Detailed
figures are shown in Figure 8C, and the detailed videos are shown in Supplemental
Video 1A and B in manuscript Paper II). Accordingly, light sheet imaging of PCSS
closely resembles the classic H&E staining of native salivary gland tissue. This
indicates the tissue architecture is maintained after dehydration, delipidation and
optical clearing. (Please refer to Figure 8D in the manuscript Paper II for further
information). Next, we examined PCSS cultured over time and found that lobule
positions appeared in different locations after 24 hours (as shown in Figure 8D and
Supplemental Video 1 in manuscript Paper I1). We also observed similar changes in
lobule architecture in PCSS with increased culture time (For more information,
please see Figure 7A in manuscript Paper II). Future work will include antibody-
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based staining to identify the location and relative location of different cell types in
different conditions.

Paper III

NOD mice are a suitable animal model for Sjogren’s Syndrome

Here we examined whether hDPSC-EVs prevented NOD mice from developing
salivary gland dysfunction. A significant reduction of foci per 4 mm?” was observed
in the hDPSC-EVs group versus the PBS group in 22-week-old NOD mice with
lymphocyte infiltration revealed by H&E staining of the submandibular glands
(Please see Figure 2C and D in manuscript Paper III). In hDPSC-EVs group,
salivary flow rate was significantly higher than in PBS group (Please see Figure 2B
in manuscript Paper III). A microscope examination of the salivary glands 1 hour
following the administration of PKH26-labeled EVs revealed the presence of EVs
in the submandibular gland tissue (Please see Figure 2E in manuscript Paper III).

Discuss the use of NOD mice as a model for pSS

The ability of animal models to replicate many of the key characteristics of primary
pSS patients, including secretory dysfunction, glandular inflammation, and
autoantibodies, has been demonstrated to be useful in studying pSS pathogenesis.
So, they are still the most widely used and applicable model to this disease that
currently available. It can be divided into two categories based on how disease is
induced in animals with primary SS-like symptoms: induced models, which are
induced in animals by artificial means®’, and genetic models, in which the animals
develop disease symptoms by mutation or modification to their genes*®. Until now,
a total of 20 mouse models have been developed for SS, including both induced and
genetic models.

The mice serve as the most commonly used model for human autoimmune
diseases because of their short lifespan, high fertility, genetic similarity, and ease of
genome manipulation®'*%, pSS patients tend to develop glandular’® (sialadenitis
and dacryoadenitis) and extraglandular manifestations as well as B-cell
malignancies. pSS patients fall into two groups: those with mild disease, such as dry
eyes or mouth, and those with severe systemic disease, such as severe interstitial
lung disease. But the mouse models of pSS don't often exhibit systematic symptoms
similar to those of pSS in human; most mice only develop mild symptoms. This may
because most mouse models are caused by antigen immunity, viral infections, or a
single genetic variation, while human pSS is a complex disease caused by a
combination of genetic and environmental factors. So, in order to better mimic
human pSS, novel and more representative disease models will be needed.
Therefore, there is still no ideal mouse model.
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Until now, NOD and derived murine models are the most widely used to study
immune pathogenesis and develop potential therapeutics for human SS. NOD mice
spontaneously develop diabetes and symptoms similar to secondary SS. Like human
SS patients®*?**, NOD models produce low levels of anti-SSA, anti-SSB, and anti-
muscarinic acetylcholine receptor type III (M3R) autoantibodies. Our understanding
of SS has been greatly enhanced by NOD. For example, NOD-derived models
reproduce key symptoms in patients without diabetes with SS, suggesting that
diabetic symptoms and glandular dysfunction may develop independently. There
are multiple insulin-dependent diabetes (IDD) loci in NOD mice that contribute to
SS-like development is what we just know?”’. Moreover, blocking CD40-CD40L
interaction reduced lymphocyte infiltration and glandular ectopic lymphoid
structures (ELS) in a NOD model, providing a therapeutic strategy which may be
used in the future®®,

Consequently, we could ensure that our NOD mice have automatically developed
into SS at 22 weeks of age with H&E staining showing lymphocytic infiltration at
around grade 5 and saliva flow rate obviously decreasing.

EVs play an important role in reducing senescence in NOD mice
submandibular gland epithelium at 22 weeks

Multiple markers of cellular senescence must be defined, as no single marker has
been established for proof of cellular senescence yet. In paraffin sections of 22-
week-old NOD mice, SBB-positive cells have been observed, which indicates the
progression of cellular lipid metabolism (Please see Figure 3A in manuscript Paper
III). SA-B-galactosidase-positive cells were seen in fresh frozen section samples of
22-week-old NOD mice (Please see Figure 3B in manuscript Paper I1I). Compared
with ICR and hDPSC-EVs, PBS showed more pronounced effects with the
expression of SA-B-galactosidase. Our histological analysis revealed that SGECs,
particularly those in the ductal epithelium, underwent senescence. Although for the
immune cells, it is also interesting to test whether they are senescence or not in this
model, but this was not the aim of the current research. Therefore, we performed a
quantitative analysis of mRNA expression in the epithelial cells of mouse
submandibular glands. In the PBS group, AQP5 expression was significantly
decreased while in the hDPSC-EVs group, it was increased. For p16™%%  p] 9%
p21°"! and p53, the opposite trend was observed. Several inflammatory cytokines
known to be released by senescent cells (SASP) were also found to follow this
pattern (See Figure 3C in manuscript Paper I1I).

In vivo tracking techniques for EVs

In both Paper I and I1I, EVs were administered through the tail vein. There are some
limitations to this approach, including the fact that most EVs will be up taken by the
liver and spleen and may not be taken by our targeted tissues. This will result in a
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different outcome depending on the mechanism by which EVs are involved in
diseased bodies (primarily through immunomodulation or by locating in targeted
tissues and regenerating damaged cells directly). The animal model used in Paper
IIT is related to the whole body and has an immune system dysfunction, it is even
more challenging to understand how EVs administration may reduce SS. In our
opinion, EVs should be better understood as to their biodistribution in our body after
administration, how their fate changes as a result, and how their final contribution
to disease development will be affected. This issue is one key issue to be addressed
if we aimed to use EVs in human body in the future.

To study this question, it is essential to integrate in vivo tracking techniques based
on EVs imaging as early as possible in the development of EVs. This prompted us
to study the tracking technology and labelling methods of EVs, as well as the
method of engineering EVs that are specifically designed for therapeutic purposes
in order to improve the level of on-target EVs and to summarize the reasons for off-
targets.

Since optical imaging (OI) is simple, cost-effective, and time-efficient, it is the
most popular imaging technique for tracking EVs biodistribution over time. For
example, bioluminescent imaging uses light generated by natural biological
processes, such as luciferase-substrate reactions, to provide rapid imaging after
substrate injection with a low signal-to-noise ratio. Its limitation is a lack of depth
penetration of tissue. It is therefore only used in preclinical settings (for whole-body
imaging of animals). There are also other optical techniques such as fluorescence
imaging (tracking EVs using lipophilic fluorescent dyes or give plasmids or viruses
that already fused with fluorescent proteins such as GFP and bioproteins for
exosome membrane such as CD63)*’. In contrast, there are imaging methods that
are not subject to preclinical limitations, such as computed tomography (CT)*”°,
magnetic resonance imaging (MRI); the photoacoustic imaging (PAI) which uses
ultrasound imaging and optical imaging to image EVs. Nuclear imaging like
positron emission tomography (PET) and single photon emission computed
tomography (SPECT) which could obtain 3D images and if combined with
anatomical imaging such as CT or MRI, could improves its ability to localize EVs.
All of these imaging methods allow whole-body imaging with unlimited depth
penetration of the imaging signal®’'. Thus, are suitable for clinical scenarios.

For me and Koma's model, tracing EVs might provide an additional insight into
how EVs function in reducing senescence in NOD mice.

Importance of SBB staining

In order to conduct clinicopathological studies, reliable, convenient, and easy-to-
use biomarkers of aging are essential’’>*"*, The most widely used biomarker for the
detection of cellular senescence is the senescence-associated [-galactosidase
activity (SA-B-gal) at suboptimal pH conditions'**. However, it has a number of
disadvantages, including the requirement for fresh frozen tissue to be processed
rapidly in order to preserve its enzymatic activity. An important marker of aging is

98



lipofuscin within aging tissues’’*?’>. But it is also present intracellularly in
p ging p y

degenerative conditions. Due to its simplicity and reproducibility, the SBB stain is
well known in histochemistry, as well as frozen samples?’**”’. Positive SBB-
lipofuscin reactions are characterized by brown to black granules within cells and
blue-black granules within frozen tissues. SBB staining is a useful supplemental
staining for SA-B-gal staining.

Salivary glands cells of NOD mice lose the ability to form spheres, but
EVs restore this ability and reduce senescence

The sphere-forming ability of mouse SGECs was assessed as per the protocol
previously reported by Beucler in 2019. EpCAM-positive epithelial cells showed
the ability to form spheres. PBS treated animals showed poor sphere-forming ability
ten days after start of culture, while cells from hDPSC-EVs and ICR group showed
high sphere-forming ability (Please refer to Figure 4A and 4B in manuscript Paper
III). SA-B-gal staining of spheres revealed a higher percentage of positive cells in
the PBS group than in the hDPSC-EVs or ICR groups (Figure 4C in manuscript
Paper I1I).

Paper IV

Establishment of xylene-free tissue processing

There are two main aspects discussed in this article. Our first component of Paper
IV is to process lung samples from large animal-based acute lung injury models
using a xylene-free histological processing method followed by H&E staining. As
a result, we found that this method of tissue processing and H&E staining is feasible.
Through xylene-free tissue processing, we were able to produce large numbers of
tissue sections that stained with assured quality (as defined by both research and
clinical pathologists in our lab) (see Figure 1 and 2 for Paper IV for an overview of
the histological process employed for Paper IV and also for paper II).
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Figure 1 for Paper IV. The procedures of histological processing.
(A)-(C) shows biopsy pre-treatment. (D)-(H) shows tissue processing and until the paraffin embedding.

Figure 2 for Paper IV. The procedure to do sectioning on paraffin blocks and do H&E staining
follow steps from (A) to (H).

(A) (B) Sections are made with a microtome; (C) (D) Tissue is transferred and relaxed in a water bath
that set at 40 °C; (E) 65 °C oven are used to prepare for paraffin removal; (F) All subsequent steps
should be performed in the jars; (G) Wash the slide carefully and prevent tissue sections become
detached; (H) Mount the slide with a stain to allow it to be stored for a longer period of time.
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The second aspect of Paper IV sought to validate the feasibility of grading,
interpreting, and evaluating acute lung injury using the set of histological scoring
system that we developed. Using a large number of lung samples taken from large
animal models of acute lung injury to validate, we found that the overall histological
scores were mostly unrelated to the scorer's ability, and the scoring results were
reproducible, despite some of the scorers being unfamiliar with the pathological
phenomenon caused by acute lung injury. Thus, a well-described histological
scoring system can be reliable when evaluating acute lung injury in large animals.
This is important because not all laboratories have access to large amounts of people
with experience in evaluating histology. If persons with extensive experience and
limited experience score differently with a scoring system, then this indicates the
scoring values ranging from 0 to 8 and the seven histological features set by this
histological scoring system are not completely objective and independent (because
the histological scores are affected by other factors, such as the experience of people
who read the slides). Such differences would cause challenges in the practical use
of that scoring system. Thus, the histological scoring system published in Paper IV
is a reliable, objective, and reproducible system (Please see Figure 7 - 11 and Table
1 in Paper IV).

Relation of Paper IV to this thesis

Despite the focus of paper IV being on lung histology, both main aspects of Paper
IV are relevant to this thesis. For the first aspect of Paper IV, the use of xylene-free
methods for histological processing should be advocated for any research (if after
validation, there is no impact on histology results caused by xylene-free processing),
whether for the sake of protecting the environment, or for the sake of creating a safe
and healthy laboratory (disposal of xylene will bring pressure on various aspects
such as ecological environment and societal waste disposal mechanism). This of
course means a few more works to do and to think. The idea of sustainable scientific
research using xylene-free histological processing deserves everyone's support,
advocacy, and physical practices in this area, despite the additional challenges with
regard to time and resources it may initially bring. The toxicity of xylene is well-
known and thus both research and clinical environments should start now to think,
and practice scientific research in a way that is friendly to the future and to the
nature. Scientific research cannot be used to justify excessive use of dangerous
chemicals for both researchers and the environment. On the contrary, protecting the
environment and protecting our homes should be the starting point of scientific
research.

Xylene-free tissue processing was used for mouse native salivary glands and
PCSS models to produce H&E staining. As a point of comparison, the H&E-stained
results obtained at Nagoya University in Paper I and III using xylene in histological
processing can be used. We found that the use of isopropanol instead of xylene as
the tissue clearing agent prior to paraffin infiltration did not result in obvious
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destruction of salivary gland tissues. In addition, we found no significant differences
in H&E staining results between xylene and xylene-free processing. However, this
alone is not conclusive and further studies are needed to validate and compare the
performance of this xylene-free protocol in immunohistochemical and other classic
histology staining. Oral pathologists could be consulted to help list criteria or
observation indicators to formally compare these protocols. More samples should
be tested and with additional species (not only mouse salivary glands but also human
salivary glands can be used for verification), to further verify that xylene-free tissue
processing is feasible for salivary glands histology (both native tissue and PCSS
model). A xylene-free histological processing and staining method will become a
very important and advanced method of histological detection and observation for
PCSS, assuming the same importance as light-sheet fluorescence microscopy. In
addition, and as discussed in the methods section of this thesis, LSFM based
protocols are devoid of xylene. As it is known that xylene can alter antibody
staining, it is important to have histological pipelines that are xylene free to best
predict if antibodies can work. This is another very important aspect of Paper IV.

For the second aspect of Paper [V, as we can see from Figure 9 in Paper 1V, this
histology score was performed with multiple individuals with different experience
in lung histopathology. Access to large numbers of persons with high expertise is
only possible at large or focused research centres and thus may not be available to
all researchers. There are only a few reports in the literature which describe
histological scoring of salivary glands and thus the development of rigorous
histological scoring systems for salivary gland tissue after irradiation injury or even
in Sjogren’s syndrome will be important to pursue in the future. As development of
such robust scoring systems takes extensive time and needs to be validated in a
centre with wide ranging expertise in histological evaluation or through
international collaborative efforts of experts, it was beyond the scope of this
research thesis. However, the experience in developing and applying this to lung
histology will aid in quickly transferring this knowledge to the salivary field. We
have already noted some potential features which could be evaluated such as
including evaluation of cellular nuclear changes, which can be particularly
challenging. The enlightenment given to us by Figure 9 in Paper IV is that we can
actually use researchers and medical workers with different histological expertise in
our laboratory in Nagoya University to help us develop this histological scoring
system for salivary gland nuclear changes after irradiation, for example.
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Conclusion and Future Perspectives

Dry mouth symptoms result from damaged secretory elements in the salivary
glands. We found that senescence is a potential, targetable disease mechanism in
irradiated submandibular glands and Sjogren’s syndrome mice which can be
alleviated by utilizing EVs therapy from hDPSCs. We also demonstrated the
feasibility of using a precision-cut salivary gland slice culture model with the
potential for diverse state of the art endpoints. Future work will focus on
implementing histological analysis of these models (such as semiquantitative
scoring as done in Paper IV) to grade salivary gland diseases and regeneration. Thus,
this thesis work demonstrates a pipeline from in vitro/ex vivo (e.g., PCSS) and in
vivo (murine models) to study disease mechanisms of salivary gland disorders with
advanced modelling to evaluate new regenerative medicine therapies such as cell-
free treatment and tissue engineering treatments.

For Paper I and Paper I11

Conclusion

For Paper I, we explored new therapies for patients suffering from dry mouth (also
known as xerostomia, characterized by compromised saliva flow) following
irradiation therapy for head and neck cancer. To examine this, we established a
murine model of submandibular gland damage via irradiation in Nagoya that found
reduced submandibular gland secretion. The immunofluorescence and qRT-PCR
results showed an increase in senescent-associated cells and p21 expression in
irradiated submandibular glands. These could be reduced by hDPSC-sEV treatment,
with a limitation in salivary output recovery. These research findings could
contribute to the further development of stem cell-free therapies for treating
submandibular gland dysfunction after irradiation therapy using hDPSC-sEV.

For Paper 111, we examined the effects of hDPSC-EVs on S8, specifically cellular
senescence in SGECs with non-obese diabetic (NOD) mice. The non-obese diabetic
mice spontaneously develop SS-like symptoms over time. NOD mice were injected
with hDPSC-EVs, and PBS was used as a control. Compared to other previous
studies, hDPSC-EVs were able to maintain salivary gland function and had a
significantly lower incidence of lymphocytic infiltration. Sudan Black B positive
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cells were detected in SGECs of the PBS group, but not hDPSC-EVs treated groups
or ICR groups. For PBS treated NOD mice, SGECs have significantly reduced
sphere-forming ability. Therefore, we can conclude that hDPSC-EVs administration
prevents glandular dysfunction caused by SS in salivary gland epithelial cells and
confers resistance to cellular senescence.

Overall, based on our findings in Paper I and Paper III, we concluded that EVs
derived from hDPSCs can reduce senescence in a mouse salivary gland irradiation
model as well as in an animal model of Sjogren's syndrome accompanied by
xerostomia. This may prove beneficial to patients suffering from xerostomia in the
future.

Future perspectives

RNA-sequencing for microRNAs within EVs

The mechanism of how EVs could restore saliva secretion directly by, for example,
regenerating submandibular cells or to modulate irradiation-induced immune-
inflammatory responses, remains unknown. This should be explored more on the
exact way of how EVs play its role (directly or indirectly). In terms of this,
comprehensive characterization of microRNA that EVs are carrying could be
determined by RNA sequencing, for example. This could lead to insights regarding
potential mechanism of action. Then we need to screen to explore which miRNA
segment is influencing salivary gland organ function via experiments such as
adenovirus transfection technology to deliver specific miRNA.

Determining EVs long term effectiveness on salivary glands’ function after
irradiation damage and translation towards the clinic through large animal
models

In addition, we hope to study the long-term mechanism of submandibular gland
responses to irradiation as well. One major difference between rodent and human
salivary glands is the location of the submandibular and sublingual gland in the
cervical versus oral cavity. Therefore, it is more challenging to explore local
delivery mechanisms such as gels or sprays in rodent models. Therefore, large
animal models with oral anatomy more similar to humans, such as dogs and
minipigs, could be more suitable to simulate the long-term clinical effects of
intravenous or in situ injections of EVs derived from human cells.

Histology scoring for evaluation: is it necessary and how to achieve it?

In both Paper I and Paper 111, subjective assessment of histology was used. Semi-
quantitative or automated image analysis is important for more objectively using
histological data. One potential future direction is to establish or optimize a semi-
quantitative histological evaluation and grading method similar to Paper IV but for
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salivary glands. Some features such as lymphocytic infiltration, changes in nuclear
shape (e.g., changes caused by irradiation) have been previously described as
subjective and descriptive changes in this thesis and could be readily implemented.
However, there are a diversity of histological features present (e.g., fibrosis) and it
will be important to first consult previous relevant articles, summarize the changes
in the morphology and structure of the nucleus after irradiation or other injuries
(e.g., Sjogren’s) to identify relevant features correlated with disease to examine in
H&E histological staining. At the same time, we have to recognize whether low-
dose irradiation and high-dose irradiation will have varying effects on the nucleus,
both short- and long-term. The change of the nucleus will also have many aspects
and dimensions, including the shape and size of the nucleus, the ratio of
nucleoplasm to cytoplasm, the size of the nucleolus, the shape and thickness of the
nuclear membrane, the number and structure of surrounding chromatin, the number
of mitotic events, etc. Therefore, it may be necessary to closely focus on the analysis
and summary of "histological H&E staining" by combining different computational
analyses, including the use of automated imaging or machine learning, which is the
second step. The third step should be repeated verification and further optimization
on a large number of irradiation-damaged submandibular glands samples (from
human is the best). For now, mice are fine as target species for disease modelling,
but due to their small size and also the existing histological differences for salivary
glands between mice and human species, larger animal models should be explored
in the future if surgical approaches are to be validated through animal models. The
methodology to build histological scoring system for nuclei enlargement in larger
animals after irradiation could be similar to small animals but will have some
differences due to the organ size and species-specific differences; this will also need
to be explored.

What is the role of senescence in salivary gland hypofunction?

For the role of senescence, it has been demonstrated that cellular senescence and
SASP play a disease-causing role in the pathological changes of many diseases
(including our results). However, as senescence also promotes proliferation, it
would be great to know when proliferation will occur and whether or not it is low-
dose irradiation that triggers it. Therefore, this may be an excellent avenue for
clarifying the role that senescence plays in irradiation pathophysiology. It may also
be useful to this question if we detect more immediate responses (like 1 hour to 4
hour after irradiation) of submandibular gland tissues after irradiation exposure.
Excessive and unbalanced senescence has been associated with the formation of
over-fibrosis and unbalanced inflammation. Inflammation development in SS is a
well-established and important mechanism. Therefore, we would like to understand
the inflammation mediated by senescence and its phenotype factors in Paper IIL
Fibrosis is a final stage of salivary gland pathology, in which fibroblasts and the
extracellular matrix they produce tend to replace all of the functional secretory units
of the gland. The role that senescence plays in chronic pathology changes of
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irradiation damage in salivary gland organ are thus far not completely understood.
Will senescence in irradiated salivary gland exaggerate fibrosis or does some
senescence help to regenerate the functional acinar of salivary gland? The role of
senescence at every stage of irradiated salivary gland will be important to clarify. It
is therefore necessary to conduct further studies in order to determine the precise
influence and mechanism of senescence on the submandibular glands in the
presence of irradiation-induced impairment and the consequent loss of function.

Are hDPSC-EVs better than other EVs sources in Paper I and Paper III?

Hopefully, in the future, we will be able to determine whether EVs derived from
human dental pulp stem cells are different from those derived from bone marrow
stem cells. In addition to their different anatomical location, it has been observed
that hDPSCs proliferation is significantly higher than that of bone marrow stromal
cells. Over subsequent passages, it has also been observed that hDPSCs retain their
high proliferation ability?’®. However, it is still unknown whether the EVs secreted
by the two stem cell sources have similar effects to salivary gland diseases or not.
Therefore, it will be important to fill in this gap in the near future with experiments
that directly compare the role of the cell of origin for the EVs.

Will local administration or systematic administration of EVs be different? Is
longer sustained delivery of EVs needed?

For salivary glands, the local administration of EVs could be to inject EVs directly
into the glands. It also has another way of local administration for EVs, that is,
retrograde perfusion of EVs through the submandibular gland duct of mice or rats.
Corresponding to the application that can be carried out in the human body in the
future is the retrograde perfusion of the human parotid gland through the parotid
duct.

The animal models used in Paper I and Paper III are both systemically
administered EVs. It is generally thought that EVs produce their biological effects
through their internalization by target cells through the endocytic pathway, therefore
EVs could show their role in the target specific organs*”. Additionally, studies have
shown that intravenous, intraperitoneal, or subcutaneous injections® of EVs will
cause the EVs to enter the bloodstream and accumulate mainly in the liver and
spleen. As a result, the EVs are rapidly cleared from the bloodstream and excreted.
In spite of the route and source of the cells and the administration method, this effect
is independent. Therefore, in our studies of Paper I and Paper III, there is a high
probability that only a small part of the EVs we injected from the tail vein of mice
reached the salivary glands. This leads us to think that the real reason why the
salivary gland secretion function in Paper I did not recover after EVs treatment. Is
it because the effective concentration of EVs in the target organ is low after being
absorbed in systemic reticuloendothelial system?®*', and also the action time of EVs
is short? Or is it due to the sources of EVs is from human dental pulp stem cells? Or
is it because 18 days after radiotherapy is the acute window period of irradiation-
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induced salivary gland hypofunction, so there is a special pathogenic mechanism in
this stage that EVs cannot work?

We intend to verify this data first, which means evaluating whether systemic
administration of EVs results in poor targeting of EVs and low persistence in target
organs for our models of salivary gland irradiation injury and Sjogren's syndrome
injury.

As a second step, we will compare salivary gland function in our animal model
after local and systemic administrations of EVs. This will allow us to determine
which method is more effective in the treatment of the disease. This will also allow
us to gain a better understanding of how EVs function.

It is important to clarify that in our actual laboratory conditions, the production
of EVs is not an easy process due to the fact that they cannot be manufactured on a
large scale, they are costly, and they are difficult to maintain high purity and stable
quality. Thus, we can conduct a third step, which is to incorporate an additional
group with EVs that were loaded with biodegradable and porous hydrogels®* and
place the gel directly on or near the diseased sites of salivary glands. By doing so,
we could further compare and judge whether Paper I and III is caused by the
premature clearance of EVs or not. In addition, we may also need to check whether
it is worthwhile to study other EVs-sustained-delivery systems.

Whether mitochondrial transfer from hDPSC-EVs plays a role in Paper I and 111

A previous study has shown that mitochondrial transfer by EVs is at least partially
responsible for the therapeutic action of EVs that derived from mesenchymal
stromal cells in other organs®3, and that mitochondrial function can be restored as
a viable therapeutic target for the restoration of salivary gland function following
irradiation therapy**. Therefore, future studies should examine whether hDPSC-
EVs can transfer mitochondria from stem cells. And whether this has the possible
to explain why in Paper I and II1, the therapeutic effect of hDPSC-Vs could alleviate
and prevent the long-lasting effects of senescence.

How to build salivary gland irradiation in vivo model? Can it be standardized?

From Table 11 of this thesis, we can know that there are a lot of choices for the
establishment of irradiation-induced salivary gland injury models for in vivo
research. For these models, there are many differences in such aspects as animal
species, single or multiple exposures, the total dose, the fractional dose and how to
set different time points to give fractional irradiation, irradiation rate, the
observation time (1 month, 3 months or 6 months or more), and what are the
observation indicators for the histological performance of different models, whether
they echo each other or change due to species.

The question is whether there is a gold standard method for building irradiated
salivary glands injury on animal models? For instance, what type of irradiator
should be used, what irradiation rate should be set, what irradiation dose should be
given? What is the best criterion for evaluating irradiation effect: the total dose, the

107



irradiation rate, or does irradiation damage need to be evaluated comprehensively
based on various irradiation indicators (voltage, current, distance, linear or not linear
irradiation, whether the body other parts have been shielded except salivary gland?)

Therefore, taking mice as an example, if these irradiation-related parameters are
not the standard for establishing a model of irradiation-damaged salivary glands in
mice, then we can also rely on some histological manifestations to judge whether
irradiaiton is damaging mice salivary gland. This can be done through assessing
murine histological staining using histological scoring and grading methods. The
histological characteristics of the irradiated mice salivary glands could be
summarized and verified repeatedly to establish a histological diagnosis regulation
for irradiation damaged salivary glands in mice.

Further clarification of how to best assess the biological and physiological impact
caused by irradiation is also needed. For example, should stimulated or unstimulated
saliva flow of irradiated mice be used as an indicator? How much of a decrease in
stimulated or unstimulated saliva flow following irradiation indicates injury? This
quantitative index, after repeated verification, can be used as a bio-physiological
indicator to assist in determining whether irradiation has indeed damaged the
salivary glands (for mice).

Currently, two indicators are more widely recognized by the scientific
community. One is the slowing of saliva flow rate, and the other is the histological
results. For the former, there is no generally accepted number, and the data about
reduced saliva flow rate used in the diagnosis of xerostomia in humans cannot be
applied to animal models. For the latter, long-term histological changes have well-
recognized histological features, such as fibrosis, acinar atrophy, and lymphatic
infiltration. But for short-term histological changes after irradiation, there are few
reports (only some reports like changed cellular nuclear”™ and enhanced cell
proliferation®*®). Therefore, how to judge the successful establishment of the
salivary gland injury model requires further thinking. There is however an ongoing
systemic review on the use of MSCs in animal models of irradiation that may at
least partially help to assess how different groups are defining injury and
recovery”®’. The major measurement techniques that this systemic review will
address are SFR as well as morphological and immunohistochemical effects. Other
fields have addressed this issue through the use of consensus reports of pre-clinical
and clinical experts to best standardize animal models. Such an approach could be
useful for the salivary gland field to follow.

How about applying EVs to the PCSS model?

One of the great advantages of applying EVs to PCSS is that there would be less use
of animals. The 3R principles (replacement, reduction, and refinement) are
important to apply in the principles of animal experiments. Using the PCSS model,
we can better meet the requirement of 3R and reduce animal ethical problems. One
salivary gland (submandibular gland and sublingual gland together) from one mouse
can produce about 18 PCSS with a thickness of 300 um, and one mouse has a pair
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of salivary gland (submandibular gland and sublingual gland together). Therefore,
more than 30 conditions can be tested, and this allows many experiments on
different levels. On the other hand, if animal experiments are carried out, each group
must have at least three mice depending on the type of endpoints measured, and
some experiments even need to increase the number of mice as only one animal can
be used per endpoint (e.g., whole LSFM). Therefore, in terms of the principle of
animal ethics, PCSS is a good choice to supplement traditional animal research.

The second aspect in which PCSS is superior to animal models is that PCSS is
easy to manipulate and handle in a laboratory. Animal experiments require much
more resources per experiment as there is a need to raise animals, dissect animals,
and a large number of samples need to be recorded and processed for experiments,
which take use of many laboratory space, manpower and material resources. This is
not always available at all places.

However, the experimental design of applying EVs on PCSS model to validate
the efficacy of EVs should consider the following aspects.

First, what is the method of EVs delivery we aim to mimic in PCSS? Is it to
deliver via a hydrogel or gel which can be applied to the salivary gland of patients?
In that case, EVs could be loaded into a gel or hydrogel, and then applied to the
PCSS surface to allow them to come into contact with one another. We might also
consider to use an insert that allows us to mimic the air-liquid interface of the oral
cavity when cultivating ex vivo? In the clinical scenario, EVs can be directly
injected into the parotid glands through cutting the skin and open the salivary gland
capsule using minimally invasive surgery, then implant a hydrogel, where EVs are
embedded, inside the glandular tissue and then suture the wound. A second method
is to use retrograde catheter perfusion of EVs through the parotid gland duct to
deliver EVs into the salivary glands’ acinus and ducts. A third method is
administrating EVs through local or whole-body intravenous injection.
Maxillofacial bones have very rich blood supply, and therefore it is possible to
choose one artery or vein to do this. The method of giving EVs to PCSS in ex vivo
culture in lab cannot fully simulate all these scenarios in clinical practices in the
future, but the model could be used to mimic some delivery conditions.

Secondly, although PCSS model retains the microenvironment of all the original
cells, extracellular matrix dynamics, blood, nerves, and lymphatic conditions of the
organ in its original orientation, it lacks a systemic immune system. This is a major
limitation which makes it challenging for us to explore the interaction of EVs and
the body's systemic immunity. However, if PCTS are generated from diseased
samples, it is possible that the deregulated immune system accompanies it. The
Lund University lab has previously shown this in PCLS derived from normal versus
chronic lung diseases®*. For example, taking the salivary glands of patients with
Sjogren's syndrome as samples should bring lymphocytes with them. We can then,
make PCSS using the vibratome and then administer EVs. Such a scenario could
also be applied to animals who have received irradiation or our animal model of
Sjogren’s syndrome. Such an experimental design is perhaps needed, especially for
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cases such as Sjogren's syndrome, because SS are closely related to the activation
of systemic immunity.

The third aspect which needs further work is the culture conditions of PCSS. This
should be further optimized before we apply EVs to PCSS. Thus far, there is no
consensus on the culture medium which should be used for PCSS, the types of
growth factors or small molecules which should be added, or the concentration of
serum added for PCSS. In addition, whether the culture method is static or dynamic,
whether an air-liquid interface mimicking the air-liquid interface of the duct should
be used, how long can we culture PCSS (i.e., how do cell subtypes and ECM change
in PCSS during ex vivo culture), etc. At least some of these factors need to be further
clarified before EVs are applied to PCSS.

To give just one example, serum is known to contain EVs. Therefore, serum free
formulations may be necessary for testing the impact of EVs on. However, whether
it is feasible to culture PCSS ex vivo without serum, and what changes will happen
at the cellular level are unknown. Lack of serum may alter cellular phenotypes or
even alter ECM production by fibroblasts. How this experimental condition will
alter the analysis of EVs in PCSS are therefore unknown. The ability to conduct
small-scale pre-experiments to test different experimental conditions before using
large scale PCSS samples is therefore needed.

One of the main methods developed in this thesis that can help us with the above
questions is that we now have a method to extract high-quality and sufficient RNA
samples from small amounts of PCSS which can be used for RNA-sequencing. As
our group has previously described, bulk RNA sequencing can be used to predict
cell diversity under different conditions. We also have a method for clearing and
imaging PCSS through light sheet microscopy. These are both useful tools to help
us continue to clarify the deeper transcriptional and morphological changes which
occur in ex vivo culture of PCSS and which can be used to evaluate potential
therapies, such as EVs.

The above are only some reflections on the advantages and disadvantages of the
current setup we have established and should be considered before applying EVs to
PCSS.

For Paper 11

Conclusion

Paper II sought to advance precision-cut salivary gland slices (PCSS) as an ex vivo
model for salivary gland research. After optimizing workflows, PCSS were detected
to be metabolically and functionally active for two days in ex vivo. By using qRT-
PCR, we demonstrated how salivary gland phenotypes change dynamically over
time in addition to assessing the morphology and histology in fluorescence and 3D
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visualization. We also found that the PCSS model has physiological responses to
irradiation induced damage, similar to a previous study**'. While murine PCSS are
a convenient model to use based on the diversity of transgenic animals available and
species-specific tools (e.g., antibodies), there has the far been limited development
of applying state-of-the-art techniques to analyse them. Thus, we have developed
reliable methodologies for generating viable murine PCSS tissue pieces which could
retain function and architecture, as well as innovative analysis like QRT-PCR and
LSFM for a diverse validation. This can help them serve as a disease model that
more closely resembles natural salivary gland biology, thereby paving the way for
future studies of salivary gland mechanisms and therapeutic development in human
tissues.

Future perspectives

What is the optimal culture medium and culture method for PCSS?

Until now, the culture mediums we have tried including RPMI with B-
mercaptoethanol and McCoy’s SA. RPMI with B-mercaptoethanol has been used in
PCSS organotypic slices from adult mouse parotid glands*'’. For RPMI medium
with B-mercaptoethanol, a previous study found that a subpopulation of the acinar
cells of parotid slices can be maintained during short-term culture and retain their
morphology and function for up to 2 days*'’. This is a research for mouse parotid
slices. Human salivary gland slices were cultured with serum-free hepatocyte-
defined medium supplemented with EGF and slices were placed on membrane
inserts??'. They found that it was possible to culture human salivary gland slices for
14 to 30 days to assess the retention of different phenotypic markers using this
proposed method. However, all of these studies used subjective selection of the
phenotypic markers and no comprehensive technique like RNA-sequencing has
been applied.

For McCoy’s 5A medium, it is generally used as a general-purpose medium for
propagating primary cells, established cell lines, and biopsy tissue explants. It has
wide application in bone marrow, skin, breast, lungs, and submaxillary salivary
gland tumour epithelial cells line (A253)**® but has thus far not been used for culture
of PCSS.

It is necessary to know the role of different medium components on supporting
different cell types. In addition, static or liquid gas surface culture, or dynamic
culture is also worth exploring since this determines the mode and efficiency of
nutrients and wastes being exchanged between tissue cells and the medium. What
growth factors or additives to use is critical to know because the baseline state of
the cells or cellular composition of the model may change the expression of some
cell phenotypes or change the mechanism of ex vivo culture. This may cause the
cells to behave differently from the in vivo situation. For example, whether the
PCSS model could be used to study senescence after irradiation and whether the
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natural process of fibrosis for PCSS model will be an influential factor for us to
study fibrosis in the late SS using this model deserves to think.

Optimization of RNA isolation from PCSS for RNA-sequencing

At the moment, we have only analysed RNA level changes in 4 genes (AgpJ5, Krt5,
Collal, and Fn). The transcriptional expression of only 4 genes is insufficient to
evaluate the changes in cell expression as well as to predict changes in cellular
composition or phenotype. Thus, future studies should be undertaken to perform
RNA sequencing in order to gain a general understanding of the changes that occur
at cellular and molecular levels during the ex vivo period of 3 - 5 days in this model.

Previous work has shown that bulk RNA sequencing can be computationally
deconvoluted to predict changes in cellular level composition by combining bulk
RNA datasets with publicly available single cell datasets**’. This is an economically
preferable direction due to the high cost with single cell sequencing and can be a
main tool to objectively evaluate the effect of media composition. This can be a
suitable solution for our aim of evaluating PCSS. In order to do RNA seq analysis,
we are extremely dependent on the extraction of sufficient high-quality RNA from
murine PCSS models.

Both sufficient quality and quantity of RNA is important for RNA sequencing
studies. In Paper II, RNA quality and quantity was only measured through UV
spectrophotometers (Nanodrop). Nanodrop is a traditional method to detect the
RNA concentration and purity through measuring Azso and Azso for RNA samples.
Nanodrop has the advantage that it is available in almost every lab, is easy to handle
and fast to obtain quantitative data. It has several disadvantages, including its
inability to differentiate DNA from RNA and that it can be influenced by
contaminants absorbing at the same wavelengths; thus, it is less than ideal for
quantifying super diluted RNA.

The lowest concentration of our RNA samples is 40 ng/uL which corresponds to
a minimum of 400 ng total RNA. For samples with higher concentration of RNA
(like 300 ng/uL), the total RNA is 3 pg. The minimum input for RNA seq can be
100 ng - 1 png, and as low as 25 ng when samples are of high purity. However, the
minimum which Nanodrop can accurately measure is not sensitive enough to
reliably calculate these lower amounts of RNA. Alternative techniques with higher
sensitivity to specific types of nucleic acids should thus be used. There are several
different techniques which determine nucleic acid concentration based on
fluorescence intensity using fluorescent dyes which can distinguish dsDNA, ssDNA
and RNA. These assays can be used with microplate readers or fluorometers like
Qubit**. Future work should focus on more precisely quantifying RNA for use in
next generation sequencing.

The Axeo/Azgo found in these samples was generally around 2.0 (Please see Figure
4C in Paper II). Aseo/Asso ratios of 1.8 to 2.1 indicate highly purified RNA. This
means according to Nanodrop, our RNA samples from PCSS have enough purity to
do RNA seq. However, this is not the only parameter needed to ensure sufficient
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quality of RNA. Future work should focus on analysing the RNA quality using more
precise methods such as Bioanalyzers which measure the RNA integrity number
(e.g., Agilent 2100 bioanalyzer)**®. This is especially important for samples with
low amounts of RNA, as we have encountered with PCSS. We found that samples
with lower RNA concentrations also had lower purity of Azs0/Axso0 (Please see Figure
4B in Paper II). Thus, it will be important to verify the purity and integrity of RNA
prior to performing RNA-sequencing.

Optimization of 3D imaging with light sheet microscopy

It will also be important to continue to explore three-dimensional imaging analysis
methods using light-sheet fluorescence microscopy technology. Clinical and
experimental irradiation is focused on a particular 3D volume and thus conventional
histological analyses may not be representative of the entire tissue volume. Later
antibody staining can also be performed to spatially correlate DNA damage with
senescent cells, apoptotic cells, and fibrosis development, which will require us to
develop and optimize a protocol for antibody penetration on cleared tissues for light
sheet microscopy. The antibody incubation period may need to be extended to three
days or longer to ensure penetration of the antibodies through the whole construct
thickness. Alternative techniques such as pumps, agitation, or electrophoretic based
methods may be necessary.

What can we use the PCSS model for?

PCSS offers many distinct benefits with one of the main advantages being that
multiple experiments can be conducted on samples obtained from a single animal.
As one example, it could be used to explore different types of irradiation. In
radiotherapy, Flash irradiation therapy is a new technique®”. It means using super-
high dose of irradiation while reducing the damage to normal tissues but at the same
time killing tumours effectively. The reason for this concept is that many tumours
still resist conventional irradiation therapy (CRT), and CRT doses are based on the
tolerance dose of normal tissues, so to develop super-high doses of radiotherapy
(e.g., Flash radiotherapy) to irradiate above 40 Gy/s and the irradiation time is
generally less than one second. In radiobiology, the dose rate is one of the most
important factors affecting radiotherapy's biological efficacy”'. The development
and implementation of Flash or other advances may make significant changes to
future tumour treatment™?. It is currently in the preclinical stage of experimental
research and has just begun to be applied in the first human experiments®*. Due to
the fact that irradiation therapy is an important adjuvant therapy for patients with
head and neck cancer and irradiation therapy indeed poses a high risk to normal
salivary gland tissue, it will be of interest to see if this different technique of
applying irradiation will similarly impact normal salivary glands.

PCSS may be an ideal platform to investigate this. As a first step, it is necessary
to determine whether Flash radiotherapy can be applied to PCSS, and then compare
how PCSS respond to Flash and common radiotherapy. As we have already applied
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conventional irradiation therapy to murine-derived PCSS, we have concluded that
our PCSS model exhibits a normal physiological response to irradiation injury (See
Figure 9C in manuscript Paper II). As a result, Flash could be used on PCSS models
as well, and we will compare Flash's effects with traditional radiotherapy on normal
salivary gland tissue. In addition, it will be of interest to further study the effect of
Flash on different species in order to see if PCSS can be used to correlate to in vivo
findings, including in human salivary glands.

Another potential interesting application for PCSS is in the study of salivary
gland tumours. During preliminary experiments, we cultured human salivary gland
cancer cells (A253) into spheroids using U-shaped low-adsorption well plate for
suspension culture (Figure 1 and 2, Perspectives). We found that microspheres can
be produced within three days, with retention of cell viability and proliferation
capabilities. A253 cells are epithelial cells derived from mucoepidermoid carcinoma
of the human submandibular gland. Therefore, the A253 microspheres can be used
as a simulation of human salivary gland tumors. We could implant these micro-
spheroids or coated with gel on the PCSS model and then apply different types of
irradiation therapies or pharmacological approaches.

— U-Bottom Coating Group

B
Cell Single Spheroid
aggregation formation
Day 0 Day 1 Day 2
Cell
e dig:s:ion_‘ - -
A253,P5, 100 total medium ~ Change new medium 50ul
Monolayer culture everyday from Day1
* Submaxillary gland epithelial
Salivary gland carcinoma or epidermoid .
+ ATCC, DONG unpublished — Agarose Coating Group
Day 0 Dayl Day 2

100ul
total mediu

Agarose coating Change new medium 50ul
layer everyday from Dayl

Figure 1 for Paper Il in Perspectives. A253 cell culture and spheroid formation workflow.

(A)The culture of submanxillary gland epithelial cells line A253. Dong et al. Unpublished data. Copyright
by the author. (B) The schematic workflow shows the use of 96-well plates with special coatings to form
single spheroids from single A253 cells, while agarose coating plates were used as negative controls to
form spheroids manually. Created by the author.Copyright by the author.
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Figure 2 for Paper Il in Perspectives. Observations of spheroid under bright field and and
fluorescence microscopy.

(A) The morphology observation showing U-Bottom shaped 96-well plate with unique polymer coating
could support uniform, rapid (8 hours) and larger spheroid culture with less irregular aggregation and cell
satellites, when compared to the manully agarose coating group. (B) Immunofluorescence staining of
spheroids showing expression of E-cadherin (For A and B, Dong et al. Unpublished data. Copyright by
the author).

Finally, in order to connect the findings of Paper I and Paper II, we hope to apply
EVs derived from hDPSCs in the above-mentioned various animals and PCSS
models, as well as observing and elucidating the mechanism of action for EVs. The
PCSS platform allows use to explore more focused questions such as do EVs exert
antioxidant effects? whether the EVs transferring mitochondria as part of their
mechanism of action? We could also test to understand the differences between
dental pulp stem cells and bone marrow stem cells, as well as the differences
between their EVs in this aspect of transferring mitochondria. In the end, we have a
long-term vision to use human derived PCSS, which will be critical to use as an in
vitro research model to hopefully predict clinical efficacy in humans.
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For Paper IV

Conclusion

For Paper 1V, our goal was to develop a set of histological scoring system to semi-
quantitatively evaluate the degree of tissue damage in the porcine acute lung injury
model. Based on the literature and experience, we classified and proposed 7 core
observation indicators for judging tissue damage and set up a scoring value from 0
to 8. Then we tested and verified in people with different experience and found that
our scoring system is not be affected by the experience of the readers. We found
that the use of 7 judgment observation indicators and the setting of 0 - 8 score values
produced stable and reliable results. This demonstrates that our histological scoring
system can be used to judge the degree of lung injury in large animal acute lung
injury models. Therefore, it provides a very reliable and practical histological tool
to apply this model to mechanistic research and evaluation of therapies. Moreover,
it is feasible to use the xylene-free histological approach to process acutely injured
large animal lung tissues, and it does not interfere with the quality of the tissue
sections or interpretation of the tissue staining. Because the concept of sustainable
development can protect the environment and create a healthy laboratory, it is
worthy of extensive promotion and application.

Future perspective

Validate and advance xylene-free tissue processing methods for human salivary
glands.

The contribution of Paper IV to this doctoral thesis is in imaging observation, which
provides a very novel method and concept that can reduce the use of xylene and
protect environment and researchers. We have already performed xylene-free
histological processing for salivary gland tissue, followed by H&E staining and the
results are shown in Figure 8D in manuscript Paper II. Then as a control, we used
xylene-treated tissue processing, obtained paraffin blocks, and then performed H&E
staining. We did not find any difference in the xylene-free processing treatment
group by this comparison. But whether xylene-free histological processing is
feasible, whether it will not interfere with the quality of sections, whether it will not
interfere with staining results, need to be answered firstly before promoting it in the
field of salivary gland histology.

Future studies should aim to treat neighbouring parts from a single biopsy region
of salivary glands with and without xylene for processing, and then perform H&E
staining as well as other common stains at the same time to make sure other aspects
are consistent. Sample sources such as mice, rats, rabbits, and dogs should also be
used as well as healthy and diseased salivary gland tissues to obtain a
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comprehensive judgment. This will allow for a more comprehensive understanding
of the feasibility of xylene-free histological processing in salivary gland studies.

Development of a histological scoring system for evaluating nuclear changes in
salivary gland tissues following irradiation treatment.

For salivary gland research, there is a diversity of histological changes which have
been reported for different animal models. For short-term histological changes after
irradiation, there are only a few reports which use quantitative or semi-quantitative
metrics from histology (only some reports like changed cellular nuclear”™* and
enhanced cell proliferation®®®). Therefore, the successful establishment of a
histological scoring system for salivary gland injury requires the use of evaluating
criteria that are more comprehensive while staying objective. Whether or not aspects
such as changes in acini size, as observed in Paper I, or increased deposition of ECM
are thus far not clear and may need to be adapted based on the timing and duration
of injury studied.

Artificial intelligence in research and clinical pathology

The digitization of pathological slides with a digital microscope after slide staining
is an important new advance in research and clinical pathology*. Whole slide
scanning facilitates data preservation. This has already appeared since 1990 as
whole slide images (WSI). However, for the analysis of digital pathological slides,
it is an opportunity brought by the rapid development of artificial intelligence
technology in recent years, allowing us to use artificial intelligence (Artificial
Intelligence, Al) technology to analyse tissue slices more consistently. This makes
pathologists' judgments more objective and repeatable by converting them from
qualitative to quantitative judgments®”,

In the early days of pathological image analysis, many features were artificially
designed by humans. These manual features require professional knowledge and are
insufficient to cover all of the features in an image. Using deep learning models to
detect, grade, and classify tumours has become a mainstream method for
pathological image analysis because of it is powerful in handling increasingly
accumulated clinical data and perform quantitative analysis®*®. In this way, deep
learning in machines could help pathologists make accurate and fast diagnoses even
though facing large datasets. Digital image analysis and computer assisted diagnosis
must be a trend of pathological analysis in the future*”’. So, this could also be the
future of pathology in salivary gland field, especially for features that may be hard
for novice human scorers to perform (e.g., nuclear shape changes).
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Overall Conclusion of the Thesis

In xerostomia, salivary secretion is decreased due to changes in the secretory
components (acinar, ductal, myoepithelial, and neural). In the study of salivary
gland injury and recovery, cell therapy and tissue engineering techniques are
receiving increasing attention. In Paper I and Paper 111 of this doctoral dissertation,
stem cell-derived therapy was evaluated in two major salivary gland diseases (acute
irradiated salivary gland dysfunction and chronic immune-related salivary glands).
Also, this thesis (Paper II) established a workflow for precision-cut mouse salivary
gland slices (PCSS) and also developed new analytical options such as qRT-PCR
and light-sheet fluorescence microscopy (LSFM) to evaluate this model. The future
aim is to use human salivary glands to generate slices and use this model in research
related to salivary gland physiology and disease, as well as pharmaceutical and EVs
therapy trials. Finally, in this doctoral thesis, a sustainable histological process
(Paper IV) for H&E staining is developed to reduce xylene usage in salivary gland
tissue processing. Combined with the development and testing of light-sheet
fluorescence microscopy workflow on PCSS model, we currently have two
relatively advanced strategies for imaging and observing PCSS model. Thus, this
work has developed a set of in vitro and in vivo experiments and methods to conduct
advanced modelling and systematic diagnosis and category of salivary gland
diseases, thus contributing to improved knowledge for salivary gland research and
evaluation of potential new therapies such as cell-free and tissue engineering
treatments in the future.
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