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Summary

A transparent cornea is vital for vision. Corneal blindness is the 4" leading cause
of blindness worldwide. It is the most transplanted tissue in the world but there is
estimated to be only 1 donor cornea available for every 70 required. This coupled with
donor rejection has led to research into alternative therapies for treating corneal
blindness. The outermost layer of the cornea is the corneal epithelium. Maintenance of
the corneal epithelium occurs at the corneal periphery where the limbus is located. This
contains a pool of stem cells that replenishes the epithelial layer by migrating centripetally
to the centre, differentiating and replacing any lost or dead cells. Limbal stem cell
deficiency results in the loss of this function. Treatments for this condition use either
limbal tissue transplanted directly onto the affected eye or expanded limbal stem cells
from donor tissue that form sheets of cells. While these treatments are successful, there
is still donor rejection and suboptimal visual acuity. There has been much research into
how different biochemical environments can improve the expansion and transplantation
of limbal stem cells, but the effect that the cells physical environment has on their
behaviour is less well understood. This thesis aims to explore how mechanical cues affect

limbal stem cells during expansion to aid in our understanding of corneal mechanobiology.

The aim of the first study of this thesis was to examine how glucose and calcium
concentration in a corneal epithelial cell line media affected cell growth, differentiation
and focal adhesion expression. The supplier’s recommended media was compared to a
typical corneal epithelial media used in the lab with varying glucose and calcium
concentrations. Results showed that the supplier’s media was best at retaining stem cell
characteristics and promoting proliferation while a high glucose high calcium media

should be avoided when culturing these cells.

After determining the optimal chemical environment for these cells, substrate
stiffness was examined to determine how the physical environment affects the cells
behaviour. Polydimethylsiloxane was used to create a wide range of stiffnesses (10 — 1500



kPa) to determine how stiffness affects cell morphology, proliferation, differentiation and
mechanobiological responses over 3 and 7 days on these uncoated substrates. Results
showed that culturing cells on a material with a Young’s modulus in the range of 10 kPa —
105 kPa would be the most suited for retaining stem cell characteristics while also
promoting a transient amplifying cellular phenotype. Focal adhesion expression
decreased at day 3 but was significantly increased at day 7 suggesting these cells may
migrate at a later stage repopulating terminally differentiated cells. Proliferation was
increased across all stiffnesses with 820 kPa displaying the highest level of proliferation
as a measure of pERK and Ki67 protein expression. This study showed that over a wide
range of stiffness, the corneal epithelial phenotype is significantly affected and this data

could be used in optimising biomaterial design and culturing environments for these cells.

Laminar shear stress was next examined using a fluid flow bioreactor. Human
limbal stem cells were subjected to either 1 or 3 days of low or high shear stress. After
culturing cells under both 1 day and 3 days of shear stress, stem cell and mature gene
expression was significantly increased across three donors with variation in donor
response evident. Donor age affected the shear stress response. The 1 day low shear
group showed the most significant upregulation of stem cell markers among donors which
was decreased over 3 days. After 3 days of high shear, the transient amplifying marker
CK14 was significantly upregulated in all donors with the oldest donor showing the most
significant upregulation of this marker after 3 days of high shear stress. Both shear stress
rates significantly increased integrin B 1 expression after 3 days in donor 2 and 3. Cellular
alignment was also observed in the high shear stress groups after 1 and 3 days, which
suggests an enhanced migratory capability. This showed that after exposure to laminar
unidirectional shear these cells while expressing stem cell markers also retain the ability
to express CK14 and integrin B 1, which aids in wound healing and migration capability.
Mature markers CK3/12 were significantly upregulated under either shear stress rates in
some donors. There was no obvious trend observed for these mature markers but cells

stratified after 3 days of high shear. This suggested that a more in vivo like phenotype is



