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INCREASING DIFFERENTIATION EFFICIENCY OF HUMAN INDUCED
PLURIPOTENT STEM CELL DERIVED LACRIMAL GLAND ORGANOIDS

Sude Uyulgan, I1zmir International Biomedicine and Genome Institute, Dokuz
Eylul University, 15 Temmuz Saglik ve Sanat Yerleskesi, Balcova, 35340,

Izmir/Turkiye

ABSTRACT

The lacrimal gland (LG), also known as the tear gland, maintains homeostasis on
the ocular surface by secreting electrolytes and proteins creating the aqueous layer of
the tear film. As the main exocrine gland of the eye, it lubricates and protects the eye
by the production of lacrimal fluid. Loss of function due to damage to the LG adversely
affects eye health and vision quality. Although a large part of the human population is
affected by eye diseases based on functional disorders in the LG such as dry eye

disease, studies on human LG formation and development are limited.

The LG is a structure that develops by branching, and it reaches its structural and
functional maturity only when this process is completed, similar to salivary or mammary
glands. In this study, human induced pluripotent stem cells (hiPSCs) were
differentiated into cells with characteristics of LG in vitro by recapitulating budding and
branching morphogenesis. Branching was stimulated via exogenous FGF10 and
BMP7 proteins aiming to increase the differentiation efficiency. As an additional
approach, the LG models were developed under dynamic conditions using microfluidic
platforms to better mimic the native environment and develop more realistic LG

models.

In this context, the effects of this stimulation were examined at the RNA and
protein levels of gene expressions. The results suggest that budding and branching
development could be induced in vitro using exogenous supportive proteins.
Additionally, developed models could be improved using dynamic conditions and these

platforms could be used as a potential platform for therapeutic approaches.

Keywords: Human induced pluripotent stem cells, stem cell differentiation, lacrimal

gland, dry eye disease, organoid



INSAN INDUKLENMI§ PLURPOTENT KOK HUCRE KAYNAKLI LAKRIMAL BEZ
ORGANOIDLERININ FARKLILASMA VERIMLILIGININ ARTTIRILMASI

Sude Uyulgan, izmir Uluslararasi Biyotip ve Genom Enstitiisti, Dokuz Eylil

Universitesi, 15 Temmuz Saglik ve Sanat Yerleskesi, Balgova, 35340, izmir/Turkiye

OZET

GOzyas! bezi olarak da bilinen lakrimal bez (LB), gbzun dig yuzeyini kaplayan
elektrolitleri ve proteinleri salgilayarak gozyas! sivisini olusturur ve okuler yuzeydeki
dengeyi korur. Bir ekzokrin bez olarak lakrimal bez, gozyags! sivisi Ureterek gozun
yuzeyinin nemli kalmasindan sorumludur. LB 'nin hasar gérmesi nedeniyle fonksiyon
kaybinin olusmasi géz saghgini ve gdrme kalitesini olumsuz etkiler. insan nifusunun
onemli bir kismi kuru goéz hastaligi gibi LB'de fonksiyonel bozukluklara dayal g6z
hastaliklarindan etkilenmesine ragmen, insan LB olusumu ve gelisimi (zerine yapilan

calismalar sinirlidir.

LB, dallanarak gelisen bir yapidir ve tipki takurik bezleri veya meme bezleri gibi
ancak bu sire¢ tamamlandiginda yapisal ve islevsel olgunluguna ulasir. Bu galismada, insan
kaynakli pluripotent kok hicreler (hiPSC'ler), tomurcuklanma ve dallanma
morfogenezinin  6zetlenmesiyle in vitro LB 0&zelliklerine sahip hUcrelere
farkhlastinimigtir. Dallanma, farklilagsma etkinligini arttirmayi amaglayan eksojen FGF10
ve BMP7 proteinleri ile uyarim saglanmistir. Ek bir yaklagsim olarak LB modelleri,
dogal ortami daha iyi taklit etmek ve daha gercek¢i LG modelleri gelistirmek igin

mikroakiskan platformlar kullanilarak dinamik kosullar altinda geligtiriimistir.

Bu kapsamda gen ifadelerinin RNA ve protein seviyelerinde bu uyarinin etkileri
incelenmistir. Sonuglar, tomurcuklanma ve dallanma gelisiminin, ekzojen destekleyici
proteinler kullanilarak in vitro olarak induklenebilecegini gostermektedir. Ayrica
gelistirilen modeller dinamik kosullar kullanilarak iyilestirilebilir ve bu platformlar ileriki

calismalarda terapétik yaklasimlar igin potansiyel bir platform olarak kullanilabilir.

Anahtar Kelimeler: Insan uyarilmis pluripotent kdk hiicreleri, kok hicre farklilasmasi,

lakrimal bez, kuru goz hastaligi, organoid



1. INTRODUCTION AND GOALS
1.1. Statement and Importance of the Problem

The lacrimal gland (LG) is an exocrine gland located on the eyeball whose main
function is to produce lacrimal fluid to maintain homeostasis on the ocular surface
(Conrady et al., 2016). The LG plays an important role in eye health and vision quality
via the fluid components (water, electrolytes, and proteins) it produces. The secretion
is maintained through short channels, and ducts, to the outermost layer of the eye also
called as the ocular surface, supporting and protecting the surface metabolism, corneal
transparency and the quality of the of vision by creating a tear film (Garg & Zhang,
2017; Holly & Lemp, 1977; Johnson & Murphy, 2004). Stabilization of the tear film and
the dynamic structure of the ocular surface is one of the most important elements
required for healthy vision. Damages that can disrupt this structure have the potential

to cause permanent damage on the visual sensory system (Lu et al., 2017).

Although a large part of the human population affected by eye diseases that are
occur due to the loss of LG function such as dry eye disease, studies on human LG
formation and development are limited. DED is a multifactorial disease of the ocular
surface marked by a loss of tear film homeostasis and ocular symptoms (Craig et al.,
2017). It can be occurred in various forms, and may lead to vision loss due to corneal
epithelial cell damage. The current therapy options are not sufficient enough to cure
the damage, most of them are temporary solutions focusing on increasing the comfort

of the patient. Therefore, new solutions needed to cure DED.

It is now possible to generate in vitro models such as organoid models which can
recapitulate the human organ development and improve them for therapy purposes
with the enhances in the fields of tissue engineering and regenerative medicine.
Organoid-based therapies taking advantage of stem cells are based on assisting in the
acquisition and differentiation of functional cells that can lead to regeneration of
damaged tissues. In this study, hiPSCs used differentiated to form LG organoids. As a
gland, LG undergoes a process of branching morphogenesis similar to salivary and
mammary glands before reaching structural and functional maturity. The branched

structure provides the advantage of optimizing the functions by maximizing the surface



area within a limited space (C. H. Dean et al., 2005). Here, the branching structure is

stimulated on organoids to advance the differentiation of hiPSCs to LG models.

1.2. Purpose of the Research

The purpose of this research is to increase the efficiency of existing human
induced pluripotent stem cell derived lacrimal gland protocol by improving the culture
conditions such as the development of 3-Dimensional (3D) organoid models and the
use of dynamic microfluidic platforms, as well as providing supporting molecules to

recapitulate the budding and branching morphogenesis in vitro.

1.3. Hypothesis of the Research

In this work, it is hypothesized that the budding and branching morphogenesis
induced by supplementary molecules, increases the differentiation efficiency of hiPSCs
into LG organoids. Moreover, this improved differentiation can be further
complemented using microfluidic platforms. It is expected that the differentiation
efficiency of the groups stimulated by supporting molecules will be higher relative to
non-supplemented controls. Similarly, organoids that grow in dynamic culture
conditions are expected to have an improved differentiation efficiency compared to

static conditions.

2. GENERAL INFORMATION
2.1. Lacrimal Gland

Lacrimal gland (LG) is a tubuloacinar exocrine gland that is anatomically similar
to mammary and salivary glands. (Garg & Zhang, 2017; Makarenkova & Dartt, 2015).
LG is located on the upper part of the eye and is responsible for the formation of
aqueous layer of the tear film as well as the protection of the ocular surface which
consist of cornea and conjunctiva. By the tear formation, LG maintains the homeostasis
of the ocular surface microenvironment and physiological function (Hirayama et al.,
2016). Tears are mainly transfer oxygen and other nutrients to corneal and conjunctival
cells while removing waste components from these cells. Therefore, LG has a critical

role in eye health and vision quality.



The tear film generates a smooth layer over the cornea for a proper reflection
of light, lubricates the ocular surface while supporting the metabolism and protects it
from the external dirt and potential infections by releasing immunoglobulins (Garg &
Zhang, 2017; Holly & Lemp, 1977; Johnson & Murphy, 2004). This film consists of
three layers; mucous layer on top of the corneal epithelium, aqueous layer that is over
90% of the tear film by the volume, and lipid layer as the outermost part (Figure1). The
mucous layer is produced by the goblet cells from conjunctiva and the stratified
squamous cells of the cornea. This layer serves as a link between the ocular surface
and the tear film, which contains mucins that help to prevent bacterial invasion and
smooth out any abnormalities in the cornea. The lipid layer is responsible for protecting
the lubricity of the surface, it prevents evaporation of the tears and is secreted via
Meibomian glands that are located on both upper and lower eyelids (Downie et al.,
2021; Makarenkova & Dartt, 2015).

The human LG is located in the upper temporal orbit, secretes mainly water,
electrolytes and a limited number of proteins that are vital to the eye health (Walcott,
1998; Zoukhri et al., 2008). It has approximately 20x12x5 mm size in length, width and

lobes respectively.

Tear Film
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Gland Sac

1 Aqueous
Layer

B ' B

e - Nl == Mucous
Layer I
-— 7

Jo o 2 —
Meibomian = -
Glands —*

Corneal ~y
Epithelium |
i

|

Figure 1. Schematic illustration of ocular glands and structure of tear film

The LG epithelium mainly consists of three cell types: acinar, ductal, and
myoepithelial cells (Figure 2). 80% of the mass of the gland is composed of acinar cells
which make up the primary secretory mechanism. These cells are responsible for
synthesizing and secreting the proteins, electrolytes, and water which make up the
tear. Acinar cells are surrounded by the cuboidal duct cells which account for 10-12%
of the LG cell population and provide 30% of the LG secretions (Mircheff, 1989). The

tight connections that surround the cells at the lumen, splitting the plasma membrane



into apical and basal membranes, facilitate unidirectional protein secretion from acinar
cells. The transmitters and peptides are released in close proximity to the acinar cell
membranes in the lacrimal gland, which is heavily innervated (Paulsen & Berry, 2006).
Like acinar cells, ductal cells are connected to the apical side by tight junctions and
support unidirectional flow by creating polarized cells. Ductal cells carry the tear from
the acini to the ocular surface while maintaining the electrolyte composition before the
exit. Although the duct cells also secrete proteins with a mechanism similar to acinar

cells, they have fewer granules.

The myoepithelial cells (MECs) are localized around the acinar and ductal cells,
responsible for maintaining the structural integrity and synthesizing the basal
membrane (Downie et al., 2021). The basal membranes contain neurotransmitters and
neuropeptides for stimulation of the secretion as well as ion channels and transport
proteins for electrolyte and water secretion. MECs have various processes on their
basal side including the contraction of surrounding acinar and ductal cells to promote
the tear secretion process (Hodges & Dartt, 2003). Their primary purpose is to apply
pressure to assist LG fluid flow from secretory cells into the duct with smooth muscle
actin located (a-SMA) on the basal side (Dartt, 2009; Hodges & Dartt, 2003). The apical
membrane also contains a different set of ion channels and transport proteins and

serves as a site of fusion of the delivery granules that transport LG secretory proteins.

In addition to the acinar, ductal, and MECs, LG also contains fibroblasts,
lymphocytes, plasma cells, macrophages, and mast cells that release histamines and
matrix proteins. Thereby the immune protection on the ocular surface can be
maintained. It has been shown that more than half of the mononuclear cells in the LG
are plasma cells, with the majority of them being immunoglobulin A positive as it is one
of the main components of the immune system of the ocular surface (Wieczorek et al.,
1988).
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Figure 2. Cell types of lacrimal gland epithelium
A)The LG epithelium is consisting of, B) Acinar cells; C) Ductal cells; and D) Myoepithelial
cells (MECs) (red) (Makarenkova & Dartt, 2015).

LG contains stem cells that undergo proliferation in case of repair or restoration
of acinar cells (Dietrich & Schrader, 2020; Gromova et al., 2017; Tiwari et al., 2014).
The exact location of these stem cells in the human lacrimal gland is unknown. As
firstly identified in crypts of small-intestine, LGRS stem cells has the potential to build
crypt-villus structures (Sato et al., 2009). Although there are no reports in the literature
on LGRS expression in the lacrimal gland, its downstream element is f-Catenin highly
active in salivary gland branching morphogenesis, implying a role in LG branching
morphogenesis. (Patel et al., 2011).



2.1.2. Histology of The Human Lacrimal Gland

Figure 3. Histology of the human lacrimal gland
(Figure adapted from; Anatomy Atlases: Atlas of Microscopic Anatomy: Section 1 -
Cells, n.d.)

The LG is made up of several lobules that are connected by loose connective
tissue, where each lobule consists of acini and intercalated ducts. Interlobular ducts,
veins, nerve fibers, fibroblasts, numerous plasma cells, and a few lymphocytes are all
found in the connective tissue (Figure 3) (Obata, 2006). Tall cells with basal nuclei
make form the serous acini. The apical cytoplasm is filled with various secretory
granules while the basal portion of the cell contains endoplasmic reticulum and Golgi
apparatus with the nucleus. Cuboidal cells line the duct cells in one or two layers. The
basal side of the duct cells is connected by gap junctions while they are apically
connected with tight junctions to generate a unidirectional flow of the tear fluid. Similar
to acinar cells, the nucleus of the duct cells is located at the basal portion. The
endoplasmic reticulum and Golgi apparatus are found in more apical locations
(Paulsen & Berry, 2006).

2.1.3. Induction of Tear Secretion

Neurotransmitters and growth factors, as well as peptide and steroid hormones,
have all been proven to promote LG fluid secretion. Multiple signaling pathways are
activated by these stimuli and leading to tear secretion. It has been proven that acinar

cells are stimulated via numerous hormones including but not limited to, retinoic acid,



prolactin, androgens, estrogens, glucocorticoids, growth hormones, thyroid stimulating

hormone, insulin, vasopressin (Sullivan, 2004).

Even though water, protein, and electrolyte secretion from the LG are highly
regulated by different mechanisms, they are all controlled via tight neural regulation.
The LG functional unit consists of sensory afferent nerves of the ocular surface and
the efferent nerves (parasympathetic and sympathetic) that innervate the LG secretory
cells and excretory ducts (Figure 4). Once a plethora of afferent sensory nerves are
stimulated, they activate efferent nerves to stimulate secretion of the LG fluid from
ducts onto the ocular surface. The sensory input is reached to central nervous system
to be processed at the brain’s lacrimal nucleus, where also other inputs are processed
such as emotional inputs. Thereby, a graded output is generated, so that the levels of
sensory nerve stimulation determine the produced LG fluid volume. Likewise, intense
stimulations such caused by emotions or exposure to foreign substances on the ocular

surface leading to increased LG fluid levels and producing overflow tears (Dartt, 2009).

Acinus

Efferent
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Central Nervous
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Figure 4. Neural stimulation of lacrimal gland

The afferent sensory neurons from the conjunctiva and cornea induce secretion. Efferent
nerves innervate the acinar and ductal cells and induce secretion. Lacrimal fluid drains
through the ducts and hydrates the ocular surface.



Tear flows through a duct system to reach the ocular surface, outflow
components are found on the nasal side of the eye, where puncta on the upper and
lower lids drain fluid into canaliculi that go to the lacrimal sac (Figure 4)(Walcott, 1998).
Blinking mechanism produces enough force to push the secreted tear over the ocular
surface (Doane, 1981).

Electrolyte and water secretion from LG is driven by the efflux of Na*, and influx
of K" across the apical membrane by the energy produced by Na*, K* ATPase (Figure
5). On the basolateral membrane, the energy of inward NA* is used by the Na*/H* and
CI/HCOs3 exchangers and the Na*-K*-2Cl- symporter to support the influx of Cl. As a
result of the ClI influx, a favorable CI efflux is generated on the apical side, which
establishes a potential difference in the lumen. This difference results in K* selective
channel activation, thereby supporting the production of Na*-CI- rich fluid production

by acinar cells.

Basolateral
Membrane

water

Figure 5. Mechanism of secretion of lacrimal gland acinar cells
(Dartt, 2009)
Electrolyte and water transport through the membrane is maintained by channel

proteins.



2.2. Development of the Lacrimal Gland

Similar to mammalian embryogenesis, epithelial-mesenchymal interactions play
a critical role in the development of human LG. Especially, interactions between the
conjunctival epithelium and the periocular mesenchyme culminate in the formation of
the LG. The development of LG in humans begins with the thickening of the
conjunctival epithelium (CE) which then invades the mesenchyme to form branching
cords (Figure 6) (de la Cuadra-Blanco et al., 2003; Garg & Zhang, 2017). Mesenchymal
cells that surround the epithelial bud are coming from neural crest origin (Johnston et
al., 1979). The gland maturates at around weeks 9-16, by forming a branched structure
with acini and secretory granules, which gives a lobular structure to the mature gland
(Kammandel et al., 1999).

Thickening Primary Bud Branching Morphogenesis Mature Gland
' o ' Primary | Duct a Secretory
X Bud Granules
/ - Acini
Conjuctival Mesenchymal
Epithelium Cells /

Mesenchymal Myoepithelial
Capsule Cells

Figure 6. Lacrimal gland morphogenesis

LG development starts with the thickening of the conjunctival epithelium, which is then
surrounded by invading mesenchymal cells. Ducts form within the mesenchymal capsule and
give rise to acini, myoepithelial cells, and secretory granules.

A plethora of signaling pathways play an important function in LG development
(Figure 7). The initiator signals for LG budding and branching morphogenesis are
fibroblast growth factors (FGFs), dominantly FGF10 and FGF7. FGF10 is mainly
expressed in the mesenchymal cells located around the epithelial bud whereas FGF7
expression is more distributed in the mesenchyme (Makarenkova et al., 2000, p. 10).
They both can bind to fibroblast growth factor receptor-2 (FGFR2) and signal through
the regulation of SRY-Box Transcription Factor (SOX) 9 and SOX10 expression (Chen
et al., 2014).

Release of FGF10 from proteoglycans is facilitated by the expression of two
matrix metalloproteinases, MMP2 and MMP9 that are secreted into the mesenchyme

via the stimulation of the transcription factor BARX2 in the LG epithelium (Tsau et al.,



2011). This process provides a positive feedback mechanism for modulating Fgf10

concentrations before the epithelial bud invades.

Apart from its transcriptional level, the concentration of FGF10 protein in the
periocular mesenchyme is exquisitely regulated by proteoglycans in the extracellular
matrix (ECM). Qu and his colleagues have shown that glycosaminoglycans (GAGs)
restrict the diffusion of FGF10 in the periocular mesenchyme during LG development,
thereby inducing significant FGF signaling to trigger bud formation in the epithelium.
Moreover, they have suggested that heparan sulfate (proteoglycan) modification
enzymes N-deacetylase/N-sulfotransferase (Ndst1/2) are playing a role in the
regulation of localization of FGF10 (Qu et al., 2012).

Paired box protein-6 (Pax6) has been discovered as a competent factor for LG
formation as one of the key transcription factors expressed in the eye. Pax6 is mainly
expressed in the conjunctival epithelium, and any mutations in this gene can result in

vision problems (Makarenkova et al., 2000, p. 10).
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Figure 7. Signaling pathway interactions during lacrimal gland development

FGF10 stimulates molecules in the epithelium SOX9, SOX10 and BARX2 by binding to Fgfr2.
SOX9 can activate both HSSE and SOX10 which triggers acini formation. The stimulated
HHSE forms a positive feedback mechanism that enhance FGF activity, leading to cell
proliferation and bud formation. The activation of the transcription factor BARX2 stimulates
MMP activation to remodel the ECM.



2.1.1. Branching Morphogenesis

The LG develops via branching morphogenesis. The branching form has the
benefit of optimizing functions by increasing the surface area in a restricted space.
Branching morphogenesis in the LG begins with epithelial specification, followed by
induction and elongation of the epithelial bud and at the and it formed mature gland by
the bud and cleft formation (Tsau et al., 2011, p. 2). The outgrowth of the LG germ and
branching morphogenesis is mainly controlled by ECM, receptors located on the ECM
(FGF receptors), and ECM-remodeling enzymes such as MMPs. Makarenkova and
colleagues showed that the changes in the FGF gradient govern branching patterns
together with the morphogenetic gradient and downstream responses are regulated by
the interactions between growth factors and heparan sulfates (HS) (Makarenkova et
al., 2009).

Progression of branching morphogenesis requires the exchange of signals
between epithelium and mesenchyme (Figure 8). It has been found that bone
morphogenic protein (BMP) 7 regulates the process of branching, and in the absence
of BMP7, the LG gland size reduces with a decrease in the branch nhumber. BMP7
expression initially takes place in the periocular mesenchyme, which is then expressed
in both epithelium and mesenchyme of LG. However, the primary target of the BMP7
is the mesenchyme where it stimulate increased cell division, and aggregation which
triggers the upregulation of cadherins, connexin 43, and a-smooth muscle actin (a-
SMA) (C. Dean et al., 2004, p. 7). Transcription of BMP7 has been found in association
with forkhead transcription factor (FOXC1), as Foxc1 null mice showed a similar
morphology with BMP7 null mice by reduced LG size and limited terminal cells
(Mattiske et al., 2006). Indicating that, FOXC1 mediates the BMP signaling which is

essential for LG development and branching morphogenesis.

Canonical Wnt signaling on the other hand, negatively regulates the branching
by inhibiting the effects of FGF10 and BMP7. Thus, it regulates the shape and structure
of the lacrimal gland (C. H. Dean et al., 2005). LGR5, an adult stem cell marker, is also
a receptor protein that provides positive regulation of this canonical Wnt signaling
(Kumar et al., 2014, p. 5). Even though not much is known about LGR5 role in LG

branching development, in a recent study transcriptome analysis of lacrimal gland



organoids showed an increase in LGRS expression under growth conditions (Bannier-
Hélaouét et al., 2021).

Sox9 regulates the expression of col2a1 and col2a9 -the main collagens in the
cartilage matrix- during the LG development. As most of the ECM components such
as laminins, glycoproteins, and proteoglycans, including cell adhesion molecules
stimulated through BARX2 expression, the collagens such as Col2a1 and Col9a1 are
essential for LG branching morphogenesis (Chen et al., 2014; Daley & Yamada, 2013;
Kim & Nelson, 2012).
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Figure 8. Signaling pathway interactions during lacrimal gland branching
morphogenesis

BMP7 and FOXC1 interaction mediate signaling in the mesenchyme. Collagens (col9a,
col2a), cell adhesion molecules, matrix metalloproteinases (MMP2, MMP9) and Cyclin
D1 play an inductive role in bud formation and branching morphogenesis.
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2.2. Dry Eye Disease

Tear protects the ocular surface from potential infections by releasing
antimicrobial proteins such as lactoferrin, lipocalin, and lysozyme. These proteins are
also important for regulating the function of the cells found in the cornea and
conjunctiva (Hodges & Dartt, 2003). Any alterations in the tear electrolytes have been
correlated with dry eye syndrome which can lead to deleterious effects on vision quality
and health (Figure 9). It is defined by TFOS DEWS Il as a multifactorial disease of the
ocular surface marked by a loss of tear film homeostasis and ocular symptoms in which
tear film instability and hyperosmolarity, ocular surface inflammation and injury, and
neurosensory abnormalities all play etiological roles (Craig et al., 2017). The
prevalence of dry eye disease (DED) worldwide is estimated at around 5% to 50%,
varies greatly between populations and studies; increases with age (Donthineni et al.,
2019; Stapleton et al., 2017; Wan et al., 2019).

DED is subdivided into two forms in clinics: aqueous deficient DED which is also
known as the dry eye with reduced tear production and hyperevaporative DED which
is the dry eye with increased evaporation of the tear film (Messmer, 2015). More than
80% of the cases are in mixed form (hyperevaporative/aqueous-deficient) (Lemp et al.,
2012; Messmer, 2015).

Hyperevaporative DED is primarily a cause of meibomian gland injury. As the
meibomian gland is crucial for maintaining the lipid layer of the tear film's homeostasis,
a malfunction in this gland results in decreased lipid component production and
therefore, thinning of the lipid layer. Lipid layer's disappearance exposes the aqueous
layer to the atmosphere which then leads to rapid evaporation on the ocular surface.
Broken tear film eventually results in DED. Besides, aqueous deficient DED is mainly
caused by LG injury. Due to the dysfunction of LG, tear secretion is reduced, causing
the tear film dries down and the ocular surface to become unstable. The instability and
hyperosmolarity stimulate an inflammation on the ocular surface leading to
autoimmune diseases. Nonetheless, the loss of tear film endangers corneal epithelial
cells to environmental threats. The damage that occurs on corneal epithelial cells
causes pain in the eye, and ocular discomfort, reduces life quality, and even may lead

to vision loss (Hirayama et al., 2013; Yao & Zhang, 2017).



LG dysfunction can be derived from a variety of factors such as systemic
disorders like Sjogren’s syndrome, or long visual activities, long term excessive use of
contact lenses, low humidity environments, and aging (Hirayama et al., 2015). Sex and
hormones also play a significant role in the pathogenesis of the LG, as DED
predominantly develops in females (Sullivan, 2004). Moreover, anxiety problems and
depression have been found strongly linked to DED (A et al., 2013). Sjogren's
syndrome is the most prevalent and dangerous among these conditions. In the patients
with Sjogren’s syndrome, nerves that are responsible for secretory functions have
reduced intensity and sensitivity, therefore the secretion ability of LG is dramatically
diminished. With the reduced tear secretion, the tear’s osmotic pressure is increased
continuously and as a result, leads to DED (Dartt, 2009; Pflugfelder et al., 1999; Yao
& Zhang, 2017).

2.2.1. Treatment Methods for DED
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Figure 9. Dry eye disease

Dry eye disease can be caused by a variety of factors that disrupt the homeostasis on the
ocular surface. The deteriorated tear film may progress until external factors damage the
cornea epithelium.



Since DED occurs in different forms, there are a variety of treatments that are
used to manage this disease. Despite this variety, the main purpose of the treatment
is to restore the homeostasis of the tear film (Nelson et al., 2017). Most of the traditional
treatments concentrate on relieving the pain and decreasing the discomfort of the
patient. Artificial tear eye drops are commonly used in traditional treatment to moisten
the ocular surface and provide extra lubrication as well as reduce ocular stress (Song
etal., 2017; Tsubota et al., 1996). They are supposed to mimic tears and hence contain
water, salts, proteins, and lipids, however, they are lacking in components. Some
autologous serum drops are derived from blood, therefore they also contain growth
factors such as plasma rich in growth factor, vitamins, and fibronectins aiming for a
more efficient therapeutic effect on the ocular surface (Celebi et al., 2014).
Nevertheless, its use is limited due to impractical acquisition and storage conditions.
Besides eye drops, warm compresses and lid hygiene are used to treat DED. However,
these treatments only provide temporary comfort, not a long-term solution.
Furthermore, in severe forms of DED, such as aqueous deficient DED, these types of
treatments remain inadequate to balance the homeostasis on the ocular surface,

thereby they are insufficient to ease the symptoms.

Additionally, anti-inflammatory and topical immunosuppressive medications are
used to treat chronic inflammation symptoms. For example, topical cyclosporin A is
used for almost 20 years as an anti-inflammatory agent as it decreases T cell activation
(O'Neil et al., 2019). However, because of their side effects such as ocular burning,
conjunctival hyperemia, and visual disturbance, the persistent use is highly limited
(Bron et al., 2017).

As one of the therapeutic approaches to restore the LG function, ectopic salivary
gland transplantation in vivo has been reported and suggested as a promising
regenerative medicine approach (Marinho et al., 2010; Sant’ Anna et al., 2012).
However, this therapy does not focus on the pathophysiology of aqueous deficient
DED, so it is only a temporary solution. Also, saliva has a risk of causing epithelial
defects by causing microcystic corneal edema due to its hypoosmolar secretion (Su et
al., 2015). Moreover, their application has been limited due to the complex surgical

process and possible complications.



Despite the increasing number of new therapeutic strategies for treating DED,
there is still a need for an effective, long-term, and novel therapy alternative. Stem cells
and their use in tissue engineering and regenerative medicine is a growing research

topic with potential benefits for clinics as well.

2.3. Induced Pluripotent Stem Cells

Stem cells, the building blocks of life, are also called undifferentiated cells which
are characterized by their ability to differentiate into any type of cell (potency) in our
body and by their self-renewal capacity. These characteristics vary among stem cells,
developmental potency is reduced with each phase. The very first cell formed after
fertilization is the zygote, which has the highest differentiation potential, and
totipotency. At this stage, cells can differentiate further, while forming the placenta.
Embryonic stem cells (ESCs) are present in the inner cell mass of blastocyst which
develops by the formation of three germs layer, the structure formed by pluripotent
stem cells (PSCs). PSCs can differentiate into the cells that form all three germ layers,
but not the placenta (Chagastelles & Nardi, 2011; Kolios & Moodley, 2013).

ESCs have become the key for cell-based therapy studies for human diseases
with their differentiation capacity (Ramirez et al., 2010). However, the use of ESCs in
therapeutic applications has major drawbacks such as ethical issues regarding on
destruction of human embryos and finding the human leukocyte antigen (HLA)
compatible ECSs need in medical applications (Bai et al., 2013; Landry & Zucker,
2004).

Although the cells with pluripotency only formed in blastocyst naturally, it is now
possible to induce differentiated cells to revert to their pluripotent state with a process
called reprogramming. The Nobel prized Yamanaka and colleagues report the method
of reprogramming firstly in 2006, where they dedifferentiate mouse fibroblast cells into
ESCs. They have induce the reprogramming through introducing ectopic expression
of four genes, Oct4, Sox2, KlIf4, and c-Myc (Takahashi & Yamanaka, 2006). Later on,
they have successfully generate human iPSCs (hiPSCs) from adult human dermal
fibroblasts with the same factors (Takahashi et al., 2007a). The produced iPSCs have
similar features to natural pluripotent ECSs in terms of morphology, proliferation and

in vitro differentiation patterns, gene expression, epigenetic status, telomerase activity,



and teratoma formation (Chin et al., 2010; Doi et al., 2009; Guenther et al., 2010;
Mikkelsen et al., 2008; Takahashi et al., 2007b).

There are various methods for reprogramming somatic cells into iPSCs.
Retroviruses are commonly used for genomic integration of exogenous genes into
somatic cells. Once the virus integrates the cell genome, the cell’'s character differs
depending on the given factors. However, because of its risks, other types of viruses
such as adenovirus or sendaivirus also is used in some studies as non-integrating
options (Ye et al., 2013). Furthermore, there are non-viral infection methods without
genomic integration have been reported. For this purpose different non-viral methods
have been developed such as, plasmids containing the factors cDNAs were given for
transfecting cells, nonviral minicircle DNA vectors given to cells by repeated
transfection or synthetic mMRNA expressing the factors used (Narsinh et al., 2011; Okita
et al., 2008; Warren et al., 2010).

Intensive attempts are being made to improve the efficiency of reprogramming
and to create iPS cells with genetic changes as fewer as possible. Aside from
reprogramming vectors and factors, the origin tissue of iPS cells has an impact on

reprogramming efficiency.

2.4. Tissue Engineering and Organoid Models as Therapeutic Approaches

The major goal of tissue engineering is to develop and create replacement organs
or tissues that can be transplanted under the right conditions to help the injured organ
or region heal and regenerate faster (Langer & Vacanti, 1993). Various studies have
been conducted on animal models in vivo including but not limited to Drosophila,
rodents, or zebrafish models, or at cellular levels on cell culture models in vitro to
improve tissue engineering approaches. However, due to differences between
species, these studies may have limited in terms of clinical translatability. Additionally,
in vitro models are most often unable to replicate organ-level functionality, which is
required for recapitulating disease modeling. Thereby, more realistic models are

required.



In response to this need, organoid technologies have been developed. Organoids
are three-dimensional (3D) assemblies made from stem cells that are made up of
organ-specific cell types that self-organize, simulating the architectural and functional
complexity of native organs. Thereby, nowadays organoid technology can recapitulate
human organ development and numerous human diseases 'in a dish'. Organoids can
be derived from embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs)
or organ-restricted adult stem cells (aSCs). Therefore, the generation of organoid
models takes advantage of normal stem cells' seemingly limitless growth potential in
culture. The differentiation of stem cells can be manipulated through supplementation
of biological factors such as exogenous growth factors, ECM substrates, or small
molecules to stimulate the fetal environment and support organoid maturation
(Clevers, 2016). The developed models can then be used in various studies such as

disease modeling, drug testing, and organ replacement (Figure 10).
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Figure 10. Human induced pluripotent stem cell derived organoid models

2.4.1. Lacrimal Gland Organoid Models

LG, like the other secretory glands, have the ability to self-renew after an injury.
The regenerative capacity maintains throughout the lifetime, which is controlled by the
stem cells (Dietrich & Schrader, 2020; Zoukhri et al., 2008). In recent years, many

studies use stem cells to support tissue regeneration after injury and to restore the



function of the LG. In ophthalmology, regenerative medicines have progressively

advanced to overcome vision-threatening eye disorders.

Recently, bioengineered LG germs have been developed using embryo-derived
stem cells to regenerate LG. The mouse LG progenitor cells (epithelial and
mesenchymal cells) are collected and placed in a collagen gel matrix to reconstruct LG
germs in vitro. They have successfully maturated the LG germs and epithelial and
mesenchymal interactions as similar to natural tissues with this method and showed
tear-secretion function after engraftment to the aqueous deficient mouse in vivo
(Hirayama et al., 2013; Nakao et al., 2007).

In another study focusing on human LG organoid formation, LG cells were
collected from the patients, and after digestion, cultured in 3D conditions with the
support of certain biological factors such as epidermal growth factor (EGF) and FGF.
They have generated human free-floating spheres called “lacrispheres” under certain
circumstances with acinar and ductal cells as well as quantifiable levels of tear proteins
(Tiwari et al., 2018). This study showed promising findings for the ability of 3D culture
of LG with a secretory function. Furthermore, previous studies have used biohybrid
materials like decellularized scaffolds, to produce complicated secretory gland
structures for a successful 3D reconstruction of LG (Lin et al., 2016; Spaniol et al.,
2015).

In one of the latest studies, cells were harvested from human LG tissues both
healthy and with Sjogren’s syndrome patients, cultured as a mixture with Matrigel in
different culture mediums to stimulate organoid development. Formed organoids were
tested against gene expression markers and tested for secreted proteins. As result,
both the healthy and diseased organoids showed similar features histologically and
functionally to normal and diseased tissues respectively (Jeong et al.,, 2021).
Furthermore, recently a study was performed on generation of 3D LG organoids from
different iPSCs by inducing supplementary molecules. They have been shown that the
hiPSCs have the ability to differentiate into LG organoids with similarities to native LGs
(Hayashi et al., 2022).

With the development of induced pluripotent stem cells, the development of

organ-like structures in regenerative medicine and tissue engineering has been



expanded. As a result, the development of in vitro 3D culture models using iPSCs has

gained widespread interest as a way to overcome the limitations of other approaches.

2.5. Organ-on-Chip Systems and Microfluidic Platforms

Organ-chip systems are cutting-edge platforms that integrate bioengineering and
cell culture techniques to provide in vitro organ-like structures with in vivo-like functions
and physiology on a micro-scale. These systems are designed to mimic the
microarchitecture of the organs as well as their function in a dynamic environment.
Microfluidic chips are the most effective systems for creating both physical/mechanical
stimulations and biochemical gradients, in which tissues formed in vitro can be
precisely controlled. Generally, these platforms consist of hollow microfluidic channels

to allow the passage of the flow throughout the cell compartment (Manafi et al., 2021).

Many organs including the liver, gut, kidney, and lung have been modeled using
organ-on-chip platforms. Additionally, just recently, eye structures such as the retina,
cornea, and lens, or shortly the ocular surface, were added to the list (Seo et al., 2019;
Xinaris et al., 2015). The chip developed by Seo et al., which merged both cornea and
conjunctiva structures in the very same platform and integrated them with a blinking
eyelid, was a significant step in the creation of an ocular surface chip. The device's
tear secretion rate was adjusted to match natural values, and for the flow of the tear, a
drainage system was created. Therefore, a uniform and thin tear film is maintained.
They have modeled DED on this platform by reducing the blinking rate and humidity of
the environment (Seo et al., 2019). These findings are extremely encouraging, and
they pave the way for the development of chip-based models for a variety of additional

ocular surface diseases.



3. MATERIALS AND METHODS
3.1. Type of Research

This research is an in vitro experimental research.

3.2. Date and Location of the Research

The research is conducted between October 2020 — May 2022 in lzmir

Biomedicine and Genome Center (IBG).

3.3.  Universe and Sample of the Research

This research was conducted via human induced pluripotent cells.

3.4. Materials of the Research

Wild type hiPSCs are reprogrammed in the laboratory of Assoc. Prof. Tamer
Onder at Kog University (Istanbul, Turkey) were obtained from Prof. Dr. Esra Erdal at
IBG Center (Izmir, Turkey).

3.5. Variables of the Research

Independent variables: Differentiation medium components, supplementary
exogenous molecule concentrations, Matrigel concentrations, duration of the cell
culture.

Dependent variables: Expression levels of the marker RNA and proteins,
heterogeneity of the differentiated cells, cell morphology, and capacity to be

subcultured.



3.6. Data Collection Methods
3.6.1. hiPSCs Differentiation into MZOC and Characterization
3.6.1.1. Culture of hiPSCs

WT1 human induced pluripotent stem cells (hiPSCs) which are generated as
explained by Akbari et al., were cultured using complete mTeSR1 media (STEMCELL
Technologies, 85851) at 37 °C, 5% CO2 (Akbari et al., 2019). The medium was prepared
by mixing the mTESR basal medium with its 5X supplement (STEMCELL Technologies,
85852) in a 4:1 (v:v) ratio. In order to maintain the pluripotent state, the medium was
refreshed every day, and cells were passaged every 7 days or less depending on their
confluency. hiPSC colonies were continuously monitored using a bright field microscope for
their quality. The differentiated colonies were detected by their morphologies during the
culture period, scraped, and removed from the environment by sterile pipette tips. Cells were
plated on 1% Matrigel (Corning, 354277) coated wells, generally on 6-well sterile culture

plates.

To prepare Matrigel coated plates, for one well of the 6-well plates, 12-13 uL Matrigel
(varies depending on the LOT) mixed with 1 mL of serum-free Dulbecco Modified Eagle’s
Medium and Ham'’s F-12 Nutrient Mixture (DMEM/F12) (Gibco, Thermofisher Scientific,
31330) on ice. Since the Matrigel is gelled with temperature, and thaw at 4 °C, it was kept
on ice during preparation for coating. The prepared 1% Matrigel solution was then
immediately dispensed by 1 mL per well of the 6-well plate. After the mixture was transferred
to the wells, the plate was incubated at 37 °C for 1 hour. After 1 hour of incubation, the

plate was used for cell cultivation.

To passaged hiPSCs, first, the differentiated cells were removed from the culture
by scraping, then the medium aspired. The well was washed with 1mL of DMEM/F12.
1 mL of ReLeSR (STEMCELL Technologies, 05872) was added to the empty well and
incubated for 1 min at room temperature (RT). The ReLeSR was removed, and the
empty well was then incubated for 4 min at a 37 °C incubator. In the meantime, the 1%
Matrigel solution was aspired from the pre-matrigel coated well and replaced with 1 mL
fresh mTeSR. After the incubation period, cells were collected with 1-2 mL (depending
on the confluency) mTeSR using a 2 mL serological pipette from the hiPSC containing

well, homogenized and dissociated by pipetting while being careful not to dissociate



colonies to single cells. Collected cells were then re-plated to the Matrigel coated
mTeSR containing wells as a drop (volume of a drop is 5-10 pL), and the plate
incubated at 37 °C, 5% CO..

3.6.1.2. Differentiation of hiPSCs into Multi Zonal Ocular Cells
Eye Field Ocular
Differentiation Medium Differentiation Medium
+ Multi Zonal
hiPSC 2% Matrigel Ocular Cells
: | : i |
Day0 Day 2 Day 7

Anterior Eye Field
Neuroectoderm Stem Cells

Figure 11. Ocular differentiation of human induced pluripotent stem cells protocol

WT1 hiPSCs were differentiated to multizonal ocular cells by adapting the
published protocol of Li et al (Li et al., 2019). By this protocol, hiPSCs were
differentiated firstly into anterior neuroectoderm cells by day 2 and eye field stem cells
at 7 days, then they differentiated and maturated into multi-zonal ocular cells in
approximately 21 days (Figure 11). Eye field differentiation medium (EDM) consisted
of DMEM/F-12 and neurobasal medium (Gibco, 21103049) in a 1:1 (v:v) ratio,
supplemented with 2 mM L-Glutamine (Gibco, 25030081) 0.1 mM non-essential amino
acids (NEAA; Lonza BioWhittaker, 13-114E), 0.1 mM Monothioglycerol (MTG;
FUJIFILM Wako Pure Chemical Corporation), 1% N2 Max (R&D Systems, AAR009).
Ocular differentiation medium (ODM) was included DMEM/F-12 supplemented with
10% knockout serum replacement (Gibco,10828-028), 2 mM L-Glutamax, 0.1 mM
NEAA and 0.1 mM MTG.

Prior to cell seeding, experiment plates were coated with 1% Matrigel as
described in section 3.6.1.1. 1-week cultured hiPSCs were examined under the
microscope, differentiated cells were labeled and removed from the culture. The
remaining colonies were washed with ice-cold DMEM/F-12. Cold medium helps to

dissolve the Matrigel. 1 mL of ReLeSR was added and incubated at room temperature



for 1 min. After aspiration of the ReLeSR, the empty plate was incubated at 37 °C
incubator for 4 min. Colonies were collected (minding not to disrupt) with 1 mL of
mTeSR using a 2 mL serological pipette. A drop of cells seeded onto pre-matrigel
coated wells and cultured in 2% Matrigel containing EDM. The next day, the media
was changed with fresh 2% Matrigel mixed with EDM, so that the colonies cultured in
2.5D formed with 2% Matrigel medium mixture for 2 days. From that point on, 2%
Matrigel was no longer required, and media was changed with fresh EDM for 5 more
days. Thereafter, the culture medium was changed to ODM and refreshed every day
however one day per week, the culture was double fed (2-3 mL per well of a 6-well

culture plate). The culture was expanded as needed (maximum 75 days in this work).

3.6.2. 3D Organoid Modeling

3.6.2.1. 3D Organoid in Microchip Platforms and Culture Plates
— — 3DLG—
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Figure 12. 3D lacrimal gland organoid development protocol

For modeling lacrimal gland organoids from hiPSCs, a new protocol was created
(Figure 12). To generate LG organoids in vitro, Matrigel coated sterile flat bottom 96-
well culture plates were used. First, some wells were coated with 1% while remaining
wells were coated with basement membrane Matrigel (Corning, 354234) at 100%. The
coating was performed on ice, 100% Matrigel coated plates were coated about half an
hour before cell seeding and incubated at 37 °C incubator. Longer incubation times

may dry the Matrigel, thereby incubation was not exceeded half an hour.

hiPSCs were collected as described in section 3.6.1.1. with 1 mL mTESR,
homogenize by pipetting without disturbing colonies, and 5 uL of cell solution (200:1;
v:v) were seeded on coated plates. Cells were cultured in mTESR for 3 days, the

differentiation medium was administrated afterwards. For the next 2 days, EDM



containing 2% Matrigel was given, and refreshed in each day. The culture was
continued with EDM (without Matrigel) for 5 more days. On day 10, the differentiation
medium was changed to ODM and refreshed every day. On day 30, after the media
was aspirated, organoids were washed with cold PBS. Cold PBS helps to remove
Matrigel, as well as clean the organoids from unwanted particles and dead cells.
Organoid models were then collected using a lancet and passaged to either

microfluidic platforms or 96-well plates to grow individually.

Microfluidic platforms were made of polymethyl methacrylate (PMMA) and
contains 1 inlet opening for the fresh media input and 1 outlet opening for dirty media
output. The area & volume of the microchips were equal to the 96 well plate wells.
Media was given by a flow for creating a dynamic culture condition. The flow was
controlled by a syringe pump, given at a rate of 0.5 uL/min. Like culture plates, microchips
were coated with 100% Matrigel and incubated at 37 °C for half an hour before cell

seeding.

Collected organoids were placed in either microchips or cell culture plate, ODM
containing 2% Matrigel or 70% Matrigel was given on top. In the next days, ODM without
Matrigel was given. Media was refreshed every day in static culture conditions. The flow
was given for 1 week. While some microchips were on flow, some stayed as static as a
control group, and their media were refreshed every day. At the same time as dynamic

culture, static culture (plate and control microchips) was continued.

3.6.3. Lacrimal Gland on Chip

| Differentiation to ocular cells //\
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/

hiPSCs Samples collected and passaged to
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Figure 13. hiPSCs derived ocular cell culture in dynamic conditions

hiPSCs were differentiated into ocular cells as described in section 3.6.1.2. Culture
continued for 50 days, after maturation, cells transferred into microfluidic platforms (Figure

13). Microfluidic platforms that are made up of PMMA were coated with 1% Matrigel. Chips



were designed in the same way as in 3.6.2.1., however this time the volume of the chips
was equivalent to one well of the 48-well plate due to the size of the samples. Matrigel
coating was performed as described in section 3.6.1.1. at least an hour before the passaged
and incubated at 37 °C in the incubator until cell seeding. Media aspirated from the culture
plate and cells washed with PBS. Maturated samples were observed under the microscope,
selected by their morphologies, collected mechanically using a lancet, and passaged to pre-
coated microfluidic platforms. Microchips were incubated at 37 °C, 5% CO-, some were
cultured under dynamic conditions and others stayed as static cultures. The flow was
started after 3 days from the passage and was provided at a rate of 0.5 pL/min by

syringe pump. Microchip cultures were continued for 1 week.

3.6.4. Stimulation of Budding and Branching Morphogenesis on 2.5 D Culture
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Figure 14. Lacrimal gland branching morphogenesis stimulation protocol

To induce budding & branching morphogenesis, the differentiation of hiPSCs to ocular
cells was adapted by the addition of 10 ng/uL EGF, 10 uM, Rocki (Y-27632), 80 ng/uL
FGF10 (Biolegend, 559304), and 60 ng/uL BMP7 (Biolegend, 595602) at different time
points to the culture medium (Figure 14). The concentration of the supplementary molecules
was decided according to literature (Xiao & Zhang, 2020). In this experiment, 1% Matrigel
coated 24-well sterile culture plates were used, coating was performed similarly as in section
3.6.1.1. hiPSCs were seeded at a density of 1000 cells/well. The culture medium refreshed

every day.



For the first 7 days, the protocol described in 3.6.1.2 was employed to differentiate
iPSCs into eye field stem cells. After 1 week of culture in EDM, the medium was changed
to ODM containing 10 ng/pL EGF and 10 pM Rocki for the next 7 days. Four different
treatment mediums were given to the cultured cells. The control group was cultured in the
same media throughout the experiment. On day 14, 80 ng/uL FGF10 was added to the
culture medium of the second and fourth groups. Cells cultured with ODM supplemented
with FGF10 medium for the next 2 weeks. 60 ng/uL BMP7 was added to the mediums on
the last week of the experiment, given to the only BMP7 containing group and the
FGF10+BMP7 containing group.

3.6.4.1. Stimulation of the Branching Morphogenesis of Lacrimal Gland

Organoids
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Figure 15. Lacrimal gland branching morphogenesis stimulation of 3D organoids
protocol

Organoid models were constructed as explained in section 3.6.2.1. from hiPSCs,
early differentiation to ocular cells was stimulated by EDM for 7 days, supported with
2 % Matrigel on the first 2 days. On day 10, cells were cultured with ODM including
EGF and Rocki, the same concentrations used in section 3.6.4. for 1 week. After 7
days, additional supplements FGF10 and BMP7 were added to the medium of one
group of cells while the remaining cells stayed in ODM+EGF+Rocki medium as control
(Figure 15). Mediums were refreshed every day. Organoids were passaged to pre-
matrigel coated microfluidic platforms on day 30. The sizes and the volume of the
microchips were equal to the 96-well plate wells. Starting on day 33, the flow was given

at a rate of 0.5 yL/min for 1 week. Mediums were the same as the plate culture.



3.6.5. Cell Characterization

Differentiated cells were characterized by their gene expressions and protein
expression levels. Here, quantitative polymerase chain reaction PCR (qPCR) was
used to analyze gene expression. To perform gPCR, samples were prepared by RNA
extraction from organoid models/cell culture, complementary DNA (cDNA) synthesis
from extracted RNAs, and primers designed for specific genes. Immunofluorescence
staining (IF) was used to detect protein expressions. Samples were prepared for [F
staining by firstly OCT embedding, then sections were prepared using the cryostat

device.

3.6.5.1. RNA Extraction

RNA extraction and purification were performed using Macherey-Nagel RNA
isolation kit (740955.50) according to the manufacturer’s instructions. Adherent cells
were collected from the culture plates and platforms using Trizol reagent (Molecular
Research Center, TR 118) after washing with PBS. Cell scraper was used to collect
the adherent cells, for 1x10° cells, 1 mL of Trizol was used. The lysates were

transferred to Eppendorf tubes and kept at -80 °C until the next step.

After the cell lysates were thawed, samples were homogenized using a
homogenizer or by pipetting and incubated at room temperature for 5 minutes. 20%
Chloroform was added to samples by the volume of Trizol. Afterward, Eppendorf tubes
were gently shaken up and down 20 times and incubated for 2-3 min at room
temperature. Following the incubation, samples were centrifuged at a rate of 12.000g
for 15 minutes at 4 °C. After the centrifugation, 3 different phases occurred on the
samples. The RNA containing the aqueous phase was collected from each sample
carefully and transferred into new sterile nuclease-free Eppendorf tubes. 70% Ethanol
by the volume of the collected aqueous phase was added and mixed by pipetting.
Tubes were incubated at room temperature for 10 min. From that point on, the isolation

process proceeds with the MN RNA Isolation Kit.

The eluted RNA quantity and purity were measured with the Nanodrop device.

Samples were kept at -80 °C until the further step, cDNA synthesis.



3.6.5.2. cDNA Synthesis

ABM OneScript Plus cDNA synthesis kit (G236) was used according to the
manufacturer’s protocol. RNA samples and other components were thawed on ice. 4
puL 5X RT Buffer, 1 yL ANTP (10mM), 1 yL OneScript Plus RTase and 1 pL Primer (10
pMM) were mixed for one 20 uL reaction. RNA concentrations were calculated to be
equal at the end of the reaction, Nuclease Free H20 was added up to 13 uL. Prepared
reaction tubes were placed into the thermal cycler machine. The reaction was carried
out at 55 °C for 15 min and stopped by cooling at 4 °C. The resulting cDNAs were kept
at -20 °C until the next step.

3.6.5.3. Primer Design

NCBI primer design tool was used for primer design. The gene sequences were
taken from NCBI Basic Local Alignment Search Tool (BLAST) website.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping
gene in qPCR experiments. Primers were diluted with nuclease-free H20 to 100 uM
and stored at -20 °C until use. Prior to the experiment, primers thawed on ice and
adequate amounts were diluted to 10 yM. The sequences of the primers used in this

study were given at the belove (Table 1).

Table 1. Primer sequences used in qPCR experiments

Gene Forward Primer (5'-3') Reverse Primer (5'-3") Tm (°C) (F/IR)
AQP5 |[GAACCCAGCCCGCTCTTTTG AGTCCTCGTCAGGCTCATACG 62/62
COL1A1 |[CCGATGTGCTCCACTAACCT GGCCAAGTTTAGAGCCACAG 59/59
COL9A2 |[CAGCTTCCTGCACTGTCTGA GACGAGGGGCACTACATCTC 59/61
FGF10 |GAAATCGGAGTTGTTGCCGTC TGCCACATACATTTGCCTCC 62/58
FGFR2 |GATAAATACTTCCAATGCAGAAGTGCT |TGCCCTATATAATTGGAGACCTTACA 60/60
GAPDH |[ACCACAGTCCATGCCATCAC TCCACCCTGTTGCTGTA 59/53
LGR5 [GAGGATCTGGTGAGCCCTGAGAA CATAAGTGATGCTGGAGCTGGAA 62/61
MMP2 |CACTCACAGACCTGACTCGGTT AAGCAGGATCACAGTTGGCTGG 62/62
MMP9 |GAACCAATCTCACCGACAGG GCCACCCGAGTGTAACCATA 59/59
NDST1 |[ACCAGAGAAAGGCAGAGACC GTCACTGCACTTTGTCCCTG 59/59
P63 [GCAGTCGAGCACCGCCAAGT TCAAAGCAGCGTCGGCCCAG 60/61
PAX6 [CAGAGCCCCATATTCGAGCC CAAAGACACCACCGAGCTGA 61/59
SOX9 |GTACCCGCACTTGCACAAC TCTCGCTCTCGTTCAGAAGTC 59/60




3.6.5.4. Quantitative Real-Time PCR (RT-qPCR)

Promega GoTaq qPCR Master kit (A6002) was used for the gPCR experiment
according to the manufacturer’s instructions. Kit components and cDNA samples were
thawed on ice prior to use. For statistical calculation, 3 biological and 3 technical
replicates were taken for all experimental groups. For each well, 10 uL reaction
consisting of 5 yL GoTaq qPCR master mix (2X), 1 uL Forward, 1 uL Reverse Primer
(10 M), 2 uL nuclease-free water, 1 uL cDNA (10 ng/ uL) was prepared. After plating
the reaction mixtures, the plate was sealed and centrifuged at 1200 rpm for 5 mins.
The reaction setup explained in Table 2, was run using Applied Biosystem 7500 Fast
real-time PCR system.

Table 2. gPCR Protocol

Stages Number of Cycles | Temperature ("C)| Time (second)
Holding 1 95 120
95 10
Cycling 40 60 10
72 30
95 15
60 60
Melt Curve 1 95 15
4 )

The quantification comparative was chosen as Ct (AACt). For those who do not

calculate by the program, the AACt values were calculated using Excel.

Calculation done by given formulas: Ctsample-Cthousekeeping gene avarage=ACt;

ACtcontrol average-ACtsampIe=AACt

Fold changes were calculated by 2-22Ct values.




3.6.5.5. Immunofluorescent Staining

Immunofluorescence (IF) staining methods were used to examine the protein
expression levels in the cells. Stained -cells/organoids were visualized using
fluorescence microscopy (Olympus BX61) and confocal microscopy (Zeiss LSM880).

Taken images were analyzed using Zeiss and ImageJ programs.

3.6.5.6. Immunocytochemistry Assay (ICC)

Cells to be stained were washed with PBS 3 times after aspiration of the medium
from the culture plates. Fixation was performed via incubating cells for 20-30 mins with
4% PFA (Sigma Aldrich) at room temperature. After the incubation, the PFA solution
was aspirated, and cells were washed with PBS 3 times. The fixated sample was
incubated with fresh PBS at 4 °C until further processes or directly placed in a freshly
prepared 30% sucrose solution and was incubated at 4 °C until the sample sank to the

bottom of the tube/well.

Once the sample sank, it was transferred in Optimal Cutting Temperature (OCT;
Sakura; 4583) and was snap frozen by placing in liquid nitrogen upon embedding.
Samples embedded in OCT were stored at -80 °C until cryosectioning. 7um sections
were cut by the cryostat device and sections were placed on polylysine microscope

slides (Thermo-scientific). Slides were kept at -80 °C until the staining step.

All buffers were warmed at room temperature before starting the experiment.
Slides were thawed at room temperature for 20 min prior to staining. The samples were
labeled and surrounded with a Pap pen. Permeabilization was performed by incubating
the samples in the permeabilization buffer containing 0.3% Triton X-100 in PBS (v/v)
for 15 mins at room temperature. The samples were washed with 0.05% Tween20
containing PBS (PBS-T) 3 times for 5 minutes. After the PBS-T solution was removed
from the slides, the blocking buffer consisting of 1% Bovine Serum Albumin (BSA) in
PBS-T (w/v) was added to perform blocking. The samples were incubated at room
temperature for 1 hour with blocking buffer, then washed with PBS-T 3 times for 5
times. Primary antibodies diluted with antibody dilution buffer (1% BSA + 0.3% Triton



X-100 in PBS) according to the given table (Table 3). Diluted antibodies were given to
the samples, and the slides were incubated at 4 °C overnight. After the incubation, the
antibody solution was removed, and the samples were washed with PBS-T 3 times for
5 min. Secondary antibodies were diluted with antibody dilution buffer as described in
the Table 3 as well. Diluted secondary antibodies were added to the samples and the
slides were incubated at room temperature for 2 hours protected from light. Following
the incubation, slides were washed with PBS 3 times for 5 min. Lastly, DAPI diluted to
1 ug/mL with PBS was added to samples and incubated in the dark for 10 minutes at
room temperature. After washing slides with PBS 3 times for 5 min, a mounting medium
was added, and slides were covered with coverslips. Slides were stored at 4 °C until

visualization with fluorescence/confocal microscopy.

Table 3. Antibody List

Antibody Brand & Cat. No. Host Dilution
Primary Antibodies
Anti-Lactoferrin Abcam, ab109216 Rabbit [1:200
Anti-Lipocallin-2 Abcam, ab41105 Rabbit |1:25
Anti-a Smooth Muscle Actin |Cell Signaling, 48938S Mouse |1:200
Aquaporin 5 Bioss, bs-1554R Rabbit [1:200
Cytokeratin 5 Thermo, MA517057 Mouse |1:200
Cytokeratin 19 Cell Signaling, 4558 Mouse |1:200
E-Cadherin Bioss, bs-10009R Rabbit  [1:200
Ki-67 Bioss, bs-2130R Rabbit  {1:200
LGRS Novus, NBP1-28904SS Rabbit [1:1000
PAX6 Novus, NBP2-44576 Mouse |1:200
Phospo-B-Catenin Cell Signaling, 4176 Rabbit [1:100
Secondary Antibodies
Anti-Mouse Jackson Immuno 715-585-150 |Donkey [1:800
Anti-Rabbit Jackson Immuno 715-545-152 |Donkey [1:800
3.6.5.7. Whole Mount Staining

Organoids to be stained were washed with cold PBS 3 times after aspiration of
the medium from the culture plates. To those who embedded in Matrigel, centrifugation
(1600 rpm 5 min) was used in the last washing step, and organoids were then

transferred into sterile 96-well culture plates. Fixation was performed via incubating



cells for 1 hour with 4% PFA at room temperature. After the incubation, the PFA

solution was aspirated, and cells were washed with PBS 3 times.

All buffers were warmed at room temperature before starting the experiment.
Permeabilization was performed by incubating the samples in the permeabilization
buffer for 30 min at room temperature on a shaker at approximately 40 rpm. The
samples were then washed with PBS-T 3 times for 5 min. After the PBS-T solution was
removed from the well, the blocking buffer was added to perform blocking. The
samples were incubated at room temperature for 2 hours with blocking buffer on the
shaker, then washed with PBS-T 3 times for 5 times. Primary antibodies were diluted
with antibody dilution buffer according to the given table (Table 3). Diluted antibodies
were given to the samples and incubated at 4 °C overnight. After the incubation, the
antibody solution was removed, and the samples were washed with PBS-T 3 times for
5 min. Secondary antibodies were diluted with antibody dilution buffer as described in
the Table 3 as well. Diluted secondary antibodies were added to the samples and
incubated at room temperature on a shaker for 2 hours protected from light. Following
the incubation, samples were washed with PBS 3 times for 5 min. Lastly, DAPI diluted
to 1 ug/mL with PBS was added to samples and incubated in dark for 10 minutes at
room temperature. After washing the samples with PBS 3 times for 5 min, organoid
samples were placed on microscope slides. The mounting medium was added, and
slides were covered with coverslips, colorless nail polish was used to draw around the
organoid samples so that the coverslips do not squash the samples. Slides were stored

at 4 °C until visualization with fluorescence/confocal microscopy.
3.6.5.8. NAG Assay

N-Acetylglucosaminidase (beta-NAG) Activity Assay Kit (Colorimetric; ab204705)
was used to test samples NAG enzymatic activity, thereby the secretion functionality
according to the manufacturer’s instructions. Fresh standard solutions were prepared
by diluting the provided 20mM p-Nitrophenol (pNP) with NAG assay buffer to 2 mM.
All buffers and solutions were used at room temperature after the collection of samples.
The assay was performed by either collecting the cells or the mediums, using a 96-

well plate. Results were measured at OD 400nm on a microplate reader.

For cell samples, the cells were washed with cold PBS and harvested using a cell



scraper into an Eppendorf tube. Cells were resuspended in 100-200 pL of ice-cold
NAG assay buffer and homogenized quickly by pipetting up and down a few times.
Samples were centrifuged at 10.000g for 3 min at 4 °C to remove any insoluble
material. The supernatant was collected from each sample and transferred into a clean
tube. Collected samples can be used directly, otherwise, samples were snap freeze in
liquid nitrogen upon extraction and stored at -80 °C immediately. Samples were thawed

on ice before using.

Medium samples were tested directly by adding samples to the microplate wells

or were snap freeze in liquid nitrogen and stored at -80 °C immediately.

Standard dilutions were distributed as 125 uL to the standard wells, and 2
replicates were performed. Sample wells contained 70 uL, if less, the volume was
equilibrated to 70 pL/well with NAG assay buffer. Positive control wells were prepared
as 2 replicates, 3 pL of NAG positive control was mixed with 67 uL NAG assay buffer
for each well. Sample background control wells were prepared as 70 pL in case the
medium samples have different colors. 55 uL of NAG substrate was added into each
sample and positive control wells. 55 puL of NAG assay buffer to sample background
control wells. The plate was then incubated at 37 °C for 30 min. After incubation, 25
ML of NAG stop solution to all wells. Wells were mixed by pipetting and the plate was
incubated at 37 °C for 10 minutes protecting from light. Afterward, the output was

analyzed at 400 nm using a plate reader (Thermo, MultiSkan).
3.6.5.9. Sample Preparation for Metabolomics Analysis

Cells of the branching experiment were collected at day 28. First, the media was
removed, and washed with 3 mL of isotonic sodium chloride (NaCl) solution. Then, 1
mL of methanol:water (9:1, v/v) solution was added to the cells, and the immediately
frozen by placing in liquid nitrogen. After freezing, cells were collected by scraping and
transferred into 2 mL Eppendorf tubes. Following the collection, Eppendorf tubes were
centrifuged at 15.000 rpm to precipitate proteins. Supernatants were collected after
centrifugation and transferred into a new sterile 2 mL Eppendorf tube. Samples were

stored at -80 °C until further steps.



Samples thawed at room temperature and evaporated to complete dryness
using a vacuum centrifuge (Savant 1SS110 SpeedVac Concentrator Thermo

Scientific). After that, prepared to GC-MS with necessary chemicals.
3.7. Research Plan

Table 4. Research Plan

Research Plan September 2020- |October 2020- |June 2021- May 2022-
September 2021 |December 2021 |April 2022 June 2022

Literature Review X X X X
Experiment Planning X X
Data Collection and

. . X X
Experimenting
Evaluation of Data X X
Thesis Writing X

3.8. Evaluation of Data

The Graphpad Prism 8 program and Microsoft Excel were used to analyze
gPCR results. Image J and Zen 3.1. programs were used to analyze IF stainings and

fluorescence intensity. Metabolomics analyses were carried out by metaboanalyst 5.0.
3.9. Limitation of Research

Variations in hiPSCs collected from different sources and produced via different
methods are a common drawback of hiPSC-related investigations. Since we used only
one type of hiPSC, the results were different reported in the literature with similar

approaches.

After the induction of the differentiation protocol, heterogeneity was the biggest
problem. Even after the induction of supporting molecules for specification of the
differentiation, the resulting culture was still highly heterogenic, and 3D samples did
not show similarity at a high rate. So that, a small amount of them were used for further
analyses. Moreover, 3D samples were so small that RNA collection was could not
achieved in appropriate concentrations, thereby IF analyzes to test expression levels

in protein levels was preferred.



3.10. Ethics Approval

This study was approved by the Non-Invasive Research Ethical Committee of
IBG with the protocol number 2021-021 on 26.07.2020. The thesis approval is

presented in section 8.1.
4. RESULTS
4.1. Formation of ocular cells from hiPSCs

Wild-type hiPSCs were differentiated into the ocular cells as explained in Section
3.6.1.2. Following the cell seeding, differentiation of hiPSCs colonies was started by
given stimulatory factors. It was observed under the microscope by their changing
morphologies as well as the spreading of cells to surroundings. By day 25, the

formation of multi-zones was seen in culture plates. Heterogeneity of the differentiated

Figure 16. Differentiation of hiPSCs to ocular cells in vitro

BF images of A) hiPSC colony on day 3 of iPSC culture, B) Early differentiation on day 7 of
the experimental culture, C) Multi-zone formation on day 28, D) Differentiated cells on day 32.
Magnification: 10X, Scale bar: 200 ym



cells was quite high; therefore, zones were observed under the microscope (Figure16).

Starting from day 21, the expression of ocular surface ectoderm (OSE) markers
such as PAX6 and P63 was expected to increase according to the protocol. In order
to analyze the mRNA expression levels, cells were collected and RNAs were isolated.
The gPCR results showed that the expression of PAX6 and P63 was significantly
increased in the differentiated cells as well as FGF10 compared to the iPSCs,
indicating that the differentiation to ocular cells has been successfully applied
(Figure17).
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Figure 17. mRNA expression levels of ocular genes compared to hiPSCs

PAX6, P63 and FGF10 mRNA expression levels in hiPSCs and differentiated ocular cells on
21 days. p<0.00005: ****, p<0.0005: ***, p<0.005: **, p<0.5: *

Further analysis was performed via IF staining to examine the protein
expressions. Since not much is known about the role of LGRS5, the expression levels
were investigated together with PAX6. Interestingly, LGRS protein expression was
seen more on the edges of the cryosections (Figure 18A). Moreover, our preliminary
data has been shown that the expression of LG-related genes was significantly high
even during long culture periods (Melis Asal, 2020). In light of these preliminary data,
LGR expression was investigated during different time periods (at day 7, 14, 21, 35,
and 45) to analyze the changes of the longer-term culture periods. Change in the
expression level of LGR5 was not found as specific to culture time, it peaked around
day 14 and was suddenly lowered one week after. Following that, it had a peak again

at 35th days and was decreasing at 45 days (Figure 18 B).
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Figure 18. LGRS expression in ocular cells differentiated from iPSCs

A) IF images of 35 days old LG-like structure cryosection stained with LGRS (green) and PAX6
(red) antibodies. Nuclei staining was performed via DAPI. Scale bar: 20 um. B) mRNA
expression level of LGRS in samples from different time periods.

Moreover, since LGR5 expression was found at mRNA and protein levels in the

differentiated samples, further analyze was performed on examining the expression of

WNT B-Catenin at the protein level. Sections from 45 days and 70 days old multi-zonal

ocular cells were stained against phospho-p-Catenin and nuclei with DAPI. Results

were suggesting that the p-Catenin expression was observed mostly in ductal cells and

at the periphery similar to LGR5 (Figure 19).
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Figure 19. Phospho-B-Catenin staining in ocular cell samples
IF imaging of Phospho-3-Catenin (green) staining A) on day 45 and B) on day 70. Nuclei
stained with DAPI. Scale bar: 50 ym.

When iPSCs were differentiated into multi-zonal ocular cells, some formed LG-
like structures (Figure 20). These structures resemble the branched morphology of the
LG with ducts. For the most part, these structures appeared after around 30 days.
Analysis of LG-related gene expression levels including secretion marker LYZ, LTF
acinar marker AQP5, or mucin marker M5AC has been reported in earlier studies
(Melis Asal, 2020). The data was promising as it showed a characteristic similar to the
human LG. However, the rate of the formation and efficiency of LG-like structures in
this heterogenic culture was extremely low. Thereby, a more efficient protocol was

needed.

Figure 20. LG morphology in differentiated hiPSC culture
BF images of observed LG morphology on A-B) Day 35, C) Day 38. Magnification: 4X, Scale

bar: 1 mm.



4.2. Lacrimal gland organoid models derived from hiPSCs

To induce organoid formation, hiPSCs were seeded on either 1% or 100% Matrigel
coated well plates. 1% Matrigel coated groups did not support 3D organoid formation,
thereby experiments were run with 100% Matrigel coating from that point on.
Differentiation factors were given after 3 days. The scenario where the differentiation
process was started on the day where cells seeded also was tried, however, the cells
died in a short period of time in this case. Thereby, cells were adapted to the new culture
condition in 3 days without differentiating. On the first day of culture, colonies were in
round shape (Figure 21A). The organoid-like structure was observed starting
approximately on day 8 under given conditions. The organoid culture was extended for 1
month. Maturated organoid models were then collected and passaged to either
microfluidic platforms or 96-well plates to grow individually. Some organoids were fixated,
while some of them are passaged, IF staining was performed for those who have fixated
for ductal and myoepithelial cell markers. Organoids showed AQP5 and LCN expression,
indicating the presence of acinar cells, as well as CK5 and CK19, indicating the presence

of myoepithelial cells (Figure 22). The expression of both acinar and myoepithelial cell

markers suggests that iPSCs are differentiated into lacrimal gland organoids.
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Figure 21. hiPSC derived organoid models

BF images of organoids showing A) First day of the organoid culture in different
magnifications. Scale bars: 200 um, 100 um respectively. B) Growing organoids on day
8. Scale bar: 1mm. C) Day 16. Scale bar: 200 um.



For organoids which were passaged to microfluidic platforms and were cultured
under dynamic conditions, the flow was started 3 days after the passage and given for 2
weeks. However, the flow time was so long that organoids started to die. For that reason,
the flow was shortened to 1 week.

Most of the organoids that are embedded with 2% Matrigel after passaging were
not proliferate enough and died eventually, thereby 70% Matrigel coating was selected
as the top coating. Passaged organoids to the 96-well plates continued to grow and

some created brachial structures while some showed swelling structures (Figure 23).

Figure 22. Ductal and myoepithelial protein expression in 1-month old organoids
Samples stained with acinar cell markers LCN and AQP 5 (green), myoepithelial cell marker
CK5 (Red), and ductal marker CK19 (red). Scale bar: 20 pm.

For those passaged organoids to the microfluidic platforms, dynamic conditions
showed better results compared to the static conditions (Figure 24). Almost all of them
were attached to the surface. Branchial structure formation was observed in many of
the dynamic platforms, as well as swelling structures. On the other hand, those who
were grown under static conditions shrunken compared to the first passaged sizes and

showed almost no branchial structures.
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Figure 23. Passaged organoid showing swelling structure

Passaged organoids to microfluidic chips grow under either dynamic or static culture conditions
BF images of LG organoid passaged and embedded to Matrigel within microfluidic platform on
A) day 1 and B) day 8. Scale bars: 200 pm.
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Figure 24. Passaged organoids to microfluidic chips grow under either dynamic or static
culture conditions

BF images of passaged organoids and embedded to Matrigel in microfluidic platforms on day
1 and day 8. Scale bars: 200 pm.

IF stainings of 3D cultured models showed a-SMA expression indicating the
expression and localization of MECs. Its expression was found on the edges of the
organoids cultured under static conditions, whereas in that are culture under dynamic
conditions, its expression was localized interiors of the organoid. On the other hand,
LTF expression was relatively low in the samples (Figure 25). However, its expression

was better detected in organoids that are grown in static culture conditions (Figure 34).

3D Dynamic 3D Static

Figure 25. Myoepithelial and ductal marker expression of 3D models

Cryosections of organoids grown under static and dynamic culture conditions stained against
myoepithelial cell marker a-SMA and ductal cell marker LTF. Nuclei stained with DAPI. Scale
bars: 100 ym and 20 ym respectively.



4.3. Maturated ocular cells continue to grow after passaging to microfluidic
platforms

A
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Figure 26. Maturated ocular cells passaged to the microfluidic platforms
BF images of samples. Left column shows 50 days old ocular cell culture differentiated from
iPSCs. Right columns show 10 days after the passage to the microfluidic chips. A)
Microfluidic chip. B and C) Growth under dynamic culture conditions. D and E) Growth under
static conditions.



Ocular cells differentiated from hiPSCs were maturated for 50 days under culture
conditions. Thereafter, samples were collected and passaged to microfluidic platforms
to grow under either static or dynamic culture conditions. Unlike the organoids that are
passaged for 30 days (results section 4.2.), all these samples were alive, they
proliferate and continued to grow in microfluidic platforms while forming branchial
structures and swelling structures (Figure 26). If static conditions were compared with
dynamic conditions, the samples grown under flow were better at branching and
proliferating according to their morphologies. Nevertheless, in both conditions but
mostly under static conditions, cells attached to the surface proliferate, which means

the conditions are proper for cell growth (Figure 26D).

Static Conditions

Dynamic Conditions

Figure 27. Protein expression levels of organoids grown under static and dynamic
culture conditions.
Samples stained against PAX6 and E-Cadherin (red). Nuclei stained with DAPI. Scale bar:

20 ym.



To observe the ocular cell differentiation at the protein level, sections were stained
against PAX6, and for cell adhesion, they were stained with E-Cadherin. For most of
the samples, PAX6 expression was present in the nuclei of the cells, indicating the
samples have successfully differentiated into ocular cells (Figure 27). Besides,
lactoferrin expression was also found in the samples, indicating that they exhibited

lacrimal gland features (Figure 28).

Static Conditions

Dynamic Conditions
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Figure 28. Ocular differentiation marker and ductal cell marker staining of organoids
grown under static and dynamic culture conditions

LG on chip samples was stained against PAX6 (red) and LCN (green). Nuclei stained with
DAPI Scale bar: 20 ym.

4.4. LG branching morphogenesis induction via FGF10 and BMP7
Stimulatory factors were given to organoid models to better mimic branching
morphogenesis. FGF10 and BMP7, as the main initiator factors of budding and
branching of the epithelium through the mesenchyme, were given to the culture
mediums to support the development. These recombinant human proteins were

supplemented with EGF and Rocki. For the first week, hiPSCs were differentiated into



eye field stem cells, thereby they had similar morphologies as in cells of the ocular cell
differentiation method (Figure 29A). As the recombinant proteins were added to the
culture medium, the differentiated cells had different morphologies than those
observed in multi-zonal ocular cells. Budding structures were observed under the
microscope starting on day 20, giving rise to branchial structures (Figure 29B). Without
any supplemental molecules, the observation of branching structures took about 30
days with the multi-zonal ocular cell differentiation protocol (see Section 4.1.,
Figure16). When compared to that technique, differentiation and development time for
in vitro culture models is reduced by approximately 10 days using these stimulatory

molecules.
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Figure 29. Stimulation of the branching morphogenesis on differentiating hiPSCs
BF images of the cultured cells A) on day 6, B) day 22. Scale bar: 100 ym
The control group (represented with ++), which has only EGF and Rocki,
generally was not showed branching structures. Only some budding was observed in
that group. On the other hand, in the remaining groups, which are supported with either
FGF10, BMP7, or both, early branching morphogenesis was observed. Even though
the culture was still highly heterogenic, most structures showed a glandular-like
structure in culture. In comparison to the other groups, the group that was supported
with both FGF10 and BMP7 had a higher number of these glandular-like structures
(Figure 30).
At the end of 28 days, the expression of key genes for LG development and
branching morphogenesis was examined via qPCR (Figure 31). SOX9 level was higher
significantly in supported with FGF10 and BMP7 group compared to all the other

groups indicating that our stimulation was successful to activate the main components



for the budding and branching morphogenesis. As SOX9 is activated through FGF
signaling and is responsible for regulating main collagens, the expressions of FGF
receptor 2 (FGFR2) and COL1A1 were investigated. FGFR2 expression was
considerably higher in the supported with both recombinant proteins group, even
higher than supported with only the FGF10 group, suggesting that FGF10 is more
capable of activating branching when supported with BMP7. The expression of
COL1A1 on the other hand, was almost similar for all the supported groups, higher
than iPSCs. In contrast, MMP expressions, both MMP2 and MMP9 had no significant
change compared to iPSCs when supported. PAX6 levels were significantly higher
than iPSCs in the experimental group, implying CE differentiation can be supported
through FGF10 and BMP7 supplementation.

Ductal markers such as AQPS5 and LTF showed no significant change for the
experimental groups interestingly. As an early LG development marker COL9A2,
showed an increased expression in FGF10 and BMP7 supported groups and showed
higher expression in the group that is supported by both factors. NDST1 was also
investigated as it's one of the co-receptors for FGFR2 to induce bud growth, however,

no significant change was observed (Figure 32).
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Figure 30. Differentiation with the stimulatory recombinant proteins
BF images on day 24. Black arrows showing branching morphogenesis in culture. ++: EGF,
Rocki; +FGF10: EGF, Rocki, FGF10; +BMP7: EGF, Rocki, BMP7; ++++: EGF, Rocki;
FGF10, BMP7. Scale bars: 200 pm and 1mm.
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Figure 31. mRNA expression levels of key LG development genes in supported
cells

SOX9, COL1A1 and FGFR2, MMP2, MMP9 and PAX6 mRNA expression levels in
hiPSCs and differentiated ocular cells on 28 days. p<0.00005: **** p<0.0005: ***, p<0.005: **,
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Figure 32. Normalized gene expression levels of branching samples

Heatmap showing gene expression levels in experimental groups. Expressions normalized and
z-score implicated below.

p<0.5: *
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Flgure 33. Fluorescence intensity of AQP5 and PAX6

For fluorescent intensity, all groups stained with same markers A) IF images of PAX6, AQP5
and DAPI. First column showed merged images, scale bar: 100 um and rest of the columns
merged, DAPI, red and green channels separately, scale bars 20 ym. B) Fluorescence
intensity analysis of AQP5 and PAX6 (AU: arbitrary Unit). p<0.00005: ****, p<0.0005: ***,
p<0.005: **, p<0.5: *

IF staining was performed for all the experimental groups to examine ductal and
myoepithelial cell markers. The fluorescence intensity was calculated to compare the
protein expression levels in different groups. According to the results, AQP5
expression was significantly higher in the FGF10 supported group whereas PAX6
expression was highest in the FGF10 and BMP7 supported group (Figure 33).
Additionally, IF staining of PAX6 and E-cadherin indicated that, E-cadherin is highly

expressed in the stimulated group with both supportive molecules (Figure 34).
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Figure 34. PAX6 and E-Cadherin protein expressions in branching samples
IF images of the control sample and stimulated sample showing PAX6 and E-Cadherin
expression Scale bars: 10um, 20pum.

Protein expression patterns of a-SMA and LTF proteins showed similarity in the

branching control group with organoid models grown under static culture conditions.
The a-SMA protein presented on the surrounds of the tissue while LTF was also found
on the inner side. That similarity indicates that 3D static culturing conditions had a

resemblance with the 2D control group conditions in terms of cell structure (Figure 35).

Figure 35. Protein expression patterns on branching control group and 3D sampled
grown under static conditions

IF images of the control group and 3D static group samples showing a-SMA and LTF
expressions. Scale bars: 20 pm.
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Furthermore, the NAG activity assay was performed for branching samples to

analyze the secretion functionality. Although the results did not show a significant

change, the FGF10 stimulated group showed higher levels of activation in compare to

the other groups (Figure 36).
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Figure 36. NAG Activity of branching samples
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The organoids that grew under static and dynamic culture conditions were

supported with branching supportive molecules while differentiating. IF staining was

performed to analyze ductal cell marker lipocalin in the protein level. The results

suggested that 3D branching samples showed the expression of LCN, which can be

further modeled in improved conditions (Figure 37).
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Figure 37. Lipocalin protein expression in 3D branching samples
IF images of control and stimulated groups showing LCN expression. Scale bar: 20 um.



4.5. The metabolome of lacrimal gland organoids changes significantly under effect

of different stimulants

A GC-MS-based metabolomic profiling investigation was performed in iPSC-derived

lacrimal gland cells for fingerprint analysis. The experiment was run with 24 cell samples in

total, 6 samples for each group. Multivariate statistical analysis employing partial least

square discriminant analysis (PLS-DA) and heatmap was used to show metabolomic

profiles (Figure 38). On day 28, metabolites from differentiated cells under the effect of

different stimulants exhibited significant separation from each other (Figure 38 A). The

metabolome shifting of distinct stimulant-applied cells demonstrates how stimulated

samples respond to different stimulants (Figure 38 B).
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Figure 57. Metabolic analysis of branching cell samples
A) PLS-DA score plot for metabolomic profiles of cell lines at presence of the different
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5. DISCUSSION

The differentiation of hiPSCs to ocular cells was already performed by our lab as
a previous study. However, because of the heterogeneity, the presence of LG markers
was found together with other types of ocular cells, and the efficiency of the formation
of LG structures was unfortunately low. In this thesis, methods have been developed
and implied for increasing the efficiency of differentiation hiPSCs to LG cells. Different
approaches have been tried to find the most effective way that results in functional LG
models. For all of the experiments, Matrigel was used as a supportive ECM component
which helps better support stem cell differentiation, as well as mimicking the native-like
environment. Different components may differ in the results. Furthermore, in this study
only the WT1-hiPSC cell line was used, other types of iPSC cell lines also can be

evaluated.
5.1. hiPSC Differentiation to Lacrimal Gland Organoids

For inducing organoid formation, hiPSCs were seeded on Matrigel coated plates,
which were used in the concentration of either 1% or 100%. As expected, 1% Matrigel
did not support organoid differentiation from hiPSCs, since the ECM components are
necessary for the proper development of cell architecture. Thereby, the coating was
performed 100% Matrigel for all the culturing platforms including the microfluidic chips.
For the top coating, 2% and 70% Matrigel concentrations were tested. Similar to
surface coating, the lower concentration provided lower support to organoid formation.
For that reason, cell seeding is followed by 70% Matrigel coating on top of the cells.
After cell seeding, in the case of immediate induction of differentiation, cells did not
show a differentiated morphology, and most of them died eventually. The ones who
survived did not proliferate so; the organoid formation was not successfully achieved.
As a potential solution, cells continue culturing with mTesR for 3 more days. In this
way, while they were adjusting to the new environment, their pluripotent characteristics
were maintained. At the end of 3 days, mTesR was replaced with the EDM and the

differentiation was started.

For the organoids that are cultured under dynamic conditions, the duration of the

flow was pivotal as its effect on sample attachment to the surface together with the



pressure and shear stress generated on the organoid models. To allow the organoids
to adhere to the surface after the passage, the flow was not initiated immediately, all
microchips were cultured under static conditions for 3 days. At first trials, the flow was
administrated for 2 weeks, however, organoids were losing their integrity as well as
cell viability under such dynamic conditions. Thereby, the flow was shortened to 1 week
for all the experiments. For long-term cultures, reducing the flow rate could also be a

potential solution.

AlliPSC derived organoids have diverse properties since they came from a background
with a heterogenic ocular cell population. Some organoids generated in this study had
swelling compartments; some had gained integrity and gotten bigger in size while some had
formed branchial structures. Nevertheless, within each group, the results were generally
consistent. For example, the ones that are cultured under dynamic conditions were better
attached to the surface, proliferate and form extensions. Here, the swelling compartment
could be a key marker for the LG-organoids since its secretory function could be observed
in culture as a swelling compartment. On the other hand, organoids cultured under static
conditions were hardly attached to the surface, some shrunken and reduced in size. Only a
few of them showed growing and proliferating features. In order to be precise, organoids
could be divided by their morphologies, and only those who were observed as a potential
LG-organoids -such as the ones with swelling compartment- could be passaged for further
processes. However, the appearance of organoids with morphological similarities in culture
is very low. For inducing the formation of more specific differentiation of organoids, cell
sorting techniques could be useful. Thereby, similar organoids could be compared in

different culturing platforms.

5.2. Maturated Ocular Cells Passaging to Microfluidic Platforms

After differentiation of hiPSCs to ocular cells, maturated samples passaged to the
microfluidic platform to grow individually. The sample viability in this experimental set
was much higher in comparison to the previous experimental set. That may be because
the maturity of the samples affects their features even after passage. Almost all the
samples continued to grow following the passage, which indicates our microfluidic

design and culture conditions were proper for culture. A considerable amount of newly



attached cells apart from the sample was also grow and proliferated inside the
platforms. That could be because of the presence of a higher number of cells, as
mature tissues are larger compared to other 1-month-olds. Additionally, the expression
of PAX6 and E-cad indicates that these samples are potential LG models. According to
their morphologies, samples grown under dynamic conditions were better attached to the

surface and gave rise to branchial structures by the supporting flow.

5.3. Branching Morphology Induction

According to literature and previous studies, FGF10 and BMP7 play a critical role
in regulating branching morphogenesis of the human lacrimal gland. For increasing our
differentiation protocols’ efficiency, these molecules were added to the culture
exogenously. After culturing with supplemental molecules, the expression of some
downstream and upstream elements of FGF10 and BMP7 signaling were examined.
As expected, FGFR2 expression levels were higher in the supported groups in
comparison to the control group and iPSCs, indicating the receptor is successfully
activated through the exogenous FGF10. The supported group with both recombinant
proteins had considerably higher FGFR2 expression than the supported with only
FGF10 group, implying that FGF10 is more capable of activating branching when
supported with BMP7. SOX9 expression was also higher in the stimulated group with
both FGF10 and BMP7, similarly to FGFR2. As its one of the main branching regulatory
genes, its considerably high expression suggests that branching has been stimulated.
Additionally, since MMPs are the downstream elements for FGF signaling, in the case
of exogenous administration of FGF10, they did not demonstrate activation. Thereby,

they had similar expression levels within iPSCs, as expected.

On the other hand, COL1A1 showed similar expression levels in all experimental
groups. Other types of collagens such as COL2A1 could be investigated for more
detailed analysis since it's the hallmark of nascent LG bud. The case was similar for
the NDST1 gene, its expression did not show a significant change between
experimental groups including the control group and iPSCs. However, since it's one of
the co-receptor genes of FGFR2, other co-receptors such as HS2ST or HS6ST genes’

expression could be investigated.



Moreover, the ductal marker AQPS showed no significant change in the mRNA
expression level whereas its expression at the protein level was the highest in the
FGF10 supported group. Further analyze could perform via western blotting to confirm
its presence and intensity. Similarly, the LTF mRNA expression levels were almost the
same for all the experimental groups. It could also be detected via ELISA or western

blotting for more precise analysis.

The culture was extended for 28 days for this experimental design. Culture duration
could be extended more to examine the changes in the expression of key LG-related

gene markers.
6. CONCLUSION and FUTURE DIRECTIONS

In conclusion, it has been shown by this research that, iPSCs can be
differentiated into ocular organoids and more specifically, potential LG organoids that
can grow under dynamic conditions in vitro. Microfluidic platforms used for culturing
the samples in 3D supported with Matrigel, creating a more native-like environment,
and allowing development under flow similar to tissues in the body. Characteristics of
developed ocular samples showed similarity with human LG, in terms of key marker
expression and secretion function. Furthermore, expression of LGR5 and B-Catenin
was detected in the samples indicating their role in LG morphogenesis. More studies
could perform focusing on this pathway to enlighten their regulatory potential on the
differentiation. Moreover, microfluidic platforms could be improved in future studies,

and serve as a potential platform for therapeutic approaches such as drug discoveries.

Additionally, exogenous stimulatory factors FGF10 and BMP7 were used for in
vitro recapitulating budding and branching morphogenesis of human LG. According to
the results of expression analyses, stimulation induced by these exogenous molecules
and activated signaling pathways that play main roles in branching morphogenesis.
These results were very promising for inducing LG formation and decreasing
heterogeneity in our ocular cell differentiation protocol. In future studies, heterogeneity
may be prevented by cell sorting and the differentiation to LG could be more stimulated

via these molecules.



Since both approaches were promising, they could be combined together. So
that, stimulation could be performed on samples in microfluidic platforms under
dynamic conditions. Development of more functional LG organoid models could be

developed by this method.
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