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ABSTRACT

Introduction: At present, due to the lack of gdprepresentative, human models, it

is not possible tdully investigate the development of a numbef salivary gland
RA&Z2NRSNE &dzOK | a (dzy2dz2NJ RS @Séssotite8y (i =
infections. Radiotherapy for head and neck cancer, and clieenapy for nonoral
cancerscanalsolead to salivary gland damagesduced salivary flow, xerostaoa

and a wors-casescenario of severe, debilitating mucositis with potentidlfe-
threatening systemic infectionsAn atificial salivary glands a novel alternative
treatment for patients who suffefrom diseased or damaged glands and subsequent
hyposalivation which often leads to untreatable and irreversible xerostomia.
Salivary gland (SG) organoids developed froime SG cellexhibit selforganizing
properties with structural and functional properties closegsemblingthe native
organ. Thus, manoid technology has potential asa model of human organ
development for the investigation ofhuman pathologiesn vitro and alsofor
regenerative medicine.

Aims: To develop in vitro three-dimensional culture system of human
salivary glandgp elucidae the pathogenesis of salivary gland disease and to further
understand the development of salivary glands for regenerative studies.

Methods: Organoids were developed from biopsy samples of normal human
sublingualgland tissueCells were isolated and dulred in extracellular matrices
(Matrigel and/or Myogel), as well as on Polymerised High Internal Phase Emsulsion
(PolyHIPES) scaffisl They were cultured either at an Air Liquid Interface (ALI) or
were submerged in tissue culture medium (RahLl) and Wi3A, Rspondinl, EGF,
YR CDCH ¢SNBE | RRSR (2 aBMPIaidAMKShhibitord K S
were addedto an enrichedmedia for further differentiation stugks. SG organoids
wereinfected withStaphylococcus aureuspreliminary study of glandulanfection.
Haematoxylin and eosin stained sections of the cultures were used to visualise
growth. RTPCR, immunohistochemigt and immunofluorescence were used to

determine the differential expression of cell specific markers.
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Results: Overall, the datdrom this study indicate that salivary gland cells from
single cell suspensions were able to proliferate and differentiate fom small
structures resembling mirglands (organoids) for up to ddhys ina defined culture
system. Organoid structures devpked when the cells were grown in Matrigel but
this was less obvious when grown in Myogel. Compared to those grown at an ALI,
non-ALI organoids were significanfgwer in number andgmaller in size. Organoids
cultured in Matrigel at ALI formed buds andabches, and expressed acinar <ell
specific markers (amylase, AQP5 and MUCY7), as well as staining pofotiveks.
Inhibitiz y 2F ¢DCi £ .at YR [LaY aixaylrftiy3
cell differentiation. Organoids cultured the presence of th& D Gnhibitor, AB301

and in the presence of all three inhibitorsALLmedia displayed distinct
characteristics tht closely mimikednative glands and expressed CK5, BRIKAPS5,

CK7 and fadherin, whilstthose cultured in the presence of the BMP inhibitor,
DMH1, demonstrated the growth of ductf A { S & (i NIAD hatbhys &ad h
significantly higher in SG organsigrown in the presence of the LIMK inhibitor,
SR7826Finally, ells grown in PolyHIPE scaffolds were able to form budding and
branching structuresore closely resembling humaalivary glands

Conclusion: Our culture system enables the growth of humaalivary gland
organoids. This culture system can be used to study the initial stages of infectious
disease and the pathogenesis of other salivary gland diseases. This study provides a
competentin vitro culture system that can be used in further study amran SG
development, pathophysiology as well as pioneering a novel pathway in salivary

gland regeneration.
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CHAPTER LITERATURE REVIEW
1.1 INTRODUCTION

Head and neck cancers are a heterogenous group of malignancies with different
aetiology and affecting various sites. In Europe, head and nedercaccounts for

around 4 percent of cancer incidence with approximately ,000 Europeans
developing head anaieck cancer annually and 63,500 dying from the disease in

2012. There is a four times higher risk of men developing the disease than females
(Gattaet al., 2015)with tobaccoandl f O2 K2t dzaS o0 SAy 3 dai NF RA G
human paillomavirus HPV) being the main risk factassociated with the recent

increase in incidence. Other known risk factors include low intake of fruit and

vegetables.

Saivary gland tumours are unaamon, with around 0.5% of the cancers diagnosed

in the UKbeing of salivary gland origin (Cancer Research UK1). These tumours most
commonly occur in the major glands, with mucoepidermoid carcinoma being the
most prevalent tumouin both major and minor ghds. The pathogenesis of tumour
growth and deelopment b still understudied, but there are associations with the

presence of viral infection@lelnick, Deluca and Jaskoll, 2014)

The treatment of most patients with head and neck cancer, inolydalivary gland
tumours, is radiation therapyRadiotherapy for head andeck cancealways leads

to irreversible damage to any salivary gland in the path of the radiation. This can
result in a reduction in salivary flow, xerostomia (dry mouth), inedasal infection

and can reult in debilitating mucositis and/or systemidection. Radiatiorinduced

alft AQINE KeLRFdzyQuAzy FtyR [aa20AF3SR LI A
life and may lead tdhe patient refusing further treatmen({Baumet al, 2010)

Therefore, the regeneration of salivary glands, which can be achieved by greater
study of salivary gland development, mayljhsuch patients. The estasthment of

an in vitro model of salivary glandsiay provide a usefuiool to investigate the

regeneration of glands and also the pathogenesis of disease.
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{21 ANBYyQa a@yRNRYS 6{ peansehffectitg exodtineigsA O | dzi
It is characterized by a lymphocytic inition of salivary ljnds and lacrimal glands,

which results in loss of function and a subsequent reduction in salivary and lacrimal
gland secretiong¢Bayetto ad Logan, 2010)Clincally, the major feature of SS is the
presence of dry mouth and ey@slavragani and Motsopoulos, 2014) Acordingly,

decreased salivary flow has many oral implications such as dentascanierobial

infections, svallowing and speech dysfunction, and can significantly, negatively

impact quality of life.

The pathogenesis of SS is a multifactorial process tmeguh destruction and
dysfunction of the exocrine glands. It is thought to beiated by environmentabr
exogenous factors which affect the salivary gland epithelial cells and stimulates the
cells to activate T lymphocyte migration and lymphocytidtration of exogenous
glands. This leads to overstimulation and production omimoglobulins and
autoantbodies. Subsequently, the tissue damage results in chronic inflammation of
the tissue glands and loss of their normal funct{@ayetto and Logan, 2010; Sipsas,

Gamaletsou and Moutsopoulos, 2011)

There are a number of trigger factors that have been assedwith the onset of SS.
Genetic, environmental, hormonal and immunologicalctbrs are considered
important in SS development. Sex hormones have been suggested to be involved in
the destruction of exocrine glands. Taiym et al (2004) proposed tleatlifference

in the ratio of oestrogen to androgen, or the decline of oestrogevels during
menopause, mighbe involved with the onset of S§aiym, Haghighaand At
Hashimi, 2004) Thisis in agreement with the higher numbers of women reported
with SS compared to mdiBayetto and Logan, 2010VYiral infections sth as human

T-cell Leukaemia vils-1 (HTLVL), human immunodeficiency virus (HIV) and hepatitis

C virus (HCV) can also trigger autoimmune reactions and have been associated wi

inflammation and damage to the salivary glari@®&&mosCasals, Mufioz anderén,
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2008; Sipsas, Gamaletsou and Moutsopoulos, 201Racterial infections,
pathological injury and desiccating stress can also induce the development of

autoimmune diseas(Niederkornet a., 2006 Stojanovich and Marisavljevich, 2008)

At present, it is not possible to fully investigate the initiation and development of the
disease by following infection witanyof these agents. The tools presently available
in this field are eithein vivo animal models or monolayer cultures dflis, usually
carcinoma cell lines derived from animals, mostly (atslson, Manzelland Baker,
2013) However, the models are unable to replicate this multtiteial disease and
have limitations in the rapolation of results from animal to the human situation.
While monolayer cultureells are well recognised as a useful laboratonf, they do

not faithfully replicate the complex cell structures seém vivo. Thus, the
development of in vitro models of human salivary glands will enable these

experiments to be carried out.

1.3 SALMRY GLANDS: NORMAL DEVELOPMENT

Salivary glands cois$ of three major paired glands: parotid, sublingual and
submandibular glatls as well as many minor salivary glands. ifiaén function of
these glands is to secrete saliva, which is highly dilute andstersf >99% water,
electrolytes, proteins and pepes. Saliva also contains digestive enzymes,
antimicrobial agents and growt factors. Important functions of saliva inde
protection of teeth, maintenance of oral health through clearing unwanted fowd! a
bacterial debris from the mouth, acting as aiigant to protect the mucosa and aid
speech, to enhance taste and to bedme tigestion procesdanget al,, 2015) Séva
also acts as an immunological barrier against microorganisms altigh wound

healing capacityKownetsoveet al,, 2010)

1.3.1 Anatomy of Sévary Gland
The parotid glands are the largest salivgignds and are situated below and in front
of the ear on each side of the face. They are flat, well encapsulated and mainly

associated wh peripheral branches of the facial nerve. Ducts open irite oral
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cavity opposite the second upper molar teeth oraah side. Parotid glands are

comprised only of serous ce(l&manoet al., 2012)

The sublingual glands are almond shaped and lie on the floor of the mouth between
the frenulum of the tongue and the teeth. Short ducts open itite mouth near to,

or with, submandibular ducts. €l are predominantly composed of mucous cells.

The subrandibular gland is ovoid in shape and located in the posterior part of the
floor of the mouth, just below the mandible. Ducts open into the flobthe mouth
by a small orifice lateral to the fretum of the tongue. They are composed of both

mucous anderous cells but predominantly serous céksnanoet al., 2012)

1.3.2 Histology d Salivary Glands

Human salivary glands contain primarily acinar and ductal cells. As mentioned above
there are two types of acinar cells, serous and muceceits, and it is from these
secretory urtis that saliva is actively secretédiucker, 2007)Histologically, serous
acini are ound and have a small lumen. The nuclei obssracinacells are spherical

and situated in the basal 1/of the cell. The apical cytoplasm stains eosinophilic
because of secretory granules. Mucous cells are cletized by tubular acini with

large lunens and the nuclei are flat and pressed to duge of tke cell. The cytoplasm
appears empty after haematoxylin and eosin staining because of the higher

carbohydrate conten{fAmanoet al., 2012)

The secretory acini empty into intercalated ducts, which open into striated and then
into excretory ducts. Histogically, intercalated ductare lined by a single layer of
low cuboidal githelium with relatively clear cytoplasm and the nucleus is placed
centrally. The intercalated ducts merge to form striated ducts, which are
characterized by tall columnar epithetn, central nuclei and eosipbilic cytoplasm.
They show a characterististriated pdtern due to the infolding of the basal
cytoplasm which contain the mitochondria needed for energy to actively alter the
composition of the salivéPease, 1956)ntercalated ducts fuse to form the terminal

excretory duct, which is lined by a naitriated pseudostratified epithelim. As the
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duct approaches the oral cavity, gradually banges into a stratified epithelium

(Tucker, 2007; Amanet al., 2012)

Aside from these two cell types, myoepithelial cells atenfblying betveen the basal
lamina and the acinar or ductaklls. Thanyoepithelial cells are closely related to
the secretory acini and intercalated duct cells, and are innervated by the autonomic

nervous systeniProctor and Carpdar, 2007; laneet al,, 2010; Amanet al., 2012)

excretory duct striated ducts intercalated ducts

I il I I

For
|J stem cell
L.

progenitor cell

o self-renewal
== differentiation

-=- basement membrane

Hgure 11 Schematic diagram shows component of cell types (serous and
mucous acinar cells, duct cells and myoepithelial cells) of a salivary gland. Image
reproduced from(Pringle, Van Os and Coppes, 2013)
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1.3.3 Embryology of Salivary Glands

Salivary glands are generated by a branching morphogenesis during embryonic
development. The submandibular gland is the first of the major salivary glands to
develop fdlowed bysublingual and parotid gland3ucker, 2007)The first visible

sign of saliary glandsn the embryo is around E11.5 (embryonic ddy5) in mouse,

and week E8 indmans, and involves the thickening of the epithelium next to the
tongue. This is known as the prebud stage. At E12.5 (mouse) or week E12 (human),
the epithelium invagates and foms a bud, linked to the oral surface byuctwhich

will later form the man duct of the salivary gland. The bud then undergoes branching
morphogenesis with approximately 3 to 5 buds, called the pseudoglandular stage, at
E13.5 (mouse) or wéeE13 (human)At the canalicular stage which is arourtbb
(mouse) or week E14 (humarthe majority of the ducts develop lumen spaces by
apoptosis of the cells located at their centre while the epithelial cells around the
forming lumens are actively pliferating. The branches and the terminal buds form

the excretory ducts and develop theecretory acini around E17.5 (mouse) or week
E15 (human); known as the terminal bud stage. The development of salivary glands
continues after birth with the final dierentiation of granular tubules occurring at
puberty. Formation of the final complex sicture of salivary glands also involves
coordinated development of endothelial and neuronal céllscker, 2007; Patel and
Hoffman, 2014)
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Figure 12 Schematic diagram shows stage of\saly gland development from
prebud to terminal bud of mose submandibular gland as a model. Image
reproduced from(Tucker, 2007)

1.3.4 Physidogy of Salivary Glands

Acinar cells are specialized for synthesis, storage and secretion of fluids. Acinar cells
are water permeable and so allow fluid movenhémthe glands. The consistency of

the =cretions from acinar cells is either serous or mwa@und this is based on
whether it is watery or viscous. The product of serous acinar cells is watery,
containing a large number of proteins such as amylase lretls a lack of mucins.
Mucous acinacdls secrete mucins, large glycoproteins with carbalayel chains,

which add to the viscosity of the saligBucker, 2007; Patel and Hoffman, 2014)

Ductal cells are water impermeable, are biochemically active and modify the
concentration ad content of saliva by reabsorption of electrolytesdasecréion of
proteins. They convey the saliva secreted by s$eeretory units to the oral cavity

(Patel and Hoffman, 2014)
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Myoepithelial cells have somieatures of smeoth musclecellsand ae contractile in
nature. They function to facilitate sextion by contracting the acinar cells and
causing the expulsion of stored saliva. The contraction of these cells results from
stimulation by both the parasympathetic and syntpatic nervous system@roctor

and Carpenter, 2007; Patel and Hoffma0,14)

1.4 STEM CELLS

Basically, there are three stem cell types: adult stem cells, embryonic stem cells, and
induced pluripotent stemcells. Generally, adultesn cells are organ restricted,
either somatic or tissuelerived, and unipotent (a cell thatan differentiate along

only one lineage). They are able to proliferate for long periods of time which is
referred as longerm selfrenewal and can differentiatéo produce all specialized

cell types. Typically, they generate an intermediate cell typkedaa progenitor or
precursor cell before they achieve their fully differentiated stafe progenitor cell

in adult tissuess unspecibzed or hagpartially diferentiated cells that can be divide
only a limited number of time and give rise to diffeied I G S Ay (2 Whiled QG N
embryonic stem cells arelerived from the undifferentiated inner mass cells of
human embryo and pluripotent. Inded pluripotent stem cells which closely
resembleembryonic stem cells are cells that havepaeity to seHrenew by dividing

and developing onto the three primary gercell layers (ectoderm, endoderm and
mesoderm) and therefore into all cells of the adotidy. Salivary gland adult stem
cells are undferentiated but reside between stem cellchg, similar with any other

adult stem celpopulation. Theprimary roleof the adult stem cells in humans is to
maintain and repair of the tissue in which theyeareside(Coppes and Stokman,
2011)

1.5 TISSUEENGINEERING: GENERATING/ITROTHREBIMENSIONAL (3D)
MODELS OF HUMAN SALIVARY GLASIB) (

As outlined above salivary glasxdre complex 3D organs thereforeist sensible to
consider using tissue engineered 3D models to study their function. Seuailads

have attempted to develop human saliyagland (hSG) 3D tissues and have been
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tested as human celbased moded with translational potentialn 2007, Joraket al.
published a paper in which they described the reconstitution of 3D human salivary
gland (hSG) tissue structurasvitro. They cltured human parotid gland cells in 3D
matrix containing Collagen and Matrigel, in serin@e KGM with epidermal growth
factor (EGF) and bovine pituitary extract (BPE) and showeth thiero formation of
functional and differentiated salivary usi contaning acinar and ductdike
structures. Futhermore, all structures maintained tight junctigrexpression of the
water channel protein aquaporin 5 (AQP5) and amylase producfimaku et al,,
2007) Feng and colleaguesO@9) demonstrated that hSG progenitor cells, when
grown with Collagen type hidefined media (containing EGF difatoblast growth
factor 2 (FGF2), developed into ductal stureis and mucirexpressingacinarlike
cells and demonstrated lorigrm selfrenewalin vitro. Mariaet al (2011) suggested
that Matrigel provided a suitable microenvironment for morphological and improved
functional properties of an hSG cell line. The h&Bs cultured in serudree
conditons on Matrigelcoated dishes, could be inded to differentiate into
polarized secretory acinar like cells. Further study on developingim$@o by
Pradhan Bhatet al (2013) indicated that a hyaluronic acid (HA@rogel culture
system coud supportsalivary phenotypic features of hSG proders longterm, in

vitro.

Janget al (2015) showed that specific media components have an impact on growth

and maintenance of specific acinar cell protein expression, celtifyodand secretory

function. They éund that high calcium concentrations (0.8Vihin the medium

promote the growth of AQPS5 producing acidie cells, increased calcium
mobilization, expression of the tighainction protein zona occludin (20 with high
transepithelial resistanceand poldA T SR | Y@&f | 4SS -a@renB A2y
receptor stimulation. Furthermore, the hSG cell cultures displayed the expression of

the progenitor celtype markers, keratin 5 and nanog, as well as the acinatygedl

markeNB -Aamylase, cystatin GMEM16Aand NKCCL1.

Pringle (2016) presented promising findings of the therapeutic potential of hSG stem

cells cultured from biopsy material for the treatment of radiatimaduced
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hyposalivation. The hSG primary cells were grawMatrigel with serunfree media
containing EGF and FGF which supported differentiationyesedwal and growth as
salispheres which were then injected into in a xenotransplantation model using
mouse submandibular gland. Transplanted hSG cells (1008G0cells per mouse)
were capableof rescuing radiatioainduced hyposalivation and enhanced salisphere
formation two months after irradiation(Pringleet al, 2016) Ono et al (2015)
reported their findings of regenerating salivary glands using indydadpotent
stem (iPS) celim vivoandin vitro. iPS cellsransplantedinto mouse salivary glands
partially produced glandular tises that ¢oselyresembledthe adult salivary glands.
Coculture of embryonic submandibular glands (SMG) cells and iB$ ealio had
more developed epithelial structures than monoculture oflayonic SMG cell©no

et al, 2015)

To date an artificiabalivary gland for therapeutic use in humans has still to be
developed ad intrindc challenges arise from each protocol. Incompatible
biomaterials for clinical translation as well as evaluation of saliftaw need to be

addressed.

1.5 DEVELOPMENT OWVITRGBD MODELS

Tissue engineering of salivary glands requires cells rétain specific gene and
protein expression, extracellular matrix proteins that enable differentiation of the
cells into functioml structures, and a biocompatible scaffold as deste that mimics

the microenvironment of the salivary glands and allowl growth (PradharBhatt

et al, 2014) Thus, one way to create an artificial salivary gland is by seeding cells
onto biodegradable 3Dcsffolds in optimal growth conditions tdlaw the cells to

mimic as closely as possible those growmygiva

1.5.1 Primary Human Salivary Glands
The use of primary cells to create an artificial salivary gland is a recent technique and
the critical prdolem in this field is the preparation (barvesting) of adequate cells.

When compared to cell lines, primary cethore absely resemble native tissue and
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thus, are the best option for manipulatiom vitro prior to transplantation into
diseased or damagl organs. However, primary cells are idifft to isolate and
culture. They are highly differentiated and this uees thei ability to form acinar
structuresin vitro (Nelson, Manzella and Baker, 2013; PradB&att et al., 2014)

New methodsare therefore needed to improveell differentiation, secretory

function and to maintain cell viabiliiy in vitro culture conditions.

1.5.2 Basement Membrane

Basement membrane is a continuous layer of extracellular matrix (ECM) that
separates the ephelium from the surrounding mesenchyme. The ECM consists of
two main classes of macromolecules; fibrqueteinsand proteoglycans. The main
fibrous ECM proteinare collagens, fibronectin, elastin and laminins. Proteoglycans
are composed of glycosamiglycans which are extremely hydrophilic, form as a
hydrated gel and thus enable the matrices to endurghhcompresive forces. The
ECM is represented as scaffotats which the cells grow and also provide important
biochemical elements that are requiredrfoontrolling tissue developmer{Frantz,
Stewart and Weaver, 2010)

Collagens are the most abundant fibrous protein within the interstitial ECM. They
provide structual support, regulate cell adhesion and directstis development
(Frantz, Stewart and Weaver, 2010; Yahgl, 2010) For example, collagetype |
accounts for 90% of the matrix protein of bone ECM and is involved in fibroblast and
osteoblastdifferentiation and functionKernet al, 2001) Fibronectin is involved in
mediating the cellular interactions of the interstitial E@N plays a role in general
cell attachment, migration, growth and developmd®ankov, 2002; Frantz, Stewart
and Weaver, 2010)Fibronectin has previously been shown to be a useful matrix
protein for enhancing the seeding efficiency and growth of salivary epithelisl cel
(Tranet al.,, 2005)

Matrigel isa complex potein mixture that has been used extensively, and has

provided optimalgrowth conditions for cell culturesMatrigel contains cokgen 1V,
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laminin, fibronectin, entactin and a number of growth factors. It re@nstituted

basement membrane extracteddm EngelbrethiHolm-Swarm (EHShouse tumour

(Hughes, Postovit and Lajoie, 2010} has been shown to promote cell
differentiation, support cell gpwth and increase tumour growtliKleinman and

Martin, 2006). Asmentioned previously, Matrigel has been seeded with human
submandibular salivary gland cell lines and sudodigdacilitated the formation of

acinar structures and the expregsy’ 2 F | OA y I MinytaSefahd cysibtr 8 SA y a >
(Mariaet al,, 2011)

Hyaluronic acid (HA) hydrogel, as mentionpdeviousy, has been used to
demonstrate that isolated human salivary gland cells can be grown into spherical,
organoid, acinatike structures. These structures retained expression aivary
biomarkers such as tight junction proteins,-Z@ndepithelial cadhern (Ecadherin),

0KS 6FGSN) OKIyyStf LINRPOGSAY !vtp YR $SNB
amylase (Pradhan et al, 2010) Polylactieglycolic acid (PLGA) scaffolds have
supported branching of foetal submandibular glands and -astembly into
branched glandike structures(Sequeiraet al, 2012) In contrast, Can (2011)
demonstraed that human parotid gland acinar cells were able to grow
spontaneously as either 3D or 2D clusters without the use of fabricated scaffolds.

The protein expression pattern was different in the cells grown in these two cluster
types. They found that cellcultured in D clustes SELINS &84SR KA IK f S
amylase, Z€1, AQP3 and AQP5 compared to cells grown under 2D cond{@ras

etal., 2011)

In my initial experiments (Chapter 3), | used collagen I, fibronectin, Matrigel and poly
I-lysine,a positively charged amino acid polymer widely used esatingsubstrate
to enhance cell attachment and growth of cdlMdazia, Schatten and Sale, 19,749

ECM to further investate differences in cell growth and development

Matrigel and collagen type | (derived from rat tail), both Amman in origin, are
two of the most commonly used ECM mimicking matrices used to ernbksl into

3D cultures. In addition, commercial ECM emiles sch as fibronectin and polly
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lysine have also been used as ECM in muliipigtro studies. All of these products
have the same disadvantage for human studies as their composition diféenstie
native human tissue environment. Myogel is dagjaousleiomyoma matrix which

is derived from a benign human uterine leiomyoma, and has been recommended for
in vitro human cell culture experiments since it closely mimics the human tumour
microenuronment of solid canceréSaloet al,, 2015. Thus, Myogel will be used in
my study as an alternative ECM for the growth of SG icelisroand cell growth and

differentiation will be compared to that on Matrigel (Chapter 4).

1.5.3 Qulture Conditions

Culture conditions play a significant role @stablishing functional acindike
structures. Interestingly, most studies have commonly used a number of medium
components such as EGF, insulin and dexamethasone or hydrocortisone. A number
of studies have gygested that human salivary cells grow suchdlswith these
added growth factorgKruseet al., 2004; Gorjuget al,, 2009; Pradhaet al., 2010;
Janget al, 2015) The addition of retinoic acid (RA) to the medjuappears to

encourage cells to form a mekeatinocytelike phenotype(Mariaet al,, 2011)

Chan et al (2011) showedhdt low concentrations of calcium (0.09mM) in the
medium affected cell proliferation, differentiation and led to an absence of tight
junction structures(Chanet al, 2011) Similarly, Jang (2014) also found that low
calcium concentrations in the medium resulted in a lack of-adll contact and
junctional complex formation. Howeveand as mentioned previaly, the number
of acinarlike cells increasd and displayed significant tight junction formation when
the calcium concentration was high (0.8 mNDanget al, 2015) In my initial
experiments (Chapter 3), KGM media was used without adding calcasma

supplement.

1.6 ORGANOID CULTURES
'y 2NHIFY2AR Ad o0laAaoltte RSFAYSR & anN

of multiple specific cell types of the organ itodels, displaying some sgéc
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functions of the organ and structurally organizen a similaimannerto the organ
being modelled. Hence, an organoid is widfined as a collection of specitell
types that develop from stem cells or organ progenitonsl @elforganizes through
cell sorting and spatially restricted lineage commitih¢Lancaster and Knoblich,
2014). Organoid technology, therefore provides a useful tool for modelling human

organ development and pathologi@s vitro.

Several human organoids haween established from tissues such as kidney, gut,
lung, retina and brain, all of which have reflected key structural and functional
properties of the organs of origifLancaster and Knoblich, 2014; Clevers, 2016)
Organoids can be cultured from two types of stem cells: (i) pluripotent stem cells,
either embryonic stem (ES) cells or induced pluripotent stem (iPS) cells and (ii) organ
restricted adults stem dks (aSCs). Both approaches are dependent upon on the
expansionand selforganization potential of cells whilst in culture. Growth factor
cocktails that imitate the various organ stem cell niches in culture media will allow
these stem cells to differentiag in a controlled manner, capable of seffanising

into strudures to which they are fatedClevers, 2016)in addition, an important
componentin this culture system is a scaffold or 3D matrix, usually Mdirige
support cell attachment and survival as well as to allow organoid formation
(Lancaster and Knoblich, 2014; Clevers, 2016; Bredenoord, Clevers and Knoblich,
2017)

To date, only Coppeand colleagues have utilized organoid culture to differentiate
single nouse salivary cells vitro into definite lobular organoids consisting of a
number of salivary gland lineages; CK7, CK18 and ARdtduri et al, 2014;

Maimetset al,, 2016) | would like to further investigate the potential of this organoid

system to develop a human salivargm in vitro.

1.6.1 Defined Growth Factors
The Wnt pathway appears to be the key driver of epithelial adult stem cells (aSCs)
(Clevers, Loh and Nusse, 20MMht3a and FBpondin 1 are Wnt activators and have

been shown to be vital components of many aSCs culture experim@iesvers,

Page |15



2016) For example, Satet al (2009) described the culture conditions fanlimited

in vitro expansion that allowthe growth of small intestine epithelial organoids
6 W YA dZih D10 6ingl&@ Dgr5+ stem cells. The Lgr5+nstells were embedded in
Matrigel and cultured in serudree media with Rspondinrl, EGF and noggin (BMP
inhibitor). The miniguts consisteaf all cell types of the intestinal epithelium with
crypt-like structureqSatoet al,, 2009) In contrast, Ootaret al(2009) demonstrated
another approach by culturing neonatal mouse intestivagisting of epithelial and
mesenchymal and organoids grown in collagen undetliguid interface (ALI) with
serumcontaining medium whout defined growth factors. Taken together, these
studies provide important insights into stem céfl vitro culture g/stems with
different approachs either by providing the specific growth factors (Wnsgondin,
EGF and noggin(Sato et al, 2009) or through the incorporation of stromal
componentgOotaniet al., 2009)

FGF provided by the mesenchynsequired for brancing morphogaesis(Jaskoll

et al, 2005) Wells et al (2013) demonstrated that the epithelium leads initial salivary
gland development which is later followed by bud developindinected by FGF
expression in the mesenchyme. Previous studies have suggested that igpithel
progenitor cells can undergo branching morphogenesis without mesenchyme, by
growing cells in a lamininch basement membrane together with growth factors
(Steinberget al,, 2005) In ontrast, recent findings have demonstrated that FGF2
and lamininlll stimulate the branchop and preacinar differentiation of SG
organoids in the presence of E16 salivary mesenchyme(etdisseinit al,, 2018)
Patel et al (2011) suggested #t FGF signallings iimportant for SG branching
morphogenesis, but the onset of bud formartiis still unclear. Thus, | aim to culture
SG cells in Matrigel with or without Myogel at an ALI or traditionally by submerging
in serumfree media containing defed growth factorsuch as Wnt3a,-Bpondinl,

EGF and FGF2 (Chapter 4).

The addition oROCK inhibitor (Y27632) to cell cultures has been shown to enhance
basal cell expansion in airway epithelial cultufe®u et al,, 2016) It has also been

used to permit the suwnvalof dissociated hum@aembryonic stem cell@Vatanabeet
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al., 2007) In contrast, Daleyet al (2009) showed that Y-27632 inhibts branch
formation by inhibiting myosin Il activith mouse salivary glands, even though
shallow initial clefts still formedn my study, 27632 will be included in the media
in the initial stages to promote cell proliferation andoaxsion.and withdrawn from
the mediaat the differentiation stage similar to the previous studies of Nanduri and

Maimets(Nanduriet al., 2014; Maimet®t al., 2016)

1.6.2 The Inhibitors in Enriched Media

Activation of signallig pathways can result in seénewaland proliferation whie
preventing differentiation; thiss required in order to maintain the stem/progenitor
cel population during culture expansid&urung, Werkmeisteand Gagett, 2015)
Transforming grath factori ¢ ¢dddbone morphogenic protein (BMP) signalling
have been recognized to encourage progenitasliperation, migration and survival
(Broutieret al, 2016)while the LIM kinase (LIMK) pathway typically results in actin
cytoskeletal reorganisation, mphogenesis and alted cell motility and invasion by

phosphorylating and inactivating cofil{Morin et al., 2011)

Generally, signalig is initiated whe ligands bindto serine/threonine receptor

kinases, inducing oligomerization and leading to phosphorylatiohetytoplasmic
aAdylrfttAy3d Y2tSOdAZ Sa {YIR mMkpky F2N) GKS
pathway (Refer Figure 1.3). Sth@hosphorylation ten activates the common
signalling transducer Smad4 and leads to translocation to the nu¢ssisierer and

Hill, 2007; Horbelt, Denkis and Knaus, 2@12)¢ D C| arAdylrttaAay3a Ifaz
of target proteinssuch as ROCK through the Rho GTPase (RhoA) pathway. ROCK
kinase phosphorylation increases myosin ATPase activity efilioas actin (Factin)
stabilisation and actimyosin association. The LHKMpathway is activated
downstream of the RhoROCK pathway dninactivates cofilin resulting in actin
polymerization. Even though ROCK and LIMK are located in a linear downstream
pathway of RhoA, theifunctions in actin cytoskeleton regulation are dissami

(Morinet al, 2011)
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Numerous small molecules targetirgignalling pathways involved in preventing
spontaneous differentiation anthaintaining stem cell status for prolonged periods

of time have been tadied. Dosomorphin (DM) has been described to mimic the

function of noggin, the endogenous BMP inhibitor, efhallows the formation of
cardiomyocytes from mouse embryonic stem c@eet al,, 2012) Whereas, DMH1,
dorsomorphin homégue 1, a secondeneration small molecule BMP inhibitor, has

been shown to be a more selective ibtor of BMP Type | receptors than DM. A8301

is a potent inhibitor of thet DCi (& LIS L NI OS LlkexkiNdse) AzKE NJF | Y/
and its relatives Al&Kand ALK7. It has no effect on BMP signalling, but inhibits
epitheliato-mesenchymal transitionyo NI yaF2N¥YAy 3 3INBgGK FI O
signalling. It has been used to m&iin proliferation and selfenewal of mouse and

human iPS cells in culeiwithout feeder layergLiet al., 2009) Furthermore, it also

prevented senescence and apoptosis of cultured human endometrial mesenchymal

stem cellsMSC), andtus may have a role in spontaneous MSC differentiation during

culture expansion(Gurung, Werkmeister and Gargett, 2015hus, DMH1 (as a BMP
AYKAOAG2ND FyR !'yonm 6L iamystug (Chapter B)yfoK A 6 A (0 2
determine their roles in maintaining growth anpreventing the spontaneous
differentiation of SG cells during culture expansion. In addition, SR¥&8afotent

and selective LIM kinase inhibitor, which inhibits cofilin phospladion ard

suppresses migration and invasion of cells in vitro. Henae atttions of SR7826

during the morphogenetic process in SG cell development will be investigated in my

study (Chapter 5).
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1.7 CELL SPECIFIC MARKERS

Salivary units consist of well differentiated functad acinaand ductal structures. In
order to develop threedimensional models oin vitro human salivary glands, in
which cells could form mature salivary gland tissues structures, the structures should
maintain and demonstrate their functional activitl strucures of salivary units
must be capable of establishing tight junctions and-cell adhesion, and competent

to express and produce secretory proteifsadharet al,, 2010)

Besides acinar and ductal cglkalivary glands are also composed of progenitor and
myoepithelial cells. In my study, the cell specific markers to be studied were chosen
based on tlose used in previous studi€ranet al,, 2005; laneet al,, 2010; Nanduri

et al, 2013; Jangt al, 2015) The four goups of cell specific markers that will be
used in this study are for progenitor cells, acinar cells, ductal cells and myoepithelial
cells, as | have olimed above, they are extremely importato salivary gland

physiology and development.

Progenitor cells exist both in embryonic and adult salivary glands. Several markers of
the nucleus, cytoplasm and the cell surface have been used to assess thedftatus
progenitor cells. Nanog, keratin(&K5) and cKIT are weltablished as progenitor

cells markers. Nanog is a transcription factor expressed in embryonic stem cells and
is a key marker dfelfrenewaland in the maintenance of pluripoten¢§orjupet al.,

2009) Previous studies have detected the expressionasfogin embryonic salivary
gland stem cell§Gorjup et al,, 2009)and alsoin the nucleus of primary human minor

salivary gland cell culturgddanget al., 2015)

Cko is an epinelial progenitor mainly expressed in ductal ceBbubinet al (2017)
demonstratedintense staining of CK5 in cells at the periphery of mice SMG cell
spheres(Shubinet al,, 2017) AbundantCK has also been observed in singhdh
derivedmice mini-glands and thus firmlgstablished as a marker of progenitor cell

in embryonc salivary glarngl(Maimetset al., 2016) cKIT, also kiwn as CD117, is a

receptortyrosine kinas@xpressed on the surfacd hematopoietic stem dés as well
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as a variety of normal human cell types, including breast epithelium, germ cells,
melanocytes, immaturenyeloid cellsand mast cellsThe expression aKIT indicates

cell survival, and the ability of the cells to pfetate and differentia¢. cKIT has been
localised to the excretory duct and striated duct cells of mouse submandibular glands
(Nanduriet al., 2013)confirming that the major ducts of salivary glands contain

progenitorlike cells.

Amylase, AQP5 and cystatin C (CSTBbevilised as acinar cell markers in my study.
Amylase, aecretory protein, is aypical marker of serous acinar cgllouznetsova

et al, 2010) The findings ofhan et al (2011) strongly supported the clear expression
of amylase in acinar cells, but not in ductal cells of human parotid gl&ngisificant
expression of amylase has also bdennd in glandular cells of cultured human
parotid gland cell§Jorakuet al., 2005) AQPS5 is a water transportatiesssociated
protein, dso identified as an acinar cell markganget al,, 2015) The nain function

of AQPS5 is to aid the sestion of saliva, tears and pulmonary secretions through the
transport of water moleculesacross cell membranes. This function is carried out in
association with cytoskeletal filaments. A recent study has detkthe expression

of AQPS5 at thepical membane of acinar cellsf cultured cell{Jorakuet al., 2005;
Chanet al., 2010) Signifcant expression of AQP5 has also been found at the lebule
like strucures of mice SG orgaids (Nanduriet al, 2014) Expression in this regn

of the cell suggested that the cultutecells were able to produce water channel
proteins important in regulatig volume changes dn mediating the water
permeability of acinar cells. CST3 is a-gbosylated protein, found mainly in
biological fluig such as sahwvit has been found in theytoplasmic region of primary

human minor salivary gland acinbie cels (Janget al., 2015.

ZO1 and claudirl are tight junction proteins invoéd in signal transduction at cell
cell junctons. Tght junctions play important roles in the secretion of fluisislts and
proteins by epithelial cells. The formation of tight junction is associated with the
functional ability of fluid movement and witthe correct apicabasal orientation
(Tranet al,, 2005; Janegt al, 2015) Both Z@1 andclaudinl, have been detected at
the cell boundary of cultured human patid gland cell§Jorakuet al, 2005) The
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expression of ZQ in the plasma membrane indicates tharfnation of mature cell
cell tigh junctions(Janget al,, 2015) Tran et al (2005) suggested using transepithelial
electrical resistance (TER) measurementalidate tight junction formation. They
found that the cells grown s&.a monolayer expresd ZGL1, displayed tight junction
formation and exhibited a high TER vailnghe apicalbasal orientationE-cadherin

is found within the membrane that surrounds idelial cells, and functions by
helping neighbring cells stick to am another (cell adh&on) to form organized
tissues. Ecadherin is involved in salivary glangitbelial cell seHorganization,
branching morphogenesis and also acinus formafidau and Yamada, 2010)he
expression of theséight junction prokins and cell adhesion proteins will indicate
that our model contains celkhat closely resemble those from the ductal regions of

salivary glands.

Myoepithelial ces are important in assisting the expulsion ofigal Alpha smooth
mdza Of S -BNOA), GDA0 andl p63 are myoepithelial cell markers that have
previously been usetb investigate expression during salivary gland morphogenesis
in human glandglanezet al., 2010¥p ¢ KSe BRAzIR6IWeexpressed

in the myoepithelial cells from the earliest gis of savary gland maturation.

| 26 SOSNE GKS LINBaSyOS 27F [/ 5wmn-SMAlisa T2 dzyF
contractile protein, surrounding the acinar cells to provide a contracting force in
response to neurotransmitters(Chan et al., 2010) The expression of this
myoepithelial cell marker is more abundant around acioséules and at the end of
intercalated ducts as salivary gland morphogenesis progrg$aeszet al., 2010)

CD10 is a cell surfaceamme endopeptidase and is present either epithelial cells

or stromal cells. It has been used as a cell surface marker of the stem cells in normal
breast, lung,adipose and bone tissugd/laguerSatta, Besancon and &eelard
Cascales, 2011CD10 expression was found restricted myoepithelial cells of
mammary gland(Atherton et al, 1994) However, in a review of salivary gland
pathology by Cheuk and CharD(@) CD10, was described as a myoepithelial cell
marker with low spedicity (Cheuk and Chan, 20063 has been reported as a
marker of baal cells in skin and prostate, as well as a myoepithelial cell marker of

mammary glandsnlsalivary glands, p63 expression has been shown in myoepithelial
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andbasalcells of the glandular structures of developing parotid and submandibular
salivary glandg¢lanezet al, 2010) These myoepithelialetl-type specificmarkers
might prove to be useful tools for the identification of myoepéhal cells during the

differentiation of ourin vitro salivary glananodels.

Mucinsare the chief glycoprotein components of saliva, characterized a®gring
secretions and synthesized by epithelial c€lleshimaet al., 2011) MUC5B is well
known as a gel forming murcin human salivgSonessoret al,, 2008) It ismainly
expressed in the ¢gplasm of mucous cells of the submandibular and sublingual
glands and also the submucosal glands of theajis{Rousseaset al., 2008; Pirast

al., 2010) In contrast, Teshima (2011) detected MUC5Bhe luminal border of

excretory ducts.

Mucin 7 (MUCY7) is a low molecular weight nmugith antimicrobial activity and has
been desribed as having interactions with salivary components such as amylase
histatin-1 and statherin. The presence of MUC7 hasrbeeported in a subpopulation

of mucous cells of submandibular glands and labialdgékouznetsovat al.,, 2010)
While, Piludu (2003) indicated that MUC7 wasresgged in both serous and mucous
components ofthe submandibular and sublingual gland with varying intensities

(Piluduet al.,, 2003)

BPIFA2 (SPLUNC2) is a memdfe¢he BP¥old containing family of prote which

are expressed in the upper airways, nose and mouth. BPIFApsessed
predominantly in salivary glands with positive staining in seemirsar cells, negative
staining in mgous acinar cells, and isgeted into salivégBingleet al., 2009) These
celktype makers, MUC5B, MUC7 and BPIFA2, will be used to validate the serous and

mucous acinar cell expression of our models.

HE4 (also known as WFDC2) is a 2 WAmglic Protein (WAP) domadgontaining
protein that wasinitially described as a marker of human agdignis and is also
known to be an ovarian tumour marker geBingle, Singleton and Rjie, 2002;

Bingle et al, 2006; Mooreet al, 2014) In addition, pevious studies have
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demonstrated hat HE4 expression appears in a humber of redriruman tissues
outside of the male reproductive system including aleend upper respiratory tract,
as well as in a subset of lung tumour cell li@@sgle, Singlein and Bingle, 2002)
Further studies have shown that HE4 is also expressed in some epithelial eadls as
asin mucous cells of submucalsglands of the upper airways, and the ducighe
major salivary gland®ingleet al., 2006). Thus, study of the expression of thisnkex

in SG models may raise our understanding of HE4 as a novell nnseker

1.8 TISSUE ENGINEERING SCAFFOLD: POLYMERISED HIGH INTERNAL PHASI
EMULSION (POLYHIPE) SCAFFOLDS

Culturing cells on a scaffold haseen proposed as a solution for engineering a
functional salivary gland. Previous studies have demonstrated attetoptsilture
salivary gland (SG) cells on scaffolds using both natural and synthetic materials.
Shubin etal (2016)showed that encapsulatioof primary SG cells in enzymatically
degraddle poly (ethylene glycol) hydrogel, a synthetic material, promotéckacell
characteristics, but no functional secretion. SG cells have also been cultured in
several typesof ECM drived from natural matdaal, such as the previously
mentioned Matrige] and these matrices are able to support the viability and
proliferation of the cells and to stimulate apicobasal polafiariaet al., 2011) This

type of ECM is, however, impractical farvivoimplantation in humans. Cantaet

al (2012)generated nanofiber, poHactic-co-glycolic acid (BGA) scaffolds to imic

the fibrillar characteristics of the basement membranedehave demonstrated that
while a SG ductal epithelial cell line attec andproliferated,they were not able to

fully polarize.

Various polymers and natural materials haveeh engineered to reate scaffolds
that mimic structures in the natural envirorent. The synthetic polymers must be
prepared with a porous microstruate as micreporosity plays a vital role in
increasing cell attachment, growth and also protein absorptidhus, emulsion
templating usindnighinternal phase emulsions (HIR B whichthe continuous phase

consists of monomer and crosslinker, and theem@l phase (aqueous phase)
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constitutes the majority of the total volume, is the best technique for introdg
micro-porosity within a scdbld (Wanget al,, 2016) PolyHIPEcaffolds serve as an
excellent matemal for tissue engineering as it is highly porous with interconnected
porosity which enables the transpottan of oxygen, nutients and metaolic waste,
as well as the migration and prf@ration of the cell{Owenet al, 2016; Wangt al.,
2016) Besdes, the thickness of PolyHIRBNoliths also affect cell penetration. Thus,
by using microsteredhography, the individual fibr@ depth limit can be creaid
specifically for ckkingrowth and plasma penetratioffkay, Birch and Bokhari, 2004;
Owen et al, 2016) My study uses emulsion tertgting in combination with
microstreolithography to fabricate PolyHIPE scaffplavhich were seeded with
human salivary gland cells. Our aim was neestigate the potential of PolyHIPE
scaffolds as cell delivery vehicles for the SG model timipéantedin vivoand also

for regenerationof fundional salivary gland tissue.

1.9 ORGNOIDS AS MODEL FOR INFECTIOUS DISERSHYLOCOCCUS.
AUREUS

Theoreically, organoids are suitable for infectious disease studies as unlike cell lines,
they closely represerll cellular components of a giwergan A notable example of
this has been th use of human stomach organoids grown from adult stem cells which
it has been shown can be effectively infected by the gastric pathdgelicobacter
pylori (Bartfeld and Clevers, 2015This is further exemplified istudies using
forebrainspecific organoids from human induced pluripotent stem cells (iP®Cs) t
investigate infection by Zika virus (ZIKM)e infeced forebrain organoids with ZIKV
resulted in productive infection of neural progenitors, increased celkatde
decreased proliferation and reduced neuronal daller volume, hence closely
resemblingmicrocephaly(Qianet al, 2016) Furthermore, Qian et al (2016) also
described the development of braiegion-specific organoids using miniaturized
spinning bioreactor as models for ZIKV expostiteus organoid technology has

significant potentidas a tool for traslational research.
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Staplylococcus aureus the most common cause of salivary gland infectaften

referred to as SialadenitiKukitaet al, 2013. The infection can be caused by

reduced salivary flow due to blockage or inflammation gf & £ A @I NBE RdzOG X
syndrome or radiatiortherapy for head and neck ceer (O Lewiset al,, 1993) My

study inwlved preliminary experiments to estagti thepotential of my SG organoids

as a suitable model for the study of hgsathogen interactions.

1.10 AIMS AND HYPOTHESIS

The primary aim of this study is to devplanin vitro 3D culture system of human
salivary glands through the optimisation ofayvth conditions that will allow salivary
gland cells to grow and replicate vivoin a similar manner to that viva Another
aim is to verify the phenotypic anflinctional characteristics of the cells in the
cultures to ensure they resemble, as closaly pssible, those growingn vivoby
investigating the expression of cedpecific markers usingeversetranscription
polymerase chain reaction (RFPCR), immunokiochemistry (IHC) and
immunofluorescence confocahicroscopy (IFC). A further aim is toesticate the
potential of the SG model fan vivotransplantation using &iodegradable scaffold
as a vehicle and a final aim is to utilise the SG model as ddodhe study of

infectious disease.

The main objetives of this study are:

1. Establishmentof in vitro models of human salivary glandVe will establish
culture conditons using HTB41 cells and transfer the knowledge gained to the
culture of normal human aivary gland cells. There are two specific
objecties:

a. To determine the optimal culture calitions for the development oin
vitro models of human salivary glands ngi HTB41 cells and to
investigate the expression of specific cell markers byPBR and

immunohistochemistry.
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b. To determine the optimum metheb for the isolation of normal human
salvary dand cells from major gland tissue, to establish 3D models with

thesecells and to investigate the expression of specific cell markers.

2. Development of organoid models of human salivary glantle will use the
data from objective 1 to develop and u$wiman salivary organoids. Two
specific objectives are:

a. To develop an organdimodel of human salivary glands using normal
sublingual gland cedll
b. To utilise the model for the study of the pathogenesis of infectious

disease withStaphylococcuaureusas a nodel nfectant

3. Human salivary glandrganoid models cultured in differentedia. We will
adapt culture conditions through the addition of spic TGB signalling
pathway inhibitors to the culture media to investiig the effects of

differentiation factas onthe development of SG organoids.

4. Polymerised High Internal Phase Ersigdn (PolyHIPE) scaffold$Ve will
culture SGs cell on biodegradable Polymerised High Internal Phase Emulsion

(PolyHIPE) scaffold&th a long-term view of transplanting thesi vivo.

Our hypothesis is that the salivary gland cells can be manipulateduliyre

conditions to mimt thein vivosituation.

1.11 SIGNIFICANCE OF THIS STUDY

This study describes the isolation of human SG déksestablishment of culture
conditions for growing SG organoids and its potential for translational study by
infecting with a known pathogen. | will demonstrate the ability of human salivary
gland derved cells to proliferate, differentiate and se#new in vitro forming
branchng SG organoidihat expresscell specific markers when grown in defined

culture media withessential niche factors that mimic the vivo environment.
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Furthermore, | will demostrate our approach for future regenerative studies
through the use of PolyHIPE scaffoldsadset @ S fiérAinQrivdira@nsplantation.
This study will provide necemy and fundamental information for future
applications in developing an artificialliszary gland, with the potential to act as a

new treatment for salivary gland dysfunction.
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CHAPTER 2

General Methodology



CHAPTER 2: GENERAL METHODOLOG
2.1 MATERIALS

All chemicals used in this studyere molecular biology or cell culture grade and

purchased from SigmaAldrich, Gillingham, DorsetKJ unless otherwise stated.

2.2 BASICELL CUTURE TECHNIQUE

All cell culture work was carried out in Class Il f@aniflow hoods (Walker Safety
CabinetsGlossop, Derbyshire, UK). Laminar flow hoods and equipment used within
them were sterilised priord use with either 70% (v/v) industrialethylated spirits
(IMS) or autoclave sterilisation. All cells were incudate 37°C in humidified
incubators with5% CO2.

2.2.1 Cell Culture/Thawing Cells

A vial containing cells in cryopreservation medium wasaesd from the storage
tank and the cellsverethawed rapidly by placing immediately in a 37°C water bath.
The vialwas wiped with 70% IMS before opening. The vial contents were transferred
into a20 mL tube; 10 mL of fresh culture medium was added slowdydrop wise
manner before centrifugig at 1,500 rpm for 5 minutes. The supernatant was
discarded. 12 mL of fs@ culture medium was added to resuspend the cells, which
were then transferred ito a new T75 flask. The flask was examined under the

microscope to check cell viability and inaied & 37°C in 5% Chcubator.

2.2.2 Culture and Passage Cells

Cells areeady to passage at around 80% confluency. The old medium was removed
andthecé f & HSNB 6+ aKSR ¢AGK p Y[ biffereda3d FNB
saline (PBS) before 5 mL tryp&DTA0.05% trypsin/ 0.02% EDTA wi/v) was added

and the flask incubated fo2 minutes at 37°C. The flask was observed under a
microscope to ensure detachmenof cells and 10 mL of fresh medium was added

into the flask to inhibit the action of trypsin.h& mixure was pipetted several times

to detach all the cells. A new T7ask with 12 mL fresh culture medium was

Page |30



prepared and 500 pL of cell suspensiomed. The cells were incubated at 37°C in

5% CQincubatorand fresh culture medium replaced evetyo 3 days.

2.2.3 Counting Cells

When required, after trypsinization csliwere transferred into 15 mL tubes and
centrifuged at1,500 rpmfor 5 minutes. Bpernatant was discarded; 10 mL of fresh
culture medium wa added and mixed well. Approximately (AL & cell suspension
was transferred to a haemocytometer drbserved undr a microscopeAll viable
cells were counted in the four corner squares. Thenida below was used to

determine the number of cells penillilitre.

Concentration (cells/ml) Number of cells X Dilution factor X*10

4 (squares)

Totalnumber of cells = Concentration (Is&iL) X 6lume of sample (mL)

2.2.4 Freezing CHd

Before freezingthe cellswerein log phase. After trypsinizing and caing, the cells
were mixed with cryopreservatiomedium (0% DMSOn cell growth mediu
aliquoted into 1 mL cryovial, and placed in Mp#$ty at-80°C overnight foslow
cooling Thecryovial was then put into vapour phase of liquid nitrogen for foeign

storage.

2.3 PREPARATION OF CELL CULTURE MEDIUM

Adenine
330mgadenine powder was mixed wittDOml of 0.1M hydrochloric acidHCI) util
the powder dissolved cupletely. The soltion was filter sterilised, aliquoted int®

mL with a concentrationf 1.8x1M andstored at-20°C.
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Hydrocortisone

40 mg of hydrocortisone powder was added to 4 mL of 100% ethanol and mixed
before 36 mL DIEM was added to make uf0X concentratin which was filtered

and stored in 5 mL aliquots &0°C. One 10X conceate aliquot was added to 45

mL DMEM resulting in a final concentration of 100 ug/mL and this was stored in 2 mL

aliquots at-20°C.

Epidermal Growth Factor (Humandtombinant fromE. cdi)
200 pgof EGRwas dissolved in 10 mL of DMEM containingel@CS0.5 mL aliquots,

with a final concentration of 10 pg/mL, were stored-2€°C.

Cholera Toxir{extracted fromVibrio cholera)
0.5 mg was dsolved in 1.67 mL of stée water and tred at 4°C. Half of this stock

was diluted in 50 mL of sterile water toake a final concentration of 10M.

HTB41
HTB41 cell line is derived from a submandibular mucoepidermoid tumour. HTB41
cellswerecultur® Ay aO/ 2&8Qa p! Y2RdasshdRinTadeR A |

2.1. 500 mL media were made at a time, stored at 4i€used for up to one month.

Volume and stock Final
Component . . Storage
solution concentration
~ w w I
ac/2e0a pl 440 mL 4°C
modified
5 mL of 10,000 100 i.u./mL
- . i.u./mL perncillin and | penicillin and 100
Pencillin/Streptomycin P P -20°C
Mmanznnann > >g/mL
streptomycin streptomycin
FetalBovine Serum 50 mL 10% -20°C
L-Glutamine 5mL 2 mM -20°C

Table 21 HTBA41 cell culture medium
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Primary Human Salivary Gldn(HuSs) Cells

Primary HuSGells were cultured in KGM medium. 500 mL metss made at a

time (Table 2.2, stored at 4°C and used for up to one month.

Volume and stock Final
Component . . Storage
solution concentration
°dA 650020a Y 335 mL 4°C
9 3f SQa(DHEBVRA 1:3
11 L
Nutrient Mixture F12 HAM >m 4°C
5 mL of 10,000 100 i.u./mL
- _ i.u./mL penicillin | penicillin and 100
Penicillin/Streptomycin N -20°C
et promyc! YR mMnZn| >3K Y[
streptomycin streptomycin
Fetal Calf Serum 50 mL 10% -20°C
L-Glutamine 5mL 2mM -20°C
Adenine 5mL 1.8x10*M -20°C
Hydrocortisone 2 mL nodp >3y -20°C
Epidermal Growth Factor pnn >] 10 ng/mL -20°C
Cholera Toxin pnn >]| 1019Mm 4°C
Insulin Hpn >] p >3kKY| 4°C
Table 22 KGM medium

2.4 REVERSERANSCRIPTION POLYMERASE CHAIN REACTION

2.4.1 Sample Preparation

Total RNA was extracted fromssue and from cultured cells using ¥&Aagent

I OO2NRAY 3 G2

idKS

YI ydzF I Ol dzNB ND &

Ay & NHz

homogenized by mincing andnL TRteagent added. The volume of the tissue did

not exceed 10% of the volume of the FBAagent. Cultured cells, were collected by

centrifuging at 15,000 rpm for 5 minutes at 10°C. The supernatant was removed and

the pellet lysed in 1 mL TRdagentby repeated pipetting. After cells had been

homogenized or lysed in FRIagent, the samples were@ed at-20°C before RNA

isolation.
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2.4.2 RNA Isolation

Samples were thawed and equilibrated to room temperature (RT) by leaving to stand
for 5 minutes b ensure complete dissociation of nucleoprotein complexes. 200 pL
of chloroform was added to the sgte and mixed vigorously by vortexing for 15
seconds. The samples were left to stand for 5 minutes at RT. The mixture was
centrifuged at 12,000 rpm for 5L minutes at 8°Cresulting in three phases: a
colourless, upper aqueous phase containing RNA, arpinése containing DNA, and

a lower red organic phase containing protein.

The RNA containing phase was transferred into a fresh tube, 500 pL of isopropanol
for each 1 mL of TRéagent used was added to each sample and mixed well by
vortexing. The samplewere allowed to stand for 5 minutes at RT, and then
centrifuged at 12,000pm for 10 minutes at 8°C. A pellet of RNA precipitate was
formed on the side and bottom of the tube. The supernatant was removed and the
RNA pellet washed by adding 1 mL of 75B&eol. The samples were centrifuged at
7,500 rpm for 5 minutes at 8°Cll &thanol was removed and the RNA pellet left to

air dry for 10 minutes. Finally, 20 pL of water was added to the RNA pellet and mixed
by repeated pipettingo resuspendhe RNA.

2.4.3 RNA Quantification using Nanodrop
bl y25NRLIM mnnn { CHSrMo MsRerBeRniife, Y. QughSdxdugh, UK)
was used to quantify the RNA. An acceptable 260/280 ratioxlias

2.4.4 Denaturing Formaldehyde Agarose Gel Electrophoresis

Formaldehye agarose gel electrophoresis was carried out to visualise the RNA and
determine its integrity. A 1% (w/v) agarose gel was prepared in MOPS/EDTA buffer
with formaldehyde. This step was carried out in a fume hood. The gel mixture was

poured onto the assmbled geicasting tray and allowed to set.

3 UL of each RNA sample waslad to 3 pL of RNA loading buffer containing ethidium
bromide (Thermo Scientific, RO6%&nd mixed gently. The RNA mixture was heated
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to 70°C for 2 minutes and loaded into the wellhe agarose gel was run in 1X
MOPS/EDTA buffer at 70V for 30 minutdsthidium bromide staining of RNA in
agarose gels visualized two distinct bands, corresponding to the 28S and 18S
ribosomal bands (rRNA). The 28S rRNA band should have an intefisity o
approximately twice that of the 18S rRNA band. The band images wevgettq

using a Syngene GBbc system with InGenius 3 GENEsys software.

2.4.5 Reverse Transcriptio#olymerase Chain Reaction (RCR)

One microgram of total RNA was reverse trarssli with random primers and
oligo(dT) primers, and the polymerase chaimatton (PCR) was performed using
specific primers as shown the following sequences belawPrimers were designed
usingsequence information fornEnsembl(www.ensembl.org) and prier3 Input

(primer3.ut.ee). Primers were purchased from Sigftdrich, Dorset, UK.

Briefly, the RT step involved incubation at 37°C for 60 minutes and 95°C for 5 minutes.
The PCR amplification was conducted udiraximaHotstart green PCR master mix
(MMX) (Thermo Scientific, K1061). 35 cycles of 95°C for 1 minute, annealing at 60°C
for 1 minute, and extension for 1 minute at 72°C was ended by a final extension step

at 72°C for 7 minutes.

PCR products were visualized on 2% asgugels in TE buffer staid with ethidium
ONBYARSO® mn >[ 2F SIFIOK alyYLXS é6la t2FIRS
80V for 60 minutes. A GeneRuler 100bp DNA ladder (Thermo Scientific, Cheshire,

UK) was used as a marker. The band images vegp@rad using a Syngene &bc

system with InGenius 3 GENEsys software.
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Following sequences were optimized:

Keratin 5

HUKRTH1
HUKRTHR1
HUKRTH-2
HUKRTHR2

Nanog

HUNANOG-1
HUNANOGR1
HUNANOG-2
HUNANOGR2

cKIT

HucKITF1
HucKITR1
HucKITF2
HucKITR2

Amylase

HUAMY1AF1
HUAMY1AR1
HUAMY 1AF2
HUAMY 1AR2

Cystatin C
HUCSTF1
HUCSTR1
HUCSTF2
HUCSTR2

CCAGGAGCTCATGAACACCA
GCTTCCACTGCTACCTCCG
GAGATCGCCACTTACCGCAA
ACACTGAGCCCACCACCTA

TGTGTTCTCTTCCAGIC
AAAGGCTGGGGTAGGTAGGT
CACCCAGCTGTGTGTACTCA
TGGGGTAGGTAGGTGCTGAG

GAAGGCTTCCGGATGCTCAG
GTCTACCACGGGCTTCTGTC
GCCCTGAACACGCACCTG

CCGACAGAATTGATCCGCAC

ACTGTGGCAATGACTGGGT
TCTCCAGAAATGACATCACAGT
GACTGGGTCTGTGAACATCGA
TGAGCTTTGCCATCATCAGA

AACCACGTGTACCAAGACCC
GGGGTAAACACTTCCCAGCA
CCTTCCATGACCAGCCACAT
CCCAGTCAGAGAAGGAA
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Vi.

Vil.

viil.

ECadherin
HUCDHIF1
HUCDHiR1
HUCDHIF2
HUCDHiR2

Zona Occludin 1

HuZO1F1
HuZO1R1
HuZO1F2
HuZ1-R2

Claudin 1

HUCLDNF1
HUCLDNR1
HUCLDNEF2
HUCLDN-R2

GACACCCGGGACAACGTTTA
GGGTCAGTATCAGCCGCTTT
GAAGGAGGCGGAGAAGAGGA
AGAATCATAAGGCGGGGCTG

ACALAGCATCCTTCCACCT
GGATCTCCGGGAAGACACTTG
CGAAGGAGTTGAGCAGGAAA
AACACAGTTTGCTCCAACGA

AATCTTTGTGGCCACCGTTG

CCAGTGAAGAGAGCCTGACC
TGGAAGACGATGAGGTGCAG
AAGGCAGAGAGAAGCAGCAG

Smooth Muscle Actin

HUSMAF1
HuUSMAR1
HUSMAR2

HUSMAR2

CD10

HuCD1€F1
HuCD1eR1
HuCD1€F2
HuCD1€R2

GGCAAGTGATCACCATCGGA
GGAGCCACCGATCCAGACA
CCTGTTCCAGCCATCCTTCA
GCCACCGATCCAGACAGAG

AAATTACTTCCTGGACTTGACCT
GAAGATCACCAAACCCGGCA
TCCTGGACTTGACCTAAATCACA
CCCGGCACTTCTTTTCTGGA
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Xi.

Xii.

Xiil.

Xiv.

XV.

p63

HuP63F1
HuP63R1
HuP63F2
HuP63R2

Mucin 7

hMUC7F1
hMUC7R1
hMUCZF2
hMUC7ZR2

MUCSB

hMUC5BF1
hMUC5BR1
hMUCS5BF2
hMUC5BR2

Cystatin 1
hCST#1
hCSTR1
hCST#2
hCSTIR2

Cystatin 5
hCST51
hCSB-R1
hCST&8-2
hCSTHR2

CTCTCCATGCCATCCACCTC
AGGAGAATTCGTGGAECT
CCCACAGATTGCAGCATTGT
GCAGGAGATGAGAAGGGGAG

GGCTAAAAGCAAGCAACTGG
TTGGGTGATTGGTGATGATG
CTGCACCAGGAGACATCAGA
CAGCGTTTGTGCAGACATTT

CAACAGCCATGTGGACAACT
CTCGCAGABSGGATGTTGA

CTGAGGGTGGAGTCCATTTG
GGGCCTCTGCTGAGTACTTG

ACTTCGCCATCAGCGAGTAT
GAAGGCACAGGTGTCCAAGT
CAAGGCCACCAAAGATGACT
TTGACACCTGGATTTCACCA

CTTTGCCATCAGCGAGTACA
ATCCTCCCAGGGAACTTCAT
GAAGTTCGGTCGAACCACAT
GTGGGAGTAGGAGGTGGTCA



xvi.  Aquaporin 5
HUAQPS-1 CATCTTCGCCRCTGACT
HUAQPSR1 TGGGGAAGAGCAGGTAGAAGT
HUAQPS-2 TCCATTGGCCTGTCTGTCAC
HUAQPER2 CTTTGATGATGGCCACACGC
HuAQPSF3 GGTGGAGCTGATTQIGA
HUAQPER3 CTCAGGGAGTTGGGGAAGAG
HUAQPS5-4 TCTACTTCACTGGCTGCTCC
HUAQPER4 GGTCAGCTCCATGGTCTTCT
HUAQPS-5 ATGGTGGTGGAGCTGATTCT
HUAQPERS5 CCCTACCCAGAAAACCCAGT

xvii. HE4
HE4VOF CCGACAACCTCAAGTGCTG
HE4VOR CGAGCTGGGGAAAGTTAATG
xviii. hOAZ1
hOAZ1F1 CCAACGACAAGACGAGT
hOAZ1R1 AGCGAACTCCAGGAGAACTG
hOAZ1F2 AAACGCATTAACTGGCGAAC
hOAZ1R2 CGGTTCTTGTGGAAGCAAAT

2.5 HISTOLOGICAL ANALYSIS OF 3D MODEL

2.5.1 Fixing and Processing 3D Model

The fixing process ensured samples were dehydrated, cleared and ready for paraffin
wax embedding. Samples were washed in PBS twice and placed directly7itio 3.
formaldehyde for at least 24 hours at room temperature prior to histological
processing. Samples were processed overnight using a Leica TP1020 benchtop tissue

processor as stvan in Table 23.
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Samples were then bisected and embedded in molten parax using a Leica

EG1160 embedding station and were embedded perpendicular to the bottom

surface of the mould so that they could be cut in the correct orientation.

Pot Time Vaaum
1. MISS MISS MISS
2. 70% ethanol 15 mins No
3. 70% ethanol 15mins No
4. 70% ethanol 15 mins No
5. 95% ethanol 15 mins No
6. 95% ethanol 15 mins No
7. 100% ethanol 15 mins No
8. 100% ethanol 15 mins No
9. Xylene 15 mins No
10. Xylene 15mins No
11. WAX 15 mins No
12. WAX 15 mins Yes
Table 23 Short processing run

2.5.2 Sectioning Blockof the 3D Model

Samples embedded in wax blocks were cooled on ice for at least 20 minutes prior to

sectioning using a Lei@&M2235 microtome. 5 pum sections were cut, mounted onto

SuperFrost®Plus slides and left to air dry. Before staining, the slides were heated in

an oven to ensure the section was fully adhered to the slide.

2.5.3 Haematoxylin and Eosin (H&E) Staining

Sampes were stained with haematoxylin and eosin using a linear staining machine

(seeTable 24), mounted with DPX and imaged using an Olympus BX51soape

with Cell"D software (Olympus soft imaging solutions, GmbH, Mlnster, Germany).
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Process Solution Duration
To remove the wax from the section Xylene 45 seconds
Xylene 45 seconds
Xylene 45 seconds
To gradually rehydrate the section 1006 Ethanol 45 seconds
10 Ethanol 45 seconds
95% Ethanol 45 seconds
95% Ethanol 45 seconds
To stain basoplhc parts of the section (ce] Haematoxylin 45 seconds
nuclei) Haematoxylin 45 seconds
To wash off excess Haematoxylin Running tap water | 45seconds
To differentiate the sample 1% Acid Alcohol | 45 seconds
To wash off acidic alcohol Running tap water | 45seconds
¢t2 AYONBlIasS GKS qa{O02dGi0Qa (45seconds
haematoxylin stain
¢2 ¢glakK 2FF alfti Running tap water | 45 seconds
substitute
To stain eosinophilic parts of the section | Eosin 45 seconds
To wash off excss eosin stain Running tap water | 45 seconds
To gradually dehydrate the sample 95% Ethanol 45 seconds
95% Ethanol 45 seconds
100% Ethanol 45 seconds
100% Ethanol 45 seconds
Clearing Xylene 45 seconds
Xylene 45 seconds
Xylene 45 seconds
Table2.4 Haematoxylin and eosin staining procedure
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2.5.4 Immunohistochemistry
Immunohistochemistry was performed on 5 um sections. The same method was

used for all antibodies apart from the antibody dilution, antigen retrlestap and

blocking serum used (sé@eble 25).

. ) Supplier Dilution in Antigen
Primary Antibod Serun )
y y (Cat. No) Serum Retrieval
Monoclonal Mouse Arti Sigma
1:300 Horse Yes
AMY1A, clone 2D4 (WH0000276M4)
Polyclonal Rabbit Anti Atlas Antibodies
1:500 Goat Yes
AQP5 (HPAO6008)
Polyclonal Rabbit Anti Eurogentec,
. 1:500 Goat No
BPIFA2 Belgium
Polyclonal Rabbit Anti Dako
) 1:100 Goat Yes
Human CD117, ckit (A4502)
Monoclonal Mouse Anti
) Vector
Human Cytokeratin 5, (VRCA400) 1:100 Horse Yes
Clone XM26
MonoclonalRabbit Anti Abcam
; 1:500 Goat Yes
Cytokeratin 7, EPR1707 (ab181598)
Polyclonal Rabbit Anti Santa Cruz
. 1:500 Goat Yes
Mucin 5B (H-300)
Monoclonal Mouse Anti Novusbio
Human MUCY7, Clone (NBP250391) 1:500 Horse Yes
4D21D7
Polyclonal Goat AnZO1
) ) . ) Abcam )
tight junction protein 1:500 Rabbit No
) ) (ab190085)
antibody¢ Gterminal
Monoclonal Rabbit Ani
E-Cadherin, EP70QY Abcam
1:500 Goat No
Intercellular Junction (ab40772)
Marker
Monoclonal Mouse Anti Dako
Human Smooth Muscle 1:50 Horse Yes
. (M0851)
Actin, Clone 1A4
Monoclonal Mouse Anti Dako
1:100 Horse Yes
Vimentin, Clone V9 (M0725)

Table 25

Primary antibodies, suppliers, dilutions, serum, and antigen retrieval.
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Slides were devaxed twice for 5 minutes in xylene and rehydrated twfoe 5
minutes in absolute ethanol. Endogenous pedase activity was neutralised with

3% hydrogen peroxide in methanol for 20 minutes. Slides were then rinsed briefly
for 5 minutes in PBS. Antigen retrieval was performed at this point (if needely, usi
0.01M sodium citrate buffer. The slides were sulnged in the buffer, microwaved

on medium heat for 8 minutes and rinsed for 5 minutes in stirring PBS. The slides
were blocked against nespecific binding with 100% normal serum for 30 minutes

at roomtemperature. The normal serum used was dependent upperanimal used

to raise the secondary antibody. The primary antibody was diluted in the same

blocking serumTable 25), and slides incubated overnight4£C.

The slides were washed twice for Smaies in PBS, and a Vectastain® Elite ABC kit
6+SOG2N) f1roax tSIHISNDP2NRdzAKXE ' YO dzaSR | O
Following two 5 minutes washes in PBS, the DAB solution, made according to

Y Iy dzF | O GtdmtidhdNeEtor Aabsy Peterboroulhk), was added to the slides

and left for 10 minutes. Slides were washed for 5 minutes in distilled water and
counterstained with haematoxylin using a Leica ST4020 staining machin€gbke

2.6) before dehydratingmounting with DPX and coverslipping'he slides were

imaged using an Olympus BX51 microscope with Cell*D software (Olympus soft

imaging solutions, GmbH, Minster, Germany).
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Process Solution Duration
To stain basophilic parts of tleection (cell Haematoxylin 30 seconds
nuclei) Haematoxylin 30 seconds
To wash off excess Haematoxylin Running tap water| 30 seconds
To differentiate the sample 1% Acid Alcohol | 30 seconds
To wash off acidic alcohol Running tap water| 30 seconds
TOAYON‘.Bl-a.IS UKS aot dz 200G 0a § 30seconds
haematoxylin stain
¢z . ghak 2%% abtu TN Running tap water| 30 seconds
substitute
95% Ethanol 30 seconds
To gradually dehydrate the sample 95% Ethanol 30 seconds
100% Ethanol | 30 seconds
100% Ethanol | 30 seconds
Xylene 30 seconds
Clearing Xylene 30 seconds
Xylene 30 seconds
Table 26 Haematoxylin staining procedure

2.6 IMMUNOFLUORESCENCE STAINING

2.6.1 Sample preparation

A specific serum, dependent on the animal used for secondary antibodigtion,

was diluted 1:10 in PB8ith 0.5%(v/v) Triton X100and used for permeabilisation

and blocking buffer.For dual immunocytochemistry, the primary antibody solution

was prepaed by adding both antibodies in permeabilisation/blocking buffer using

dilutions given in thélable 27. Then, two secondary antibodies specific for either

mouse or rabbit primary antibodies but both raised in Goat were used Tsbée

2.8).
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Supplier Serum for

Primaryantibody Dilution

(Cat. No) Buffer

Monoclonal Mous AnttHuman Vector

_ 1:100 Goat
Cytokeratin 5, Clone XM26 (VRC400)
Monoclonal Mouse ArFHAMY 1A, Sigma 1:300 Goat
clone 2D4 (WH0000276M4) '

. AtlasAntibodies

Polyclonal Rabbit ARAQP5 1:500 Goat

(HPA065008)

Polyclonal Rabbit ARBPIFA2 Eurogentec, Belgm | 1:500 Goat

Monoclonal Rabbit Ani

Ab b181598)| 1:500 | Goat
Cytokeratin 7, EPR17078 cam (a ) oa

Monoclonal Rabbit Ani: Abcam
Cadherin, EP70Q¥Intercellular 1:500 Goat

) (ab40772)
Junction Marker

Table 27 Preparation of primary antibads

Secondary antibody Dilution Target primary antibody
Alexa Fluor 488 Goat antbbit Ab. Cat 1:200 AQP5, CK7, BPIFAZ2,
No- A11011. (Green) ' Ecadherin

Alexa Fluor 568 Goat antiouse Ab. Ca
No- A11001. (Red)
Table 28 Preparation of secondary antibody.

1:200 CK5, AMY

2.6.2 Transwell Fixation

The medium from the basal compartment was aspirated and the apical surface of
transwell membrane was washed with PBS three times. [BO0f 100% iceold
methanol was added to the ag@tside and 1 mL to the basal compartment and left

at 4°C for 20 minutes. The transwells were washed three times with PBS, 500 pL of
PBS added to the apical chamber and 1 mL to basal compartment beforggsabr

4°C prior to the next step, but for no Igar than 1 week.
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2.6.3 Immunostaining

PBS was aspirated from both compartments before adding 300 pL of
permeabilisation buffer to the apical surface. The plate was then placed on a shaker
at 80 rpm for lhour at room temperature. The permeabilisatiduffer was
aspirated from the apical surface, which was washed once with PBS before adding
300 pL of primary antibody solution. The plate was again placed on a shaker at 80
rpm at 4°C overnight. The primyaantibody solution was aspirated from the apical
surface, which was washed twice with PBS and 300 pL of secondary antibody solution
added. The plate was wrapped with aluminium foil and placed on a shaker at 80 rpm
for 1 hour at room temperature. The swwdary antibody solution was aspirated and

the apcal surface washed twice with PBS in the dark or low light. The membrane
was cut from its plastic scaffold using a scalpel, held carefully with forceps and placed
cell side up on a microscope slide. Amliaf DAPI mounting medium (Vector; H
1200) was aded and left for 2 minutes before covering with a glass coverslip, which
was sealed with nail polish and left it at room temperature to harden. Slides were

stored at 4C prior to analysiasing a confocal raroscope (Nikon Al+, Surrey, UK).

2.7 CONFOCAUICROSCOPY

Confocal microscope Nikon A1+ was used for imaging SG organoid saropdést-
up, allthe power to the microscopémotorized stage, piezo Z stage, halogen lamp,
mercury lamp, control box A,dar, and controller) were turned on. Then, the\Ww&s

started by switching the POWER button and-Bl&Snents software was run.

The slidavas placed on the microscope stage and sample was observed through the
microscopestarting with low magnification’x10magnification lens)
Image acquisition conditianwere determined by following steps:
i CK&SY20S Lbhaios Wi 2lickgdQo reset blinking and enable
laser oscillation with the software.
il. The laser and channel to be used (DAPI, Alexa 488 and Al8xavére

selected.
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Vi.

¢tKS 6{ OFyQ 0 dzind theyi laserd pawerCaihdh Y/ (&Rctor
aSYyarlArAgrideo ¢SNBE R2dzaliGSR gKAES OKS
as the standard setting anadjusted to balance the background image

¢KS Wt AESt O& ik &MIQl % AzlokKuR YaRIRWYTS tabK S
wasused during adjustmentib control oversaturated or undersaturated

pixels.

The number of pixeleecessaryor resolution was set (for example pixel

dwell was 12.1, and size was 5%25129. Pixel dwell indicates laser
application time per pixel, thuke larger the valughe brighter the image

that can be acquired.

¢CKSYZ (KS W/ ILIWdz2NBQ odzitz2zy o1 a Of A0
was saved in nd2 file format.

For zstack images, theapture ZSeries tab was openddy R (1 KS W5 ST A
2L 9 0200RX QOO0 HZ 008K ¢KSy> GKS W{ Ol
the focus knob of the microscope was moved while checking the image,

YR GKSYy GKS W¢ 2 Ld@s cickebtodtet@rinide2tle Q 0 dzi (
position. The top position was determineghen the focus knob was

moved in the direction where the value of the plane in the cube increases,

whilst opposite for bottom positorb SEG 2 (GKS ydzyo SN 2F \
gla RSUSNINAYS | yR waKclcked 8 aadpyrestbck 6 Q 0 dzil

images.The images were saved in nfi2 format.

Fiji (ImageJyoftware was used tanalyse the stack images.
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CHAPTER 3

Establishment of In Vitro
Models of Human
Salivary Gland



CHAPTER 3: ESTABLISHMENT OF IN VITRO MODELS OF HUMAN SALIVARY GLAND
3.1 INTRODUCTION

At present, witlout a reproduciblejn vitro human, salivary gland, model, it is not

possible to fully investigate the development of a number of salivary gland disorders
adzOK & Gdzy2dzNJ RS@St 2 LIV S yassbciatbdeidfeatiodsy Qa a
Radiotherapy for headnd neck cancer, and chemotherapy for raral cancers, can

lead to salivary gland damage, reduced salivary flow, xerostomia and a-easest

scenario of evere, debilitating mucositis with potentially lifareatening systemic
infections(Fenget al., 2009; Chaet al,, 2011; PradhaBhattet al., 2014; Jangt al,,

2015) Salivary epithelium is eventually replaced by fs&tretory tissue and thus

loses it secretory abiy. This results imumerous clinical problems including
infections of the mucosa and teeth, impaired speech, difficulty in swallowing, and so
greatly ilkJ- Oda 2y (KS LI (Fengtyali 2089; Ghdmt &.,A2018) 2 F f A
Around 300,000 to 500,000 patients worldwide develop xerostomia due to radiation

therapyannually(Vokeset al,1993).

Currently, the administration of saliva substitutes and sialogoguethasonly
treatment avaiéble to these patients. However, such medications have only
transient effects and must be frequently administer@librakuet al., 2005; Nelson,
Manzella and Baker, 2013 herefore, the introdutn of tissue engineering to this
field and the creation of an artificial salivary gland is the ultimatetsmiuor such

patients.

The took presently available to try to elucidate the basis of disease, or to develop
artificial, replacement glands, @eitherin vivomodels or monolayer cultures of cells.
However, there are limitations using these; one of firodems associated with the
useof animal models in the study of human disease is the extrapolation of results
from the animal to the human situation; while molayer cultures of cells do not
faithfully replicate the cell of origin. Thus, the use ahpary cells represents the
best ogion for the investigation of the disease process and also for the creation of

an artificial salivary gland because they moesely resemble native tissue.
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Salivary glands consist of three major glands the parotid, irsgushl and
submandibular glan@Patel and Hoffman, 2014 Salivary glands are exocrine organs
which are responsible for the secretion of saliva, a fluid that contains tiiges
enzymes, growtliactors, lubricating mucins and antimicrobial agents. This isalrit

for the maintenance of oral dalth, for mastication, the onset of the digestion
process and swallowing, for speech and general con{fohanet al, 2011) The

main types of cells found in salivary glands are acinar, ductal and myoepithelial cells
(hanet al, 2010)and specific cell markers for these cell type8 be used in this

study.

A previous studyemonstrated that when the HSG submandibular salivary gland cells
were cultured in Matrigel, they were able to produce 30naclike cells(Maria et

al.,, 2011) Charet al,, 2011 demonstried that humanparotid gland acinar cells will
spontaneusly grow as eitheBD or 2D clusters and that the protein expression
pattern between hese two cell types is diffent. Studies using lung derived cells,
indicated that the choice of basement membrane or matrigtpin used as a surface
for cell growth @an have a dramatieripact on the phenotype and function of the cells
as well as influering the growth of sphericairganoids with an acindike structure

that mimics the minor mucosal glan@Sinkbeineret al., 2010; Wuet al,, 2011)

The primary aim of this study was ttevelop anin vitro model of human salary
glands. In ordeto do this, we optimised the growth conditions necessary for agliv
gland cells to grow and replicate vitro in a similar manner to thain viva
Furthermore, we wanted to verify the phetypic and functional characteristics of
the cultures to enswg they resembled as closely as possibleitheivosituation by

investigating the expression of cell specific maske

This chapter will describe our preliminary study investigating the cultaralitions
for the development of aim vitro model of humarsalivary glands using HTB41 cells.
HTB41 is a mucoepidermoid camama cell line originating from a human

submandbular gland. The cells were grown as a 3D model in polyethylene
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terephthalate PET) transwell inserts and on Alvetex@8lth The PET travell
inserts have previously been used, successfully, for a varfietyplications including
air-liquid interfacemodels. The microporous, permeable membranes of the insert
allow the diffusionof media components to both the apicaha basolateral cell
surfaces thus mimicking the vivosituation, helping to promote tferentiation of
epithelial cellsin vitro. The Alvetex®Scaffold is made from a highly porous
polystyrene scaffold designedrf8D cell culturgKnightet al., 2011) Cells grown in
the scaffoldretain their natural tissudike structure and do not flatten as igen in
conventional 2D cell cultures. iSkenables them to mintain theirin vivomorphology

and physiology within am vitro model system.

The scaffolds were either coated with extedlalar matrices (ECM) such as collagen
type 1, fibronectin, poht-Lysine, and Matrigel or were used as preagd by the
manufactuers. The cells were submerged in culture media {Atf) or growrat an
air-liquid interface (ALlI), and either placed onhalser to mimic a dynamic condition
or grown under static conditionslmmunohistochemistry and RAFCR were uskto

determine the expression of specific cell markers.

The knowledge gained from ouregdiminary 3D culture studies using H4B cells
was transérred to optimise the growth of normal human salivary gland cellaied
from all three major salivary glasd As with the HTB4cells, primary cells were
characterized by RPCR and IHC but alsrough immunofluorescent confocal

microscopy.

3.2 AIMS

Two specific objectives in this chapter are:

1. Todetermine the optimal culture conditions for the developmeritio vitro
models ofhuman salivary glands using HTB41 cells and to investigate the
expression of specific cell markers by-RTR and immunohistbemistry.

2. To determine the optimum method for ghisolation of normal human salivary
gland cells from normal gjor gland tissue,a establish 3D models and to

investigate the expression of specifeltype markers.
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3.3 MATERIALS AND METHODS

3.3.1 Cell wlture

Cells were grown and maintained as preisty describedRefer 2.3.

3.3.2 Preparation of ExtracellulaMatrices (ECM)

Rattail collagen | (BD Biosciences, 354236) was diluted to a contientraf 0.8
mg/mL using cell culture grade water ahdndked on ice using prehilled pipette
tips to perbrm the dilution and subsequent applicatidfbronectin (BD iBsciences,
356008)was reconstituted to a concentration 6f5 mg/mL using PBBatrigef n 0 .
Biosciences, 356234; pthawed overnight on ice) as diluted to a concentration of
0.8 mg/mL usingppropriate cell culture media arfthndled on ice using prehilled
pipette tips to perform the dilution and subsequent applicatioRolyL-Lysine

(SgmaAldrich, P4707) was used directly without prior dibut

3.3.3 CoatingAlvetex®Scaffold with ECM

The same method of coating Alvetex®Scaffold (Alvetex Regende005) was
used br all four ECM.

Alvetex®Scaffold was pteeated with 70% ethanofollowed by two PBS washes
before coating. The Alvetex@&Hold was left inhe second PBS wash until the ECM
solutions were ready to be applied. Immediately aftspiaating the secondBS
wash 500 pL of ECM solution, prepared as described above,anefsilty pipetted
onto each disc in a M®ell plate. Theplate was left to stad for 3 hours in the
incubator at 37°C. Excess fluid was removed by gentle aspirationthe edge of
thewells. 0.5x1Gcellsinp n  *h& apRrdpriate culture media were seeded directly
onto each wet ECMoated membrane. Theells were allowed to settle for 30
minutes in the incubator with 5% Gé&t 37°C before flooding with 4 mL of media per

disc.
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3.3.4 Coating PET Transwellgth ECM

The same method for all four ECM was used to coat PET transwells (BD Falcon,
353180).500> f E@MFsolution was pipetted onto each transwell in anEdl plate.

The plate was left to stand for 3 hours in the incubator at 37°C. Excess EGbhsolut

was apirated from the edge of the transwell which was then allowed to air dry for

at least 5 nnutes. The transwell was washed twice with PBS and left to air dry before
05x160St f & A yseegedper transSIINIBe cells were allowed to s for

30 minutes in the incubator with 5% €& 37°C before flooding with 606f 2 F Y SRA |

on thetop and 2 mL of media at the bottoof each well.

3.3.5 Human Primary Cell Isolation

3.35.1 Human salivary gland collection
Salivary gland tissue (HuS&&)s obtained from consentinggtients(with full ethical

approval by the North of Scotland Reselr&thics Committee 2, REC reference:
13/NS/0120 during routine surgery. Typically, a 20 to 30 frpiece of tissue was
collected in a stale tube containingPBS supplemented with 100 i.u./mL penicillin

YR mnn >3kY[ &adNBLII2YEOAY |yR a02NBR I

3.3.5.2 Human salivary gland processing
Under a dissecting microscope, HuUSG tissug placed in a small petri dish in PBS

supplemented wth 2% Rnicillin/Streptomycin. The adherent tissues, blood vessels
or debris were removed and cleaned from the tissue. This step was performed by
grasping the proximal end of the tissue with small &ps and stripping off adherent
tissues with a secongair offorceps. The cleaned HUSG was placed in a new petri
dish and washed three times in PBS supplemented with 2% Penicillin/Streptomycin.
A portion of the HUSG tissue was fixed in formalin for hagfp with a further portion
being placed in TReagent for RNA isolation; this provided a positive control for
downstream experiments. In a tissue culture hood, the remaining HuSG was
mechanically minced using sterile curved dissection scissors ungavieé the

appearance of a slurry or thick paste.
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3.35.3 Tissue explant technique
A portion of minced tissue (cut into approximately 1mm sized fragments) was

collected, plated into a T75 flask in KGM medium. The cells were incubated at 37°C
in 5% CQ@

3.354 Human salivary gland isolation using Pronase
A portion of minced tissue was collected into a 15 mL tube of freshly made 0.15%

(w/v) pronase (&b mL), using a further 1 mL of pronase and a Pasteur pipette. The
pronase solution completely covered af the tissue. The tube was mixed gently

and incupated & 4°C overnight (1:24h) in an upright position.

On the second day, the HUSG in pronase was gently inverted 10 times and left to
warm at room temperature for 10 minutes. Warm FBS was added tmah
concentration of 10% and the tube gently inwedt 20 tmes. The solution was
filtered through a 70 pum cell strainer into a 50 mL Falcon tube. HBBS buffer was used
to wash any remaining cells which were then also filtered. The filtrate was
transfered into 15 mL tubes and centrifuged at 15,000 rpm I6 mnutes. The

supernatant was discarded and the cells resuspended in 2 mL of KGM medium.

The cells were counted with a haemocytometer and plated in 35 mm petri dish with
seeding density 0.2 x {@ells/dish, incubated at 37°C, 5% f£&¥ernight. The
superndant containing floating aggregates of cells was then transferred to a second

petri dish. Media was changed every 2 to 3 days.

3.355 Human salivary gland isolation using 0.1% Trypsin
A portion of minced tissue was collected into 0.1% trypsir~i2 medium and

incubated in a water bath for 1 hour; shaken vigorously every 15 minutes. The cells
were collected by centrifugation at 15,000 rpm for 5 minutes. Supernatant was
discarded and th cells were resuspended in 10 mL of cold DMEM supplemaevitad

10% FBS. The cells were collected by centrifugation at 15,000 rpm for 5 minutes.
Supernatant was discarded and the resulting cell pellet was resuspended in 10 mL of

KGM medium.
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The cell sspension was filtered through a 70 um cell strainer placeer@ ® mL
Falcon tube. The filtrate was transferred into 15 mL tubes and centrifuged at 15,000
rpm for 10 minutes. Supernatant was discarded and the cells were resuspended in 2
mL of KGM medim. The cells were counted with a haemocytometer and plated

35 nm petri dish with seeding density 0.2 x®1@lls/dish, incubated at 37°C, 5%2CO
overnight. The supernatant containing floating aggregates of cells was then

transferred into a second patdish and the media changed every 2 to 3 days.

3.3.6 CellCharacerisation of HUSG From Explant Tissues

Cell suspensions were prepared and diluted in culture media to a cell density of 1 x
10° cells/ml. The samples were kept on ice prior to prepariegtaspin with 100 pl

of each sample. Each slide was examinaderthe microscope to ensure the cells
had adhered properly and were lying flat on the slide. The samples were fixed with

100% icecold methanol for immunostaining.

3.3.7 Culturing 3Din vitro Model

HTB41 and HuSG cells, were cultured in four diffeECM coated onto two different
scaffolds to investigate any phenotypic difference under these different three
dimensional culture conditions (sdeigure 3.). Three independent batches wee

carried out for each culturenodel.

The PET transwell/Alvet®Scafblds were divided into two 1vell plates with one
plate of 4 PET transwell/Alvet®Bcaffolds put on a shaker and another plate of 4
PET transwell/AlvetéXScaffolds put beside the shakeboth were in the same
incubator. For each plate, 2 of¢lPETranswell/Alvete®Scaffolds were cultured at

an airliquid interface (ALI) and two submerged in culture medium ¢Aat).

After 48 hours, when the cells had reached confluence, PET tedirfswALI, had the
media on the top of the transwell aspted ard 2 mL of fresh media added to the
bottom. For norALI cultures, both the media at the top and the bottom of the
transwell was replaced with fresh medi@0Q > [of media on the top and 2 mL of

media at the bottonper well). For AlveteitScaffoldsthe media was aspirated and
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replaced with 1.6 mL of fresh media for ALI scaffolds and 4 mL of fresh media for non
ALI scaffolds. The media was changed three timesvweek for 2 weeks. On day 14,
one scaffold from each experiment was fixed for histologg aneused for RNA

isolation.

3.3.8 Analysis techniques

A H&E staining was performed on human salivary gland tissue and models
sectioned for phenotypic assessmeRefer 2.5.

A Immunohistochemistry was performed on human salivary gland tissue and
models setionedto investigate protein expression of specific cell markBesfér
2.5.4).

A RTPCR was used for subjective analysis of mMRNA expreRster £.4. Eight
primer pair sequences, previously optimised, were used to assess gene
expressionRefer Table 3).

A Immunofluorescence staining was used for HuSG cell characteris&igier(
2.6).
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Figure 31  Overview of culturing 3n vitro model of human salery glands by

using HTB!1 cells
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3.4 RESULTS

3.4.1 HTBA41 Cell Line in 3ulture Systems

Preliminary experiments were carried out using the mucoepidermoid carcinoma cell
line, HTB41. This is a cell of submandibular gland origin. The cells were grown on
different scaffold structures, including PET and Alvetex®Scaffold, coated with
collagen, ibronectin, polyL-lysine or Matrigel. These were either cultured at an air
liquid interface (ALI) or submerged in tissue culture medium-#bl), and both were
either plaed on a shaker (dynamic conditions) or directly in the same incubator

(static condtions).

Haematoxylin and eosin stained sections showed significant variation in cellular
organization and tissue developmeritigure 3.2. After 14 days in culturéhe cdls
grown on PET, either at an ALI or pihl, grew as multilayer cultures withférent
phenotypes. Cells grown at an ALI exhibited greater differences in the appearance
of the cells, inferring greater differentiation and phenotypic differencEsnpared

to those grown under nofALI conditions, regardless of whether the PET was doate
with ECM or not and regardless of the type of matrix used. Considering all culture
conditions, it was apparent that growth was better (more marked) under dynamic
rather than static conditions, although there was some difference between the
different matices used, and between ALI vs. adhbl. Overall collagetpated PET,

at an ALI and with gentle agitation of the cultures (dynamic conditions) gave the
greatest numbe of phenotypically distinct cellypes according to histological

appearanceKigure 3.2.

The cells grown on Alvetex®Scaffolds were significantly different if grown at an ALl in
comparison to those grown submerged in culture medium. The cells grevihiat
scaffold and formed structures at an ALl whilst aéhl cultures did not appear to
thrive. Comparing growth on the different matrices, the cells grew well on colagen
coated scaffolds at an ALI, however, unlike the cells growing on PET, they t¢pesw be

and expanded more, under static rather than dynamic conditidgngyre 3.3.
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For oth scaffolds, collagen provided the best matrix for cell growth. Interestingly,
the most effective growth condition for the PET inserts was at an ALI under dynamic
conditions whilst the cells on Alvetex®Scaffolds, preferred to grow at an ALI under

staticconditions.
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Figure 32  Haematoxylin and eosin stained sects of3Din vitro models of HTB41 cell
line cultured on PET transwelith or without ECM coating, at ALI and nAhl, under static

or dynamic culture conditions at 14 days of culture show a number of different phenotypes
present. Representation of threedependent batches. Scale bar=100 pum.

HE stained section ¢iTB41 cell lineultured on PET transwell with pelyysinecoated at
non-ALI undedynamiccondition is missing.
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Figure 33  Haeamatoxylin and eosin stained sections of BDvitro models of HTB41 cell
line cultured on Alvetex®scaffold with or without ECM coating, at ALI aneéAbbrunder
static or dynamic culture conditions at 14 days of culture show a number of different
phenotypes present. Representation of three independentdb@s. Scale bar=100 pum.
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3.4.2 Immunohistochemistry of HTB41 Cultures
Four antibodies were used to identify cell type specific proteins by HTB41 cells under
varying culture conditions. AmylasechBPIF2 are serous, acinar cell markecKIT

a progenitor cell marker and MUC5B a marker for mucous acinar cells.

Positive amylase staining was seen in only a very few cells cultured on cellagen
coated PET inserts at ALl under dynamic conditions andal#\etex®Scaffolds at
both ALI andhon-ALI under dynamic condition&igure 3.4. This suggested that
these cells showed some similarity to serous acinar cells, expressirgpeeific

proteins.

Membranous cKIT staining (brown) was demonstratedeiis cutured on collagen
coated PETtaALI under static conditions, at ngkLl under dynamic conditions and
also on Alvetex at ALI under dynamic conditidfigijre 3.9. Positive staining of cKIT
also appeared in cells cultured on fibroneetioated Alvéex atALI under both static

and dynanic conditions Figure 3.9.

BPIFA2 was expressed in a small number of the cells cultured on static, fibrenectin
coated PET at ALI and at rdhl under dynamic condition&igure 3.7. Positive
brown staining of BPIRAwas #so found on cells cultured on static matrigedated

PET at ALI and neXLI, and on Alvetex at ALI under static conditidgiigure 3.9.
There was no evidence of any positive staining for MUC5B in any of thdHTB

cultures.
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Figure 34  Positive immunohistochemistry staining of 31 vitro models of
HTB41 cells. (A, Bmylasestaining oncollagencoated PET at ALl under dynamic
conditions, (C, D) Alvetex at ALI under dynamic conditions, and (E, F) Alvetex at n
ALlunder dynamic conditions. 20X and 40X magnification, 100um and 50um scale

bars, respectively.
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Figure 35  Positiveimmunohistochemistry staining of 3 vitro models of
HTB41 cells. (A, BKITon collagerrcoatedPETat ALlunder static conditions(C, D)
PETat nonALI under dynamic conditions, ané, (F)Alvetex at ALunder dynamic
conditions 20X and 40X magnification, 100um and 50um scale bars, respgctivel
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Figure 36  Positive immunahistochemistry staining of 30n vitro models of
HTB41 cells. (A, BKITon fibronectin-coatedAlvetex at ALI under static conditions
and (C, D) Alvetex at ALl under dynamic conditi@®X and 40X magnification,
100um and 50um scale bars, respeety.
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Figure 3.7  Positive immunohistochemistry staining of 3 vitro models of
HTB41 cells. (A, BPIFADN fibronectin-coated PET at ALI under static conditions
and (C, D) PET aton-ALl under dynamic condition0X ad 40Xmagnification,
100um and 50um scale bars, respectively.
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Figure 38  Positive immunohistochemistry staining of 3 vitro models of
HTB41 cells. (A, BPIFA2n matrigel-coatedPET at ALI under statonditions, (C,

D) PET ahon-ALI under static conditions and (E, F) Alvetex at ALl under static
conditions 20X and 40X magnification, 100um and 50um scale bars, respectively.
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3.4.3 Reverse Transcription Polymerase Ch&eaction (RIPPCR) of HTB41
cultures

Srecific primer pair sequences were designed to assess gene expression and were
optimised with human sublingual gland tissue (Sexble 3.). RTPCR was carried

out to measure mRNA expression of the cell cultures atldayCultures grown on

all four ECM Bowed expression of Nanog (progenitor cell marker), amylase (acinar
cell marker), EEadherin, zona occludinl and claudir(tight junction markers) and

also smooth muscle actin (myoepithelial marker). These resuitsnaagreement

with those for rormal ruman salivary gland tissud-igure 3.9. However, cKIT
(progenitor cell marker), and CID (myoepithelial cell marker) were not expressed

by the cells.

Human Gene | Initial Primer Sequence Size bp
Nanog HUNANOG-2 | CACCCAGCTGTGTGTACTCA
HUNAN@G-R1 | AAAGGCTGGGGTAGGTAGGT 22t
cKIT HucKITF1 GAAGGCTTCCGGATGCTCAC
HucKITR1 GTCTACCACGGGCTTCTGT( 204
Amylase HUAMY1AF1 ACTTGTGGCAATGACTGGGT
HUAMY1AR2 TGAGCTTTGCCATCATCAGA 299
ECadherin HuCDHIF2 GAAGGAGGCGGAGAAGAGG
HuUCDHiR1 GGGTCAGTATCAGCCTT 293
Zona Occludin 1 HuZO1F2 CGAAGGAGTTGAGCAGGAA}
HuzO1R1 GGATCTCCGGGAAGACACTT 204
Claudin 1 HUCLDNE2 TGGAAGACGATGAGGTGCA(
HUCLDNR1 CCAGTGAAGAGAGCCTGAC( 283
Smooth Muscl§ HUSMAF1 GGCAAGTGATCACCATCGGA
Actin HuSMAR1 GGAGCCACCGATCAIAS 299
ap10 HuCD1erF1 AAATTACTTCCTGGACTTGA(
HuCD1EeRr1 GAAGATCACCAAACCCGGCS 242
Table 3.1 Optimised primer pairs of human salivary gland expressed genes had
been.
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abcdefghabcdefghabcdefghabcdefghabocde

_h
a

Nanog

Ckit

¢
]
!
!

Amylase

ECadhein

Zona Occludin

Claudin 1

Smooth Muscle Acti

CD10

hOAZ1

Figure 39 RTFPCR of HTB41llturesat day 14 on four types of ECM (collagen, fibronectin,4dyysine, matrigel) showing mRNA expression
under different growth conditias:a, PET at ALLI, static, PET at ALI, dynam@;PET at no#\LI, staticd, PET at no#\LI, dynamice, Alvdex at
ALlI, staticf, Alvetex at ALI, dynamig, Alvetex at nopALI, statich, Alvetex at norALI, dynamic. hOAZ1 was used asmérnal control.
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3.4.4 Human Salivary Gland Tissue Isolation

Macroscopically, the tissues collected weiresh, wellperfused and typical of
normal human salivary glandbkigure 3.1, The first biopsy collected was from a
parotid gland as shown Figure 3.10AHowever, we did not successfully manage to
isolate cells from this tissue, rather we found oily, fat floatinghia tubeeven after
washing numerous times. We assumed that #renymised sample was from an
older donor and the gland mostly replaced by fat tissue. We were able to isolate cells
from both sublingualKigure 3.10Band submandibular glandBigure 3.10L All of

my results in this studyGhapter 3 are from cells mated from sublingual glands
which are composed of mucous acini, serous acini and striated and excretory ducts

(Figure 3.12A

The tissue was digested mechanically and enzymatically using ttiféerent
methods; tissue explant or digestion with pronase0.1 % trypsin. The wet weight

of the specimen was on average 0.3 grams. The mean number of cells (N=3 glands)
recovered following pronase digestion was 4.02 X40.18 x 10 cells/mL, and B8

x 10° + 0.1 x 10 cells/mL from 0.1% trypsin digestion. The digested tissue initially
consisted of floating clumps of cells which wereptated after ~24 hours.
Approximately 10% of the clumps attached to the first dish. Small islands of
epitheliatlike cels were observe from 5 to 7 days after plating. These islands spread
and enlarged until they contacted each other to form an epithdiia layer with
round and polygonal cells. These cultures took approximately 2 to 3 weeks to reach
80% confluencyThe ells were pasaged for further experiments with trypsiBDTA

or stored in liquid nitrogen. The cells were grown in KGM medium as described in
Table 2.2 The morphology of the human salivary gland (HuSG) cells did not change
between passages 2 andRBigure3.11B, 3.11¢

Cells isolated from tissue explants (minced into ~1mm and seeded in a T75 flask)
showed outgrowths within 7 days and required around 4 weeks to reach 80%
confluency, approximately 3.48 x:00.19 x 16 cells/T75 flask. Most of theells
displayed polgonal morphologyKigure 3.11A Spindle shaped fibroblatke cells

were found in the initial growth of cultures and were treated with EDTA to separate
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them from the epithelial cells. The cells were grown in KGM mediafter 3 to 4
weeksin culture, cdl suspensions from the explant tissue were characterised using
the cytospin technique. As shownkigure 3.12Bdifferent cell types were present.

Then, the cells were either passaged until pasgbgecryopreserved for future use.
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FHgure 3.10 Normal human salivary gland tissuBnages of issue specimen
showing (A) a fresh, welperfused excised humaparotid glandwhich is mostly
covered by fat tissugt is pre-fixation, (B) a fresh, weHperfused sublngual glandit
is pre-fixation, and Q) a fresh, weHlperfusedsubmandibular glandefore processing
and post-fixation with formalin
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Figure 311 Phasecontrast picturesshowing the typical appearance of primary
human salary gland cell cultures, at passage$, 2ollowing 3 isolation methodsA[
tissue explant techniqueBjf 0.1% Trypsin and)pronase. 10X magnification.

Page |73



Figure 312 Haematoxylin and eosin staining of (A) an eeatisuman sublingual
gland, and (B) single cells from explant culture using cytospin. The excised gland
demonstrates normal histological appearan&eserous acinitD, intercalated duct;

SO striated ductED excretory duct. 20X magnification.
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3.4.5 Cdl characterisation of HUSG from explant tissuby using cytospins.

Salivary gland cell outgrowths from explant tissues were further characterised by
immunofluorescenceBriefly,after 3 to 4 weeks in culture, cell suspensions from the
explant tissue wereharaderised by using the cytospins techniqu& number of cell
S;SOAFTAO YIFN] SNE 6SNB SELINS aSMA RUGTYyAQP5zR A v 3
mistl and BPIFAFigure 3.B).
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Figure 313 Cell characterisation of HuSGrom explant tissues by using

cytospins Images (representative ofhtee independent batchesdpf single cells
derivedfrom explant technique cultured in KGM mediad characterised by using
cytospinsa K2 g Ay 3 LIR2aAGADS SHAYBSMBCY 20, AQPE (D), Yp 0
Mistl (E), and BPIFA2(EDX magnification.
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3.4.6 3Din Vitro Models of Human Sublingual Glands

A similar experimental design to that used with HTB41 cell cultures was performed
with the primary human sublingual gland cells. They were cultured on the same four
ECM with various culture conditions to determaidifferences in cellular organization
and development. Haematoxylin and eosin stained sections showed significant
variation in tte morphology and development of the sublingual cell cultuFegure

3.14 and Figure 3.9).

Figure 3.4 shows the appearancef different phenotypes of the cells after 14 days
cultured on PET inserts under various culture conditions. Closer inspection of the
images show that the cells mostly appeared to grow as a single layer on PET inserts
under static coditions, both at ALand norALI regardless of the ECM used to coat
the insert. Interestingly, the cells were able to form multilayer structures when
cultured on collagen under dynamic conditions, both at ALI andAldnand grew

well on fibronectin undenon-ALl, dynamic contons. The cells did not grow well on
poly-L-lysine nor on Matrigel under dynamic conditions. The 4IRBells Figure 3.2

also grew well with multilayer structures on collagen under dynamic condition at
both ALI and nofALI but unke the primary subligual cells the HTB41 cells did not

grow as well on fibronectin under neALI, dynamic condition.

The sublingual cells did not thrive on collagmated Alvetex®Scaffolds regardless of
any other conditions (ALI/neAL and dynamic/static). The H¥A cellgFigure 3.3,

grew best on collagenoated Alvetex®Scaffold at an ALI under static conditions. The
sublingual cells did grow as multilayer structures on fibronectin and Matrigel coated
Alvetex®Scaffolds, at both Adrdd norALIl. The nomLI cells expandemore than
those grown at an ALI. We found that Matriglated scaffolds at neALI under
static conditions were the best culture conditions for primary sublingual cells on

Alvetex®Scaffold§igure 3.5).
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Figure 3.14 Haematoxylin and eosifHE)stained sections of 3 vitro models of human
salivary gland cells cultured on PET transwell with or without ECM coating, at ALl and non
ALI, under static or dynamic culture conditionslat daysof culture show a number of
different phenotypes present. Scale bar=100 pm.

HE stained section ¢iuman salivary glancdells cultured on PET transwefith poly-I-lysine
coated at ALI under static condition is missing.
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Figure 315 Haematoxylin and eosi(HE)stained sections of 3 vitro models of human
salivary gland cells cultured on Alvetex scaffold with or without ECM coating, at ALI and non
ALI, under stati or dynamic culture conditions at 14 days of culture show a number of
different phenotypes present. Scale bar=100 um.

HE stainedection ofhuman salivary glancdells cultured orAlvetex scaffoldvith poly-I-
lysinecoatedboth at ALland norALlunder stdic conditionare missing.
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3.4.7 Reverse transcription polymerase chain reaction (RCR) of HUSG cultures

As can be seen fronfrigure 3.5, human sublingual cell cultures demonstrated
expression of genes for nanog and cKIT (progenitor cell markerg)asan(acinar cell
marker), zona occludinl (tight junction marker) and also smooth muscle actin and CD10
(myoepthelial markers). It was apparent that the expression of nanog and amylase was
more readily detected in the cells grown on PET inserts ratham thivetex scaffolds,

both collagerand Matrigetcoated. In comparison, nanog and amylase was expressed
in al culture conditions by the HF&L (Figure 3.9. Furthermore, ckitvas expressed by
HTB41 cells cultured on collagen but less so by cells cdlandibronectin whilst most

of the culture conditions allowed expression of ckit by sublingual cells.

Figure 3.9lso shows significant expression of three tight junction kees by HT&1
cells whilst only ZQ was expressed by the sublingual cellheré was very limited
expression of f€adherin and claudid by the primary cell cultures. CD10, a
myoepithelial marker, showed extremely limited expression by the-HTBIlIs,really
only in cells cultured on fibronectin. However, CD10 was highly exptégste primary

cells under most culture conditionBOAZ1 was used as an internal control throughout.
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Figure 316 RTFPCR showed mRNA expression of human sublingual cell cultures at
day 14 on four types of BC (collagen, fibronectin, pol-lysine, matrigel) under
different growth conditionsa, PET at ALI, statio; PET at ALI, dynami;;PET at non

ALl, staticd, PET at no#\LI, dynamice, Alvetex at ALI, statit, Alvetex at ALI, dynamic;

g, Alvetex atnon-ALl, static;h, Alvetex at norALI, dynamic. hOAZ1lwas used as an
internal control.
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3.5 DISCUSON

Previous studies have tried to develop suitable conditions for the growth of human
primary salivary gland cells in vitf@ranet al., 2005; Joraket al., 2007; PradhaiBhatt
et al, 2014; Janget al, 2015) however, no study to date has reported success in

developing an artificial human salivary gland.

3.5.1 HTBA41 Cuitred as 3D Model

The aim of tis chapter was to establish the optimal culture conditions for use in
developing an artificial salivary gland by initially culturing HTB41 cells;lmeealerived

from a submandibular mucoepidermoid tumour. It has beenesfah the literatire that

the choice of basement membrane or matrix protein used as a surface for cell growth
can have a dramatic impact on the appearance and function of the(Eatisbeineret

al.,, 2010; Wuet al., 2011) Four different ECM (collagen |, fibronectin, pelysine,
Matrigel) were used in this stly to serve as &sement membrane, coated onto two
types of scaffold, cultured as ALI or RAhl, and either placed under static or dynamic
conditions. Under these different culture conditions, histology was assessed with
haematoxylin and eosin stained s$ienis, gene expresion was confirmed by FPICR

andysis and proteins were localised by immunohistochemistry.

We found that HTB41 cells grew more effectively as multilayers under ALI conditions
than when fully submerged. Interestingly the most effectivevgth conditionsfor cells

grown on the PET insartwas ALI under dynamic conditions whilst ALI under static
conditions was preferred by cells seeded onto Alvetex®Scaffolds, where the cells grow
into the scaffold. Collagen | provided the best matrix foBBT cell growthOur PCR
results demonstrated thaHTB41 cells expressed genes for a progenitor cell marker
(nanog), an acinaspecific protein (amylase), and tight junction proteinscéddherin,

Z0O1 and claudinl) but not the myoepithelial cell markersniooth muscle aat, CD10).

Immunohistochemistrywas used to validate oum vitro, HTB41, 3D models by
demonstrating similarities in protein staining between the models and normal human
sublingual glands (refer to Appendix The staining confirmed tharesence of amgse,

cKIT and BPIFA2 but as tledls were not structurally organised it was not possible to
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compare structural similarities with normal tissughis preliminary data indicates that
the salivary gland cglhenotypein vitrois very much dpendent upon thescaffold, the
ECM and the culter conditions used. This data provided important information for
further experiments involving the culture of primary acid&e cells from normal,

human salivary glands.

3.5.2 Human Sublingual Gland a®3viodel

Cells are one of the basic elements neededangineer functional tissues. In order to
successfully develop cell culture systems, we need to be able to collect cells from
patients, grow them in culture and return them to the patient for functioredtoration
(Jorakwet al.,, 2005) In this study, we have attempted to isolate primary acicell§rom
sublingual glands using a number of differéstlation methods, as well as to develop

optimal conditions for culturing acinar cells that retain their functionality.

Of the different methods used to isolate human salivary gland cells, $badiexfant
technique has recently been used alongside emzydigestion(Jorakuet al., 2007;
PradhanBhatt et al., 2014; Janget al., 2015) Human parotid gland tissue has been
dissocided by mincing into small pieces and suspending in HefattM medium
(PradhanmBhattet al., 2014) in serumfree keratinocyte growth mediunfJorakuet al.,
2007)and in KGM(Janget al,, 2015)allowing cells to adhere and grate out of the
explants. Our results showed that enzymatic digestion with 0.1% Trypsin allowed the
cells to grow more quickly (5 todays toobserve small islands of salivary epithelik

cells) than the tissue explant technique (21 to 28 days tenkessmall islands of salivary
epitheliatlike cells). However, the number of cells surviving enzymatic digestion was
lower than from tssue eplants and the phenotype of the cells did not as closely
resemble the normal cells as did those derived fromlaxts (efer 3.4.4). Cells growing

out of explants could be used to culture approximately 16 transwells afdlPplate

per T75 flaskThis cold, therefore, minimize the number of salivary gland tissue
biopsies needed and thus tissue explants were usedly study aimed at determining

optimal culture conditions
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It is also important to consider cell culture medium when engineeringtiomal tissues.

Many studies have reported that the cell culture medium affects the characteristic and
functionality ofthe models. For example, a keratinocyte serfree medium low in
calcium (0.09 mM) was reported to encourage more acinar cell proliterathan
differentiation and resulted in fewer tight junction€hanet al, 2011) Furthermore,
Janget al (2015) demonstrated that cells grown in KGM with low calcium (0.05 mM)
were scattered throughout the flask, hilst those grown in high calcium (0.8 mM)
appeared smaller in size and aggregated together. The effects of different culture
supplements were laoobserved by Jangt al (2015) when evaluating morphology and

cell expression. They found that cells growrKi@M media containing 6 supplements
(bovine pituitary extract (BPE), human epidermal growth factor (hEGF), insulin,
hydrocortisone, epinepherineand transferrin) exhibited no apparent difference in
morphology, rather they displayed a more uniform populaticompared to those in

KGM media with 4 supplements (BPE, hEGF, insulin and hydrocortisone). However, no
significant differences in the expresniof cell typespecific markers were note@ang

et al, 2015) Charet al (2010) tested three different types of medium to encourage the
growth of different types of human salivary gland sebcinar, myoepithelial and
fibroblast cells. They had an 80% success rate in isolating and expanding the three
different cells types; parotid gland acinar cells grew as a monolayer of polygonal shaped
epithelioid cells in ¥SFM (with BPE, EGF and ingujparotid gland myoepithelial cells
grew in M199S medium (with 10% FBS), and cells growing in M199 medium had a
fibroblastmorphology(Charet al., 2010)

The composition of a 3ih vitro models plays an important te in the formation of
salivary gland tissue structures. Surrounding extracellular matrices and culture
conditionssignificantly influence the development of salivary gland ¢#Mlariaet al,,

2011; PradhaiBhattet al,, 2014) A similar experimental design to that with the HTB41
cel cultures was performed in my study using primary sublingual gland cells isolated by
the tissue explant techniqueThe rormal salivary gland cells were cultured in
DMEM/F12 supplemented with serum and growth factors (EGF, insulin, hydrocortisone,

L-glutamine) as used by previous researchers and referred to as KGM media.
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Our preliminary findings demonstrated that HTB41 <piteferred ALI conditions and
grew well on collagen. In comparison, the normal sublingual cells preferredAbbn
dynamic conditionson the PET inserts and ndgll, static conditions in the
Alvetex®Scaffolds. For both cell types, collagen provided tstarmrix for cell growth
on PET and interestingly whilst the HTB41 cells also preferred coltagéng of
Alvetex®Scaffolds, Matripevas a better matrix in these scaffolds for the primary
sublingual cells. Similarly, Mar& al (2011) reported that tke human submandibular
cell line (HSG) cultured on Matrigelrf@/ml) encouraged morphologic changes into
polarized, secretory acinarké cells. Whereas, Joralai al (2007) suggested that a
mixture of 60% collagen and 40% Matrigel encouraged a well éitieted acinar

morphology of human parotid gland ce{Borakuet al., 2007)

RTPCR was used to confirm the expression of cell specific markers. In comparison to the
HTB41 culires, the human sublingual cells expressed both progenitor cell markers,
nanog and cKIT, whereas HTB41 cultures detected more expression ofthanaiIT.
Similarly, Gorjuget al (2009) demonstrated the mRNA expression of cKIT and nanog in
submandibulargland stem cell cultures. They showed that nanog was expressed in
embryonic stem cells but absent in differentiated cé{®orjupet al, 2009) We also
showed the expression of both myoepithelial cell markers smooth muscle actin (SMA)
and CD10 in human sublingual céllg the HTB41 cells had limited expression of SMA
and extremely limited CD10 exgmsion. SMA is thelassical marker of myoepithelial

cells and the protein was found in an increasing number of cells as salivary gland
morphogenesis progressed. lanetzal (2010) were not able to detect the presence of
CD10 in glandular structures, itag only present inhie walls of blood vessels while
Cheuk and Chan (2007) considered CD10 to have low specificity as a myoepithelial cell
marker. Thus, further investigatiores CD10 expression should be carried out to firmly

correlate expression in myoedpelial cells.

My study found that both normal salivary gland cells and those from a mucoepidermoid
cell line, HTBL1, expressed high levels of the acinar cell marker, aseyait only one

tight junction protein, Z&L, was expressed in the human subliagcells. These findgs
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demonstrate that, using the described culture conditions, normal salivary gland cells are

able to retain,in vitro, many of the functional phenotypesf human sublingual cells.

Nevertheless, further research in this area couldwalfor further devdopment of the
model. Future studies should focus on developing culture conditions that would
facilitate the formation of salivary gland structures iniBvitromodels. Our sublingual
cells cultures were not structurally organised and we have no redésue of structural
similarities to normal tissue. The study could also be improved by focusing on growing
and expanding the cells at the same time asntaning their normal cell phenotype

and function. More specific cell markers should also be usedribrm the functionality

of the model by immunohistochemistry and RTR. Further study of all salivary gland
cells should focus on determining amylaseoguction through the collection of

secretions and the use of amylase biochemical assays.

3.6 KEY EXERIMENTAL CONCLUSIONS

1 HTB41 cells preferred to grow under ALI conditions; for the PET inserts this was
under dynamic conditions whilst on the Alvetex®S#dfit was under static
conditions. Collagen | provided the best matrix for HTB41 cell growth.

1 Normal sublingual cells pfferred to grow under norALI conditions; and as for
the HTB41 cells for PET inserts this was under dynamic conditions whilst on the
Alvetex®Scaffolds it was under static conditions. Collagen | again provided the
best matrix for celgrowth on PTFE whilglatrigel was a better for growth on
Alvetex®Scaffolds.

1 Normal sublingual cells cultures displayed significant expression of mRNA for
cKIT, nanog, amylase, SMA, CD10 and ZO1, but lower expresstondbfein
and claudin 1.

1 Significah numbers of normal davary gland cells were successfully isolated
using the explant technique. These cells have been cryopreserved and thawed

for future use.
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This study has shown that generally, the HTB41 pediterredto grow on Collagen-|
coatedunder ALI conditions kile normalsublingual cells preferred to grow on Matrigel
coatedunder non-ALI conditions. However, they wermt structurally orgarsed and
unable to form glandular structure. Instead, they grew in layers and did not fully
differentiate. Theexplant tedinique is the best method for the isolation of normal
human salivary gland cells from normal major gland tissaken together, thesresuts
suggest that usingormal salivary glandells isolated from explant techniquelturing
themin anECMrather than on a coated surface under both ALI and-Adh conditions

to encourage gland formatiofor further experiment.Moreover, additionof specific
growth factors in the culture medishould be considered in further experiment in order

to facilitatethe formation of salivary gland structur@s vitro.
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CHAPTER 4

Development of
Organoid Models of
Human Salivary Gland



CHAPTER ®EVELOPMENT OF ORGANOID MODELS OF HUMAN SALIVARY GLAND
4.1 INTRODUCTION

In chapter3, 1showed thatnormal human salivary glarzklls preferredo grow on
Matrigel atan AirLiquid interface AL). However, the cells did nétlly differentiate
and grewin layers rather thanas a glandular structure To encourag gland
formation by theisolated cellsl designed experiments to culture the normal salivary

gland cells in an extracellular matrix (ECM) rather than on a coated surface.

Prevous studeshave successfully cultutintestine and gastric cells as orgat® by
growing them in Mirigel in a culturemedium that mimicked the environment of
intestinal stem cellshrough the presence dEGF, Noggin,-spondirl and WN3Ba.
Under these conditions the stem cells proliferaieto form small structures
containng intestinal crypts and villand the organoids were abte selforganize to
mimic thein vivo situation (Van De Weteringet al., 2015) Nanduriet al. (2014)
demonstrded that single rarine salivary gland cells coulte expanded in vitrointo
distinct ductal/lobular organoids consisg of a number ofsalivary gland lineages
when grown under culture condition depemait upon FGF, EGF and Matrigel.
Further studes by ths group showed thathe addition of Wnt3A and Bpondin 1
activated the Wnt pathway and allowed lontgrm expansion of the organoids
containingall differentiated sdivary gland cell type@viaimetset al., 201L6). Addition
of Rhainhibitor ¥-27632 in the media in the initial stages resulted in a r@@d
and pronounced expansion of cedad enhanced the semdary spherdormation
(Nanduriet al,, 2014)

The aim of this chapter is to develop human salivaaynd organoidby adaptinghe

culture technologydescribed in he published mouse studies

The SG cellsave cultured in an ECM eitherMatrigel, a mouse EHS sarcoma derived
product usedin my preliminarystudies, or Myogel, derived froma benign,human
uterine leiomyoma.Thus, we willnvestigate andcomparethe differential effects of

Matrigel and Myogelon the growth of the normal hunva cells with the aim of
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replacing a murine ECM by a human ECM and thus developing a model which will

mimic the humarin vivosituation.

The SG cells wile cultured, asdescribedin Figure 41, in medium supplemented
with EGFFGF2Wnt3a and Rspondin 1both at an ALI and nofALI Cell specific
markerswill be used to confirm functionality of the model bymunohistotiemistry

and RTPCR andnmunofluorescenconfocalmicroscopywill be used to determine

the exact location oéxpresson.

| have usedny SGmodel as a tool forl preliminarystudy of infectious disease.
Bacterial sialadenitig(infection of salivary glandis well-recognisedas being
associated with xerdemia, especidy in patients who have Sjogrersgndrome.in
addition, hyposalivatiorpermits microbial colonisation of the parotid duct, which
leadsto the development of acute or chronic suppurativeectfon (O Lewist al.,
1993) Little is knavn about the initial stages of colonisation anmhthogenesis of
infectious disease due to the lack of a suitable model. 9@®ymodeWwill be infected
with the salivary gland pathoge&taphylocoaas aureus the most common cause of
salivary gland infectiorand Bolated at increased levelsfrom the eydid and
conjunctivaof LINA Y I NEB { 2 2 JHdibel &.A2008]1KitkitaBtyal(j 2013)
Briefly, the SGorganoid modelill be exposed to e bacteriaand incubated for up

to 72 hours post infectiorprior to analysis

4.2 AIMS

This chapter addresses two major aims:
1) The frst aim of this chapter was to devel@m organoid modl of human
salivary glands using normal sublinggindcells.
2) The second aimfathis chapter was to westhe modelto study the early

stages of infectious disease wiltaphylococcu®ureus
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4.3 MATERIALS AND METHODS

4.3.1 Cell culture

A SG cells weresdlated from human sublingual gland tissue using the explant
method (Refer 3.3.53) and maintained in KGM medéas previously described
(Refer 2.2.

A Cells were mixed with ECM (Matrigel and/or Myogel) prior to growth on
transwells, both at ALand norALI,and cultured in enriched media (later
referred to as Nan media) tencourage celldifferentiation and organoid

growth.

4.3.2 Media preparation for organoid models

R-Spondin 1 conditioned media

HARSpondiniFc 293T cells were bought from AMSRBi&i.no. 3716001-01). Cells
were grown in DMEM with0% FBS,% penicillirstreptomycin and 1%4-Glutamine.
After the cells had attached to the plate-Rldays), the medium was changed to
OPTIMEM (Gibco,31985070 with 1% penicillirstreptomycin for 7 days.
Conditiored medium was collected and filtered through a 0.22 pm filter, and

subsewently referred to as FSpondinl conditioned media.

WNT-3a onditioned media

L-Wnt3a clone 5.5, passage 7 was a generous gift from Dr Hans Clevers, Hubrecht
Institute for Developmerdl Biology and Stem Cell Research, Netherlands. Cells were
grown in DMEM with 10% FBS and 1% penicHitteptomycin for 7 days.
Conditioned medium was collected and filtered through a 0.22 pm filter, and

subsequently referred to as Wnt3a conditioned need
Dexamethasone (D4902)

1 mg dexamethasone was dissolved.iml of absolute éhanol and49 mlof DMEM

added to make a final concentrationefn  >.3lkm@liquots werestored at -20°C
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Y-27632 (Y0503)

2 mg Y¥27632 was dissolved B24 > §

2 ¥ and iac{iblated in a 37°C water bath

for 5 minutesto dissolve anyrecipitate. 50> &liquotswere stored at -20°C

FGF2 (F5392)

1 pg of FGF#vasdissolved inl ml of sterile DMEM 500 > &liquots were stored at -

20°C

Epidermal Growth Factor (HumaRecomlnant from E. coli)

200 pg of EGFRwas dissolved in 1l of DMEM ontaining 10% FC8.5mlaliquots

(final concentration 10ug/mliwere stored at -20°C

Volume (\:50mL) and

Penicillin/Streptomycin

Component : Final concentration
stock solution
5dz 6 SO002Q4a ) _
9 3t S Q& DMEMR ] 13.5ml (3:1)
Nutrient Mixture F12 45ml
HAM '
500>t 2 ¥ iwmlZ| 100i.u./ml penicillin

penicillin and 10,000

Mmnn>

I Y R

>3k Yt &GNB streptomycin
L-Glutamine 500> 6f 200 mM 2 mM
N-2 Supplement
(Gibcq 17502048) 500> 2% My X
Epidermal Growth Factor 50>t 2HE kHr 20 ng/ml
FGF2 50>t Zudmlimn 10 ng/mi
Insulin
(Sigma 19278) 25> f§ 10>g/ml
Dexamethasone 1mlof 20> Ik Y M 1uM
Y-27632 (i) 50> 6f 10mM 10uM
R—Spondln 1 conditioned 5 mL 10%
media
Wnt:_%a conditioned 25 mL 50%
media
Table 4.1 EnrichedVedia
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4.3.3 Organoid models of human saliva glands

The method used was adapted and modified from Naneuail. (2014) and Maimets
et al. (2016). Briefly, alay before seeding, a a&ell culture plate was placed
37°C, 5% CfIncubatorto ensure the plate was warm before seediigCM (Matgel
and Myogel) were kept iceold at all timesto ensure they remained ilquid form.
25l of acell suspension (4 x 40ells/ml) was mixed with 50l of ECM and placed
in the centre of a BTtranswell. ECM was left to solidify for 30 minutas37°C 5%
CQ. FollowingeCM polymerition, 500 ul of warm, enriched medveas addedo
the top ofthe transwell without disturbing th&CMand 1.5ml mediato the bottom.
After 3 days, the mediavas changed tdhat without ROCKi (Nan media)ther
submergel (nonALl) or at an ailiquid interface (ALI) for up to 14 dayROCKi was
added only directly after seeding of SG cells or after splitBaytfeld and Clevers,
2015) The medium was refreshed 3 times per weElgure 4.). ForRNA isolation
Matrigel was dissolved by incubation with Dispd$emg/ml; Sigma) for 1 hour at
37°C. This vas followed by a washing step with PBS and centrifuged ,8003pm
for 5 min. SG organoids released from the gels were lysed in Trizol reagent for further
RNA analysifRefer 2.4.

4.3.4 Organoid model analysis

A Diameter of organoids was measured using-FdigeJ Win64 with an average
of four readings per organoid beingken.

A Number of organoids formed was counted randomly. An average of three
transwells of SG organoid cultures was counted per batch (N= 3 batches)

A Haematoxylin and eosi(HE)staining was pdormed on organoid seatns for
phenotypic assessmenRéfer 2.5.

A Immunohistochemistry was performed on organoid secsidn investigate
protein expressiorf cell specific markerfRkefer 2.5.4.

A RTPCR was used for subjective analysis of mMRNA exaneBsifer 2.4. Primer
pairs were designed to assess gene expreasof mucin7, MUC5B, cystatin 1,

cystatin 5, HE4 and aquaporinfefer Table 2.8
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A Immunofluorescenconfocal microscopwasused to localize the expressiof

cell specific markerd_efer2.6).
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ECM prepared. 4 x 10cells/ml were
(Matrigel/ - mixedwith ice-cold ECM.
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‘ The ECM containing SG ce
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' + PET transwell in a 1®%ell plate

ECM containing
30 mirutes
incubation

SGs cells

Following ECM polymerisatio
cells were submerged in
enriched media.

Enriched medium
(BEGF, WNT3A,-Bpondin 1 andROCKI)

3-days incubation

-

After 3 days fresh medic

Non-ALI ALl ] i
(without ROCKIi) was added ar
cultured either submerged (nen
ALIl) or placed at an diquid

interface (ALI).

14-days incubation

-

Non-ALI

ALl
After 14 dygs the SGcells had
developed into organoids.
Analysis inclued diameter of

[ Analysis techniques ] organoids, H&E staining
immunohistochemistry and

immunofluorescence.

Figure 41  Overview of developingn organoid model of humasalivary glands
by using SG cells.
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4.3.5 Culture of Bacteria

Bacteria

Antibiotic

Bacteria (strain) Resistance

Origin

Lyophilised stocks within the
- School of Clinical Dentistry,
Skeffield, UK

Staphylococcus aureus
(S235 a lab strai

Media preparation
lff INRPGOK YSRAIF gl a LINBLI NBSR | OO2NRAY 3

distilled water and sterilised by autoclaving at 15 psi (120°C) for 20 minutes

Blood Agar (BA)

7.8 grams of Columbia Blood Agar Base was@due 200 mL of didled water. The
mixture was swirled until all the powdevasdispersed and freely suspended. The
medium wasautoclaved under standard conditions for liquid reagentsg&is120°C)
for 20 minutesbefore pladngin a 56°C water bath. Thallowed the medim to cool
sufficientlyfor the addition of blood and antibiotics without denaturiramy activity
but still being warm enough to prevent the agar from solidifying. 15 mHarke
Blood Oxalated (~5 to 7% v/v), previously warmed to roemgerature, was adcdk
and mixed gently until uniformlydistributed. The medium wasimmediately
dispensed into 100nm petri dishes and any bubbles formed removed by flaming.
The warm plates we allowed to cool at room temperature until the agarchset,

placed in a plastic séve and stored at 4°C until needed.

Growth of S. Aureusn Solid Media

Using aseptic technique, a small amountSfAureuswas streaked out from the
frozen stock onto amall section of a BA plate (~1/4) by using a sterile wooden
applicator. With a newsterile wooden applicator, a new quadrant 8fAureuswas
streaked out by passing through the initial quadrant several tinfdss process was
repeated 1 to 2 more timespassing a new sterile applicator through the most

recently streked quadrant. Thelptes were incubated for 224 hours at 37°C.

Page |96



Growth of S.Aureusin Liquid Media

Using aseptic technique, a single colonypdiureuswas transferred from the streak
plate into the aliquoted broth by tilting the culture tube and ruhf the inoculating
loop against the side of the tube at the liqead-interface. Thebacteriawere visible
on the loop. The culturewere gown overnight(~16 to 18 hours) at 37°@& which

point the cultureisin stationary phase.

Preparation ofS.AureusFrozen Stocks
Using aseptic technique, 150 of sterile DMSO was added to one sterile cryotube.
850 pl of overnight culture was added to the same crymuagainusing sterile

technique.The cryotube was mixed briefly by ing@nand storel at -80°C.

Multiplicity of Infection (MOI)

Two parameterswere considered wherestimatng the multiplicity of infection
(MOI): the number of bacteria and the number of cells per organoid.

The overnightiquid culture was prepared and the bacterial densigsessedsinga
Neubauer chambeand microscope and the bacteti@oncentration reported as
colony forming unig in 1 mL of BS ¢fumL). Theformula below was used to

determine the number obacteriaper millilitre.

Concentration Total counted organism Dilution factor
(cfu/mL) Area of squares countedGhamber cepth

= N x Dilution Factor
(5 x0.04% 0.02

To estimate the number of cells per argpidthe number of organoids in 1 well was
counted the organoids wre dissociated into single cellsing DispaseRefer 4.3.3

and thencounted using a haemocytometérefer 2.2.3.
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Bacteria Preparation for FIT-Gtaining

The bacteria were cultured ougight in liquid mediacounted and diluted with PBS

to give aconcentation of 1 x 18 bacteria/mL.1 mL of bacterial suspension was
centrifugedat 13,000 rpmfor 2 mins andhe supernatantdiscarded. The pellet was

washed twice with 1 mL of PBS by cdntiing at 13,000 rpmfor 2 mins. The pellet

wasthend dza LISY RSR Ay wm Y[ t.{ oawhKof MTCinc[ 27
DMSO)and incubated in the dark for 15 mins at 4°C with gentiléaéigh. Finally

the pellet was washetbur times with 1.5 mL PB$ centrifugation to remove excess

FITC.

4.3.6 Infection of SG Organoid Model with S. Aureus

SG cells were cultured in Matrigel at ALI for 14 days as described previRady (
Figure 4.). The antibiotics were removed from the media for 48 hours ptior
infection in order todilute the antibioticsin the basement membrane. FIft€gged
S aureus(S235)was preparedas describedRefer 4.3.5. Anappropriate amount of
bacterid culture, in antibiotic-free Nan mediato infed at a MOl of 1:100 (SG
orgarpids: bacteriayvas added tdahe apical chamber ofLI day 14 SG organoida
equal volume of PBS was addedftwther organoid cultures t@enerate negative
controls. Cultures were incubatefor 1 hour and washed three times with sterile PBS
to remove nam-adherent bacteria. Antibiotifree Nan media waaddedto the basal
chamber and cultures incubated for 24, 28 and 72 hpi each time point SG

organoids were fixed for IFRéfer 2.6.

4.4 RESULTS

| established culture conditiorfer the development of an organoid model of normal
human salivary glands performed a morphological analysi$ the organoidsand
determined the expression of cell specific markared compared thigo normal
human salivary gland tissueused the normal human salivary gthaorganoid model

as a model of infection by exulturing with the salivary gland pathoge®, aureus
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4.4.1 Morphological analysis of SG organoids cultured in Matrigel

As described in secin 3.3.5.3 and 3.4.4rimary humanSG cells were successfully
isolated from suldingual glands and expanded in cultur&he average size of the
tissue was 0.3 grams and it took approximately 28 days to isolate the SG cells from
explant tissue with averageumberwas 3.61+ 0.43E  ‘nceils/T75 flaskn=3 SG
batches).

Addition of ROCKduring the initial stages of culture (with all cells submerged) has
been shown to facilitate the proliferation of cellsalitha S Y Nanduet al, 2014;
Mulay et al., 2016)allowing seedingt the lowest possible density. Hence, SG cells
were initiallyseeded at a densityf M EP cellgavell in Matrigel and submerged in
culture medium with ROCKor 3 days. Fresh media used from this time point
onwards did not include ROC#hd organoids were cultured either as néhl or at

an ALl (as day 1).

| found that SG@ells from singleellsuspensiors (day 1) werable to proliferate and
differentiate to form smalmini-gland likestrucures after 14days.At ALI day 3, cells
migrated towards each other, formed aggregates and the spheliicalstructure of
organoids could be observeoly ALI day7. At around ALI day 10, the spherical
organoids were larger in size and by ALI day 14 small structures resgn3siin

organoids were visalised Figure 42).
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Figure 42  Organoid models of human salivary glands cultured at ablASG
cells from single suspensions were able to proliferate and differentiate to form small
structures resembling mirglands for up tdl4-days in culture. (10x magnification)
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Haematoxylin and eosin stained sections of SG organoids showed unibommbact

flat, polygonal cells with welllefined cell boundaries at the periphesindfewer cdls
towards the centre of the organoid€anpared to those grown at an ALI, né.l
organoids were significantly smaller in siZég(re 4.3. Mean diameter of G
organoids cultured in Matrigel at Allas272.6+ 1.53um, p=0.0001, significantly
larger thanthose notat ALI £01.4+ 3.99um). Thenumber of SG organoids formed
was also significantly different between the two conditions with the mean number
of SG oganoids formed in Matrigel at ALI beiii8.33+5.24, p=0.0A compared to
22.33+1.76 SG organoids formed at neilLI Figure 4.3.

Figue 4.3  SG organoids cultured in MatrigeHaematoxylin and eosin stained
sections of SG organoidsltured in Matrigel at ALI (A) for up tbd-days were
significantly larger than ncALI (B) cultures. Scale bar=100 pm.

kK 100 - *kk

300 4

200 4

Diameter (pm)
Organoid formed

*\ N\
WY
?.

N N »
(‘é‘. («.&

Culture condition Culture condition

Figure 44  SG organoids cultured in MatrigeDiameter of SG organoids (A), and
number of SG organoids form@) cultured in Matrigel was compared between ALI
and nonrALlI cultures. N=3, ****pvalue<0.0001, ***p-value<0.001.
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4.4.2 Expressiorof cell specific markers in SGs organoids cultured iatiel
Expression of a selected panel of human salivary gigamés was analysed by RT
PCR with RNA from normal human salivary glands being cechpa that isolated
from 14-day organoid culturegFigure 4.5. Expression of nanog (a progenitor cell
markeNL I Y R /-SWAsmybepitReliat cell markers) were cleasgen under
both ALI and nom\LIculture conditions. The expression of Amylase, AQP5 and MUC7
wasonly detectedin organads cultured at Al. Expression of £adherin, ZO1 and
claudinl were hghly expressed in organoids cultured at ALI, with less expression in
non-ALI culturesCkit and HE4 were also expressed under both culture conditions.
Expression of CST1, CST5 or MUCS5B was not dkiactey cultures. Huma®AZA

(hOAZ1yas used aaninternal controlfor all RTPCR experiments

100bp ladder
hOAZ1
Nanog
Ckit
Amylase
E-cadherin
Z01
Jaudin 1
h-SMA
CD10
HE4
AQP5
CST1
Cg5
MUCY
MUC5B

SGorganoids in
Matrigel at non-
ALl

SGorganoids in
Matrigel at ALI

Salivary gland
tissue

Figure 45  Expression of cellype specific markers of SG organoids cultured in
Matrigel. RFPCR expression of asefed panel of salivary gland genes in organoids
cultured in Matrigel for 14 days compared to normal salivary gland tissue. hOAZ1
was used as an inteal control.
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4.4.3 Localisation of epithelial markers in SG organoids cultured in Matrigel
Immunohistochemisty wasused tostudy thelocalisation ofthe epithelialmarker,
CKS5, and the myoepithelial markéSMA, in SG organoids cultured in Matrigel at
Day ¥4 (Figure 4.9. Positive staininggf CK5was found both at ALI and neAL|

K2 ¢ S @SMWPwad' detected only at the periphery of ALI cultures with no positive

staining in nopALI cultures.

At this stagel stained CK5 by immunofluorescen8éaining of nclei with DAPI and
Z-slice imaging using confocal microscopy demonstrated thagfithelial cells were
uniformly compact around the periphery of the organdkigure 4.7A and 4.7Qvith
fewer cells tovards the centreKigure 4.7B and 4.7DThey also gpeared toform,

budsand brancles from the mainhgphericalstructures.
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Figure 46  Immunohistochemistry of SG organoids cultured in Matrigel.
Positive staining of CK5 in SG orgds cultured in Matrigel for Xdays at ALI (A) or
non! [ L -BMAOaBALIN(C) or neill (D), with negative controls at ALI (E) or-non
ALI (F). Representation of three independent batches. Scale bars = 100um.
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Figure 47  Immunofluorescent confocal microscopy of SG organoids cultured in
Matrigel. Confocalimages (representative of three independent batches) of CK5
(red) and DAPI (blue) showing sphericattdg, B-middle), and budding and
branching (arrows)@p, Dmiddle)strucures of SG organoids at 40x magnification.
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4.4.4 Morphological analysis of SG organoids cultured in Myogel

Differentiated organoid structures resembling mgiands developed when the cells
were grown in Matrigel but this was less obvious when grown in MydgeMyogel
is less solid than Matrigemore gellike, the SCcellstended to settle at the bottom
andattachto the plate rather tharremaining suspendeith the matrk. Thus, the cells

grewas a2D model rather than formingD organoids Figure 4.3.

The SG cells cultured in Myogel at ALI adhered to the membrane of the transwell and
displayed small clumpgnislands of cells surrounded by flat, elongated céligure
4.8A). Two distinct sub populations of cells could be observed in submerged cells

(non-ALl); the majority were flat, polygonal, more compactly arranged cells,

intersected by clusters of slightelevated and elongated celBigure 4.8B.

Il : [T 1]

Figure 48  Salivary gland cells cultured in MyogeSG cells grew as a 20ode
rather than forming organoids when cultured in Myogel at ALI (A), andAidr(B)
(10x magnification) Haematoxylin and eosin stained sections of SG cells cultured in
Myogel at ALI (C), and ngkLI (D) for up to Xdays. Scale bar=100 pm.
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4.4.5 Morphologicalanalysis of SG cells cultured in combinations of Matrigel
and Myogel

Experimens were undertaken to furtr examine the potential role for Myogel as an
ECM supporting the growth of SG organoids in whichrabination of Matrigeand
Myogel (1:1) was use&G cells did n@rowundernon-ALl onditions, howevertwo
different populations of cells, 2D ar8D oganoids were seen in th&LIcultures. The
organoid models appeared to form and differentiate in the Matrigel only as the two

matrices separated froneach other rather than remaining as a single suspension

(Figure 4.9.

.
L wm 1] f

Figure 49  Salivary gland cells cultured in a mixture of Matrigel and Myogel
(1:1). At nonALI conditions, the cells did not grow (A), while they formed two
populations at ALl conditions, 2D and 3D organoids (B) (10x magnification).
Haematoxylin and eosin stained sections of SG cells cultured in Matrigel/Myogel
mixture at ALI (C), and neALI (D) for 14lays. Scale bar=100 um.
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4.4.6 Expression of cell specific markers SG organoid models cultured in
Myogel with and without Matrigel

Using RPCR, expression of cell specific markers identifie&igure 4.10were
comparedbetween RNA from normahuman salivary glandand that from four
different cultures conditionsMyogel at ALl and neALland amixture of 1:1 Matrigel

and Myogel, both at ALl and ngkLI All cultures were grown for 14 days

The SG cells cultured in Myogel were unable to forganoids however, relatively
high expression of amylasand AQP5 RNA weidetected when cultureét an AL|
both with Myogel alone and also in the 1:iixture of Matrigel and Myogel
Interestingly, the SG cells in the mixtwEMatrigeland Myogelalso expressed the
mucous cell markes; MUC7 and MUC5Bhere was no noticeabldifference in

expression of any of the other genes analysed.
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hOAZ1
Nanog
Ckit
E-cadherin
Claudin 1

SG cells cultured
in Myogel at non
ALl

SG cells cultured
in Myogel at ALI

SG cells cultured
in

Matrigel:Myogel

(1:1) at non-ALlI e ——————

SG ceB cultured
in
Matrigel:Myogel
(1:1) at ALI

Salivary gland

Figure 410 Expression of cell specific markers of SG cells cultured in Myogel with
and without Matrigel. RFPCR expression of a selected paneaabfvary gland genes
in organoids cultured in Myogel with or without Matrigel for 14 days compared to

normal salivary gland tissue. hOAZ1 was used as internal control.
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4.4.7 Infection of SG Organoid cultured in Mategwith S.aureus

Having successfully deteped an SG organoid model in Matrigel under ALI
conditions, we evaluatd its utility as a modebf salivary gland infection/Ne infected

the SG organoids at day 14 with Fia@gedS.aureus IFC microscopgpdicated that

only a few bacteria were abletinvade into the SG organoids, and some of them
infected the SG cells at 24 hours post infection (hpi) as shown in Figdi. Figure
4.11C shows that at 48 hpi, a small number of bacteria had infected the inner cells of
SG organoids as well as the eutells. By 72 hpi, the bacteridad infectedthe
majority of the peripheal cells ofthe organoids (Figure 4.11Dyt did rot appear to

affect viability (not directly assessed)
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Figure 411 SG Organoids as Model for InfectiolseasesS. Aureus Images
(representative of three independent batches) of SG organoids infected Suith
aureusFITC (green), positive staining of CK5 (red) and DAPI (blue) at 24hpi (B), 48hpi
(C) and 72hpi (D). SG organoids cultured witifeuaureusvas used as negative
control for 72 hours (A). 40x magnification.
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4.5 DISCUSSION

We have determined, for the first time, favourable conditions to isolate and grow 3
dimensional organoid dtures from primary human salivary gland cells, which will
allow us to study regeneration of human salivary glands and the pathogenesis of
disease. The SG cells, cultured in Matrigel with specific growth factors, differentiated

into mini-glands with phentypic expression of specific SG genes and proteins.

The culure method that | have established was adapted from those used to culture
mouse salivary gland organoidgsanduriet al, 2014; Maimetset al., 2016) The
culture media was supplemented with a number of specific growth factors including,
EGF which is important for mitogenesistédm cell{Clevers, 2013}-GF signalling is
SaaSyaAalrt F2NJ {D ONIyOKAYy3d Y2NLIK23ISySaax
remains unclear ithe initiation of bud formatior{Patel, Sharpe and Mileh, 2011)

The addition of ROCK:i to cell cultures has previously been shown to promote basal
cell expansiomn airway epithelial cttlires (Mou et al., 2016) Furthermore, previous
studies havendicated thatin usingROCK:I, the number of transwell cultucesild be
maximisedfrom a limited number of cells isolated from the middle ear epithelium
without altering differentiation(Mulayet al., 2016) We did notformally investigate

the differencein the presence/absence dROCKIi irthe media at early stageof

culture.

Wnt3a and Rspondin 1 have previously beenasin to be vital ér proliferation,
differentiation and longterm culture of small intesting€Satoet al, 201), stomach
(Bartfeld et al., 2015)andliver (Huchet al, 2015)3D cultures or organoids. The Wnt
pathway appears tde the man driver of epithelial adult stem cel(€levers, 2016)
constituting the key pathway in maintaining stem cell fate and driving proliferatio
of gem and daughter cells. Similarly, Maimetsal. (2016 identified Wnt signalling

as a key driver of adult SG stem cells which allowed extemswitro expansion and
enabled restoration of SG function upon transplantation of cells into the SMG of
irradiated mice. Fspondin 1 is a Wnt signal amplifier, éabifactor to activate Wnt

signalling/Satoet al,, 2011) Thus, the addition of these essential components to the
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culture media is one of the keys to success in growimtggSG orgnoids, as was

observed in this study.

Matrigel is commonly used as an ECM in experimental studies, is known to stimulate
and maintain differentiation of a number of cell typ@dariaet al., 2011)and allows
remodelling of cell behavioun vitro. In the present study, Matrigel was mixed with
culture medium containing SG cells prior to seeding on a transwadttin§his
technique povided a 3D framework rich in lamn and collagen to allow the cells to
grow into organoids. The same protocol has previously been shown to allow the
formation of more rigid neuraépithelial tissuegEirakuet al., 2008; Clevers, 2016)

The cultures were then grown at either Abil submerged in media (neALl).
Interestingly, thistudy shows the SG cells grown in Matrigel differentiated to form
mini-glands/organoids with budding and branching structures, particularly when
grown at an ALI rather than under traditional conditiomgh cells fully submerged

in cuture medium. ALI culire conditions have not been previously described in
studies attempting to culture mouse salivary organoiianduri et al, 2014;
Maimetset al, 2016). Although growth at an ALI does not exactly mimic ith&ivo
salivary gland, mammalian glandular cells arevamefully submerged in fluid.
Furthermore, the SG cells at ALI were not exposed to the air as they were somewhat
protected by the Matrigl and secretions they themselves produced. The conditions
we have prposed, may allow the Matrigel to become somewilséiffer and thus
provide further support for the growth not only of differentiated organoids but also

those that more closely resembledlin vivosituation.

Matrigel, although a useful experimental todd, derived from mouse sarcoma and
thus could notbe used in the development of clinical applications. In order to
investigate alternative matrices SG cells were cultured in Myogel, dhde@ved
from a benign human uterine leiomyon(&ab et al,, 2015) However, we found that
the SG cells weranable to form organoids, instead they grew as monolayers. This
was due in part to the physical property of Myogel, whicless Isolid than Matrigel,

and so the cells tended to drop through theybgel and attach to the membrane
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rather than remaining inuspension. We experimented by culturing the SG cells in
combinations of ECM with 1:1 of Matrigel and Myogel. We found that tthe
different matrices did not mix but instead formed two suspensiansl thus two
different cell populations, 2D and 3D orgammid~uture studies will involve the
addition of collagen to MyoggSaloet al., 2015)to increase the rigidy of the
supporting matrix. It might be possible to use human celladype |, the most
abundant type of collagen in the human body aniet serves as a major structural

protein in ECM.

Epithelial tissues require interaction with each other, extradaflmatrices, and also
signals from their microenvironment, to polagizPradhanet al, 2010) The
expression of mRNA for the tight junction protein, A0and celcell adhesion
proteins, Ecadherin and claudin, in SG organoids suggests an dgaisalpolarity. It

is interesting to nte that the expression of amylase, AQP5 and MUC7 was detected
in RNA fron organoids grown at ALI in either Matrigel or Myogel alone, and in the
mixture of the two matrices. This suggests some functionality for this 3@reul
system as both amylase and A8)&e acinar cell markers, while MUC7 is a mucous
cell marker. Howevetthese findings need to be further confirmed by studying the

proteins.

The most important finding from this study was that the organoids were alflerio
buds and branching structure$vVang and colleagues (2018) stated that the core
structure of all brankbed organs consists of tightly associated epithelial cells, which
will actively interact, biochemically and biophysically, with ECM and other pek ty
such as smooth muscle cells, unens and blood vessels during branching
morphogenesigWanget al,, 2017) Corsistent with the literature, our SG organoids
demonstrated positive exgssion of CK5, an epithelial cell marker, and expressed
smooth muscle cell markers at the periphery of the organoids. The budding and
branching seemi my study might be due to the fathat our culture media include
receptor tyrosine kinases, FGF and B@ifch are required for most branched organs
(Wanget al, 2017) Similarly,Shamir and Ewald (2014)ktated that the epithelia

Page |114



themselves are able to branch if certain growth factors (for examples FGFs, and
VEGF) are provide(Shamir ad Ewald, 2014)Further research is required to

investigate the factors that contribute tim vitro budding and branching.

Despit these promising results, questiosisll remain. Does growing as an organoid
createany problems? One of the problertisat | noticedwasthe ability to visualize

growth without terminating the experiment. Another issue thatherges from this

study isthe samplingandanalysif cell secretions. As the SG organ@dsgrowing

inside the Matrigel, it imot currentlypossible to collect celecretiors. As we have
aSSys GKS OSft f ados SN | INR2a SEEEGansdSHAlMGET S F
possible this wouldbe a hypoxic region. It can therefore be assumed that the cells
would havelimited access to nutrients andxygen It is also pssible, howeverthat

this might representthe initiation of lumen formationFurther work is requirel to

investigate thesequestiors.

An issue that was not addressadthis study is there are no details of confirmation
that Wnt3a and Rspondin 1 conditioned media contained the desim@olecules.
Further study should take this into caderation by performing a Topgish assay,
which is known as a luciferase reportegsay. It has been used to determine the
concentration and activitpf both Wnt3a and Bpondin 1 in the conditioned media
(Zhao, 2014)This is impaant in understanding that both factors contribute into the

development of SG organoids.

Infection d SG organoids usinge human pathogenS. aureusdemonstratel that
our SG organoid model can be used for the study of atogen interactions
within human salivary glargdin this study, we shoadthat S. aureusitially infected

a small number of G cells in culture, waded into the SG organoids and the infection
spread from both directiog inside and outside of the garoids over time.Further
analysis could be carried out toam abetter understanding bthe interactions
betweensalivary glandtellsand pathogers and the pathogenesis of salivary gland

diseass such asjogren syndrome.
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4.6 KEY EXPERIMENTAL CONCNSSIO

T

| havedeveloped a suitableulture system to isolate, maintain and proliferate
primary epithelial cultures from humarsalivary gland tissue into 3D
organoids.

SG organoids cultured in Matrigel at ALI with enriched media displayed the
optimal culture caditions and were able to expess acinar ceBpecific
markers (amylase, AQP5 and MUCY), crucial markers for human ygsalivar
glands.

The positive stainingf CK5 suggests that most cells have some progenitor
cell characteristics but this needs to be furthevestigated.

SG organoids we able to form budandbeginto form branches.

SG organoids can potentially be utilised study the pathogenesis of

infectious diseases.

The main goal of the present study was to develop an organoid model of human

salivaryglands using normal sublingugland cells and theasethe modelto study

the early stages of infgious disease withS. aureus In this study we have

successfully develope8G oganoids from SGells that have been isolated from SG

tissue by using exaht technique, cultured in Matgel at ALI with enriched media

supplemented with Wnt3A,RBpondin 1EGF and FGFRloreover, the SG organoids

were ableto form buds and displayed positive protein expression of CK5 as well as

MRNA expression of amylase, P&and MUC7Besides, we havghown that the SG

organoids model can be utilised for infectious dsesstudyThis would be a fruitful

area for furtherwork. Further experiments should be carried out to investigate other

factors that may contribute andave effects on the developmentf SG organoids

cultures.
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CHAPTER 5lUMAN SALIVARY GLAND ORGANOID MODELS CULTURED IN
DIFFERENT MEDIA

5.1 INTRODUCTION

| have previouslghown the successfudevelopment of human SG organoid models
cultured in Matrigel under ALI culture conditions. Addition of Wnt3A asgdhdin
1 to other growth factors (EGF and FGF2) appears to allow indefinite growth of

human SG organoids.

Transformilg gowth factori ~ &€¢ D  dngrRorpdgenic protein (BMP) signalling

have been acknowledged to promote progenitor proliferation, migration and survival
(Broutier et al., 2016} .atk¢DCI ardylrtftAy3a ftaz ol f
differentiation and reversilke ell-cycle exit andegulates the maintenance of stem

cells and their activity in response to tissue inj(@shimori and Fuchs, 201pu et

al., 2016¥p CAdZNIIKSNX¥2NB>X .atk¢DCi aArAdaylttay3
spontaneousdifferentiation of, and thus facilitate, mouse colon and tracheal
organoid culturegBarkeret al,, 2010; Mouet al., 2016)

A previous study hadescribed the use of dosomorphin (DM) to mimic the function
of the endogenous BMP inhibitor, Noggin, to direct cardiomyocyte formation in
mouse embryoit stem cell§Aoet al, 2012) DMH1, dorsomorphindmologue 1, a
secondgeneration small molecule BMP inhibitor, has been shown to be a more
selective inhibitor of BMP Type | receptors than DA et al, 2012)and has thus

been selected for our study.

A8301isapotentinhb i 2 NJ 2 F (G KS ¢ DCIi milyactivglikdkindé& O S LJG 2 |
ALK5 and its relatives ALK4 and ALK7. It inhibits SMAD signalling and efothelial
YSaSyoOKeyYlf GNIyairdgazy o6& GNIyaF2N¥YAy3a 13
signalling. It has beensed to maintain selfenewal and prolération of rat and

human induced pluripotent stem cells in cultures without feeder lay&i®t al.,

2009) Furthermore, it also prevented senescence and apoptosis of cultumethn

endometrial mesenchymal stem cells (MS@nd thus may have aole in
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spontaneous MSC differentiation during culture expansi@urung, Wekmeister
and Gargett, 2015) Thus, | would like to determine whether A8301 can maintain
growth and prevent the spontaneous differentiation of $€lIs during culture

expansion.

LIM kinases plagrucial roles in various cell activities, including migration, division,
and morphogenesis by phosphorylating and inactivating cofiliney regulate both
actin and microtubule organization which is cobtried to salivary gland branching
morphogenesis(Ray et al, 2014) SR7826 is potent and sele@i\.IM kinase
inhibitor, which inhibits cofilin phosphorylation and suppresses migration and
invasion of cellén vitro. Thus, ve would like to investigate the responses of SR7826

during morphogengc process in SG cells development.

This chapter outlineshe effects of specific differentiation factors, DMH1 (BMP
AYKAOAG2NDLI !yonm 0¢DCIi Ay K hedevglgphént, I v R
cell viability and morphology of SG organoids. Preliminary proliferation assays of SG
monolayer cultures in enthed media with specific differentiation inhibitors allowed

us to assess any detrimental effects of the inhibitors on cell trgsior to their use

in organoids cultures.

Previously | demonstrated that the human SG organoids expressed CK5, an epithelial
cell marker. Following the addition of the specific differentiation factors we included
four new celitype specific markersiorder to assess the similarity of the cells within

the organoids to native salivary gland tissue. These included acinar aedéns
(BPIFA2, AQP5), a ductal cell marker (CK7), and the cell adhesion maddr€En).
h-amylase an important digestig enzyme, is produced only by salivary glands and
thus in order to confirm the functionality of our SG organoids, we performeglase

activity assays.
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5.2 AIM

To investigate the effects of differentiation factors on the development of SG

organoid cltures.

5.3 MATERIALS AND METHODS

5.3.1 Media preparation with differentiation factors in enriched media

A8301 (Cat#: 2939, Tos, Bristol, UK)

HdmM Y3 g1 a

| oOROMS® and ghixesh with gertle warming in water bath

for a final concentration of 50 mM. The solution is made immediately prior to use.

DMH-1 (Cat#: 4126, Tocris, Bristol, UK)

M®p Y3 gl a

 RRSR (2

Hnnodt RS BPRROUDAY ¥

absolute ethanol and mixed with gentle warming for a final concentration of 5 mM.

mn >t

£ Al dz2 @&C. 6 S NB

SR7826 (Cat#: 5626, Tocris, Bristol, UK)

oddp Y3 1t &

 RRSR (2

MAan

aid2NBR I

>f 2 Folutb etHarol

omMmnn

was added por to mixing with gentle warming for a final concentration of 10 mM.

p >t

I £ Alj dz2 G:20°Cs S NB

a02NBR I

Media

Final concentration of
differentiation factor

Volume (\:50mL) and
stock solution

Enriched Media (Nan)]

Nan with DMH1

1 UM of DMH1

10pL of 5 mM DMH1

Nan with A8301

1 pM of A8301

1 pL of 50 mM A8301

Nan with SR7826

1 pM of SR7826

5 pL of 10 mM SR7826

Nan with ALL 1 uM of DMH1, 1 uM of | 10 pL of 5mM DMH1, 1 p
A8301 and 1 uM of of 50 mM A8301 and
SR7826 5 uL of 10nM SR7826
Table 5.1 Enriched media with differentiation factors
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5.3.2 Cell culture

I HuSG ells were grown and maintained as previously describefdr 2.2.

i HuSG ells were cultured on PET transwadl a monolayer for vialtty test with
Alamar blue dyeRefer 5.3.3.

i HuSG ells were cultured as organoid models in Matrigel at ALI, as previously
described Refer 4.3.3. Five different media were used asTliable 5.1 enriched
media (Nan), Nan with DMK Nan with A8301, Nan thi SR7826, and Nan with
ALL (DMH1, A8301 and SR7826).

5.3.3 AlamarBlue®

Principle: AlamarBlue® incorporates an oxidatimduction (REDOX) indicator that
both fluoresces and changes colour in response to the chemical reduction ofrgrowt
media resulting from degrowth. Live cells maintain a reducing environment within
the cytosol of the cell. Resazurin, the active ingredient of AlamarBlue®, is a non
toxic, cell permeable compound that is blue in colour and virtually-fherescent.
Upon entering cells, Rasurin is reduced to Resorufin, which is red in colour and
highly fluorescent. Viable cells continuously convert Resazurin to Resorufin,

increasing the overall fluorescence and colour of the media surrounding the cells.

Procedure:A 10% AlamarBlue® (BUEB] BieRad, Oxford, UK) solution was made

in culture media and 2 mL added to the cell cultures. The plate was covered with
aluminium foil and incubated for 5 hours at 37°C in a cell culture incubator. 200 pl
of the AlamarBlue dation from the culturesvas transferred to a 9évell plate and

the colour change, from blue to pink, was recorded by Magellan software using a

fluorescence excitation wavelength of 560nm and emission wavelength of 590nm.

5.3.4 Amylase Activity Assay

Principle Amylase activity is detmined using a coupled enzymatic assay, which
results in a colorimetric (405 nm) product, proportional to the amount of substrate,

ethylidenepNRG?7, cleaved by amylase. One unit is the amount of amylase that
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cleaves sufficient taylidenepNRG7 to geneate 1.0 pumole ofp-nitrophenol per

minute at 25°C.

Procedureo, 2, 4, 6, 8 ,10 pL of the 2 mM Nitrophenol standard was added te a 96
well plate to generate 0 (blank), 4, 6, 8, 12, 16 and 20 nmole/well standards. Distilled
water was added to each welbtbring the volume to 50 pL. 5 pL of the Amylase
Positive Control solution was added to one well and adjusted to 50 pL with Amylase
Assay Buffer. For the negative control, 50 yuL of PBS was added to one well. 50 pL of

each samplevas also added to the 9@ell plate.

A Master Reaction Mix was prepared by adding 50 pL of Amylase Assay Buffer to 50
uL of Amylase Substrate Mix for each reaction (per well). 100 pL of this was added
to each sample, standard, positive and negative oanivells and mixed using
horizontal shaker. After 2 to 3 minutesin(k), the initial absorbance at 405 nm
(Auos)initial Was measured. The plate was incubated at 25°C and the absorbampge (A
measured every 5 minutes until the value of the mosivacsample was greatehan

the value of the highest standard (20 nmole/well). At this time, the most active
sample is near to, or exceeds the end of the linear range of the standard curve. This
is the final absorbance measurementsddina and the tme of the penultimate

reading is Fna.

The change in absorbance fromidi to Tinas Was calculated as below:

N Yos= (Asos)final - (Asos)initial

C2NJ St OK & kosYvhstc&ripareil ko 3he ptandard curve to determine the

amount of Nitrophenol generated by the amylasaween Tnitiai and Tinal.

5.3.5 Organoid model analysis
i Diameter of organoids was measured usinglridigeJ Win64.
I Number of organoids formed was counted ramaly. An average of three

transwells of SG organoid cultures was counted per batch (N= 3 batches).
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I HEAGFAYAy3a 4l a LISNF2NXYSR Ziyed parafin & S
embedded organoids for phenotypic assessm&wfér 2.5.

I RTFPCR was used for subjeetinalysis of mMRNA expressi®&efer 2.4.

T Immunofluorescent confocal microscopy was used to loc#tizeexpression of
cell specific markerd_efer 2.6.

I Amylase activity was assessed to determine the amount of amylase secreted into

the media by SG orgaius Refer 5.3.4.

5.3.6 Statistical analysis

Twoway analysis of variance (ANOVA) was carried out to eoenfne difference
among the groups using GraphPad Prism (version 7.04) software. Data were
presented as mea standard error of the mean (SEM). Differences of P<0.05 were

considered significan
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5.4 RESULTS

5.4.1 Viability and morphologyof SG cells cultured in enriched media with
differentiation factors

Human S@ellsisolated from explant techniqueere cultured as a monolayer for up

to 21 days in media containing differentiation factors in order to investigate any

effects on cell viality and morphology. No significant differences were found in

terms of cell proliferation but morphology of th8Gcells was affectedby the

differentiation factors.

Figure 5.1 illustrates cell viability (based on fluorescence intensity) of SG cells
cukured in five different media over the 2Hay period. At day 1, all samples

indicated a similar level of cell vidibj. Surprisingly, the cell viability following

culture in enriched media (Nan) decreased at day 3 but increased sharply at day 7.

In allother culture conditions, the cell viability increased steadily until a plateau was
reached at day 10. Theceltw Af A& Ay a! [ [ € YSRALF NBYI A
while the remainder appeared to decrease from day 14. A statistically significantly
difference in cell viability was seen on day 21 between the SG cells cultured in ALL
media and Nan media §0.05). However, the differences in cell viability amongst

the other media groups were not statistically significantly.

Haematoxylin and eosin stad sections of SG cells cultured as monolayers on
transwell inserts demonstrated clear changes in morphology anmahgsdifferent

media combinations used. The SG cells cultured in Nan media (Figure 5.2A) as well as
in A830tmedia (Figure 5.2C) grew asiagle layer, while in DMHmedia (Figure

5.2B), the cells, although still a monolayer, appeared slightly thinnan those

grown in Nan media. Interestingly, uniform multilayers of cuboidal cells were
observed in SR7826edia (Figure 5.2D) and cellstawéd in ALkmedia (Figure 5.2E)

showed multilayer cultures of varying phenotype.
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Cell viability analysis using Alamar blue dye
80000 ~
Nan
DMH1
AB301
SR7826
ALL
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bhttd

40000 4

Fluorescence
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Figure 51  Cell viability analysis of SG cells cultured as monolayer in different
inhibitor media. Viability test of SG cells cultured m®nolayer in Matrigel at ALI in

Nan enriched media, Nan with DMH1, Nan with A8301, Nan with SR7826, and Nan
with all inhibitors for 2idays by using AlamarBlue. N=3;Vaue<0.05.

Page |125



A) Enrichednedia : B) Nan wth DMH1

AT
™
053"
_ i ) - W'\

P =

#
f!

C) Nan with A8301 ? D) Nanwh SR7826

E) Nan with ALL

200

Figure 52 Haematoxylin and esin stained sections of SG cells cultured as
monolayer in different inhibitor media. Images showsG cells cultured in Matrigel

at ALI in Nan enriched media (A), Nan with DMH1 (B), Nan with A8301 (C), Nan with
SR7826 (D), and Nan with mhibitors (E) dr 14-days. Scale bars = 200um. Images
representative of three independent batches.
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5.4.2 Morphological analysis of SGs organoids cultured in enriched media with
differentiation inhibitors

Human SCeells isolated from explant techniqueere cultured as organais in
Matrigel at an ALI in media containing differentiation inhibitors for up to 14 days. At
Day 14, the morphology of SG organoids was observed using a stereomicroscope
prior to proceeding with histology (Figure 5.3). The number chooids formed was

counted and the diameter of the organoids measured using FIJI software (Figure 5.4).

As shown in Figure 5.3, the characteristics and morphology of SG organoids was
affected by the inhibitors present in the culture media. They were mampact

when cultured in med I 6 A G K ! y o n mFigaré B3C) andiayskyriifioakti 2 NJT
increase was noted in the number of SG organoids formed was recorded ®27.3

6.26, p<0.0001; Figure 3\ Moreover, the number of SG organoids formed reduced
signifcantly when grown in Nan Wi DMH1 as well as Nan with SR7826 media in
comparison to the enriched media (Nan). However, the number increased
significantly when all the three inhibitors were present (ALL media) when compared

to Nan media (192.%11.24, p<(0001).

Interestingly, theSG organoids cultured in Nan with ALL media were larger than in
any of the other media (Figure 5.3E; Figure 5.4B). There was a statistically significant
difference between the diameter of SG organoids grown in Nan with ALL rawedia

Nan media (145.410.33um, p<0.01). The mean diameter of SG organoids cultured

in Nan with SR7826 media was significantly less than that in Nan media R X2

pum, p<0.05) but no statistically significant differences were found when cultured in
Nan with DMH1 media and Navith A8301.

Figure 5.5 illustrates very clearly the variation in morphology of the SG organoids
following culture in the presence of the different inhibitors. A8301 allowed the
growth of large organoids with compact multilageof epithelial cells aromd the
periphery but fewer cells towards the centre (Figure 5.5C), while small ddiear

structures could be seen following growth with DMH1 (Figure 5.5B). SG organoids
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cultured in Nan with ALL media demonstrated acilileg stuctures with stratified
squamous cells (Figure 5.5E) whereas, simple cuboidal cells were seen at the

periphery of organoids cultured in SR7826 media (Figure 5.5D).
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E) Nan with ALL

Figure 53 SG organoids cultured in different inhibitormedia. Images
(representative of three independent batches) showing SG organoids cultured in
Matrigel in enriched Nan medigd), Nan with DMH1 (B), Nan with A8301 (C), Nan

with SR7826 (D), and Nan with all inhibitors (E) foedays at ALI. Magnificaticat
10x.
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