observed with a heterogeneous population of stem cell and mature markers. Barrier
function was also measured which is an essential function of the corneal epithelium to
protect the eye from pathogens and environmental insults. Due to variations in ZO-1
expression it was difficult to determine exactly how these shear stress rates affect barrier
function. However, it can be concluded that donor age will influence the cells response to
shear stress and formation of an intact barrier function. Expression of TRPV4 gene
expression was also examined as this channel has been implicated in the fluid shear
response of MSCs. TRPV4 was significantly upregulated across all shear groups and donors
compared to static culture, providing a therapeutic target to mimic this shear stress
response in vitro during the ex vivo expansion of these limbal stem cells for
transplantation. This work has shown that rather than using typical static culture, a new
way of culturing these cells under shear stress produces a more conducive cellular
phenotype. This may aid in higher success rates of transplantation while also aiding in our

knowledge of corneal epithelial mechanobiology.

The next study explored a possible regulatory mechanism of the shear stress
response. The aim of this study was to determine if TRPV4 activation using an agonist or
inhibition using an antagonist effects the behaviour of human limbal stem cells after 2
days of cell culture supplemented with these treatments. Donor response was compared
to media or vehicle treatment. A significant increase in stem cell markers was observed
after TRPV4 treatment. However, only one donor had a significant increase in stem cell
marker NP63a gene expression after 50nM antagonist treatment compared to the 50nM
agonist group in the vehicle-controlled groups. Stem cell markers ABCG2, CK15 and Nestin
expression showed a similar result among donors with only one donor displaying a
significant increase in gene expression after 50nM antagonist treatment compared to the
control and 50nM agonist group in both the vehicle and media-controlled groups. Based
on these results, TRPV4 antagonist treatment affected stem cell marker expression with
donor variation observed. Further experimentation investigating the effect of DMSO is

required to determine how much it effects cellular response to TRPV4 treatment as only



one donor displayed significant increases in stem cell expression in vehicle-controlled
groups while other donors displayed significant increases in stem cell marker expression

compared to the agonist treatment rather than the vehicle control.

The final study of this thesis combined both stiffness and shear stress for 1 day of
human limbal stem cell culture to determine if a synergistic relationship exists between
these two stimuli. This study showed that the stiffer flow group which has an elastic
modulus of approximately 1.5 MPa combined with low shear stress for 1 day significantly
enhanced both stem cell and transient amplifying gene expression with no detection of
mature marker gene expression. Therefore, when culturing limbal stem cells it would
better to combine shear stress with a substrate that has a stiffness of 1-2 MPa. This work
may serve as a model to mimic a more in vivo environment of the limbal stem cells for

drug toxicity testing and culturing these cells before transplantation.

In conclusion, this thesis demonstrated that the mechanical environment of limbal
derived corneal epithelial cells has a major role on the cellular phenotype. These findings
should be taken into consideration when optimising culture environments or developing

new therapies for limbal stem cell transplantation.
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In 2016 the WHO stated that corneal opacities were the fourth leading cause of
blindness globally (5.1%) proceeding cataract, glaucoma and age-related macular
degeneration. Depending on the severity of corneal blindness, corneal transplantation or
‘keratoplasty’ may be required. Corneal tissue is the most transplanted tissue worldwide
but the supply does not meet demand which poses a problem in both developed and
developing countries (WHO 2016). In Ireland it is not possible to donate corneas due to a
risk of Variant Creutzfeldt—Jakob disease (vCJD) transmission further adding to donor
shortage (IBTS 2021). Graft failure occurs in up to 10% of corneal transplants and normally
requires a regraft which can then fail in 50% of cases (Dunn, Gal et al. 2014). When
combined with an ageing population and an increase in popularity of laser eye surgery
(LASIK) which alters the cornea, making it unsuitable for donation, the need for alternative

therapies to treat corneal blindness is increasing.

There are multiple types of corneal blindness that are mainly caused by physical
or genetic conditions. Damage to the corneal epithelium due to trachoma, limbal stem
cell deficiencies or physical abrasion can result in pain, inflammation, vascularisation and
blindness due to the conjunctiva proliferating over the cornea leading to opacification and

vascularisation.

The corneal epithelium, the outermost layer of the cornea, acts as a first line of
defence for the eye in combination with the tear film providing a barrier to pathogens. It
contains a pool of stem cells in the limbus located at the corneal periphery between the
cornea and opaque sclera which replenishes this layer replacing any lost or dead cells (Van
Buskirk 1989). During wound healing or homeostatic conditions, these stem cells migrate

from the limbus to the corneal epithelium replacing any lost or dead cells and
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differentiating into epithelial cells. When this function is lost, limbal stem cell deficiency
(LSCD) occurs and results in blindness in severe cases. Patients with LSCD can develop
physical and psychological distress, fractures, falls, depression and premature mortality
(Di Girolamo 2015). LSCD can occur due to severe ocular surface disease leading to
decreased vision, pain and photophobia. When this occurs allogeneic or autologous limbal
stem cell transplantation is performed, which can be from a donor or from the
contralateral unaffected eye . However, as mentioned previously, there is a worldwide
donor tissue shortage coupled with graft failures. This results in high healthcare costs and
an increased economic burden from loss of income, especially as the most common cause
being chemical injury occurs in patients of working age. (Geerling, Liu et al. 2002, Di

Girolamo 2015).

Biomaterial, tissue engineering and cell-based therapies to generate or repair
corneal tissue have the potential to treat corneal blindness. Several reviews on the
progress made in cultivating corneal tissue within the lab have previously been published
with some studies using these cultivation techniques to grow a full epithelium for
transplantation (Zhang, Zhang et al. 2016, Yin and Jurkunas 2018, Ngan, Chau et al. 2019,
Shanbhag, Patel et al. 2019, Jackson, Myklebust Erng et al. 2020). Corneal epithelial cells
can be isolated from animals such as rabbits using an enzyme digestion with dispase and
growth on a feeder layer (3T3 fibroblasts). Explant culture of rabbit corneal epithelial cells
was also performed in the same study to compare isolation techniques. Explants were
placed epithelium side up onto culture dishes after treatment with dispase for 1 hour,
following attachment media is added (Zhang, Sun et al. 2005). Limbal epithelial cells from
human donor corneas have been cultivated for 4 weeks using an amniotic membrane

carrier and co cultured with 3T3 fibroblasts. These cells were subsequently transplanted
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onto patients after air lifting cultures to create a new epithelium (Nakamura, Koizumi et

al. 2003).

Transplantation of the limbal stem cells can be achieved by transplanting a piece
of limbal tissue directly onto the eye or via ex vivo expansion on a carrier material (usually
amniotic membrane) which can then be transplanted onto the eye. This process is known
as cultivated limbal epithelial transplantation (CLET). While this increases the use of stem
cells acquired from donor tissue for transplantation the overall success rate stands at 70%
with visual acuity remaining suboptimal after successful transplantation (Haagdorens, Van

Acker et al. 2016).

While there has been much research that has examined how different biochemical
environments can improve the expansion and transplantation of limbal stem cells, the
effect that the cells physical environment has on their behaviour is less well understood.
Studying this may help to improve current transplantation techniques while also

contributing to the knowledge of corneal mechanobiology.

1.1 Aims and objectives

When culturing cells on a substrate or fabricating biomaterials for cell
transplantation it is important to consider the mechanical characteristics of the materials
since these will influence how the cells behave (Discher, Janmey et al. 2005). The overall
goal of this thesis is to elucidate how different mechanical stimuli affect the corneal
epithelium, specifically focusing on stiffness and shear stress. Furthermore, can these
mechanical stimuli be used to enhance stem cell expression in the ex vivo expansion of

these limbal stem cells for transplantation.
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This thesis aims to answer the following questions:

How does glucose and calcium in combination affect the epithelial layers stem cell
phenotype to optimise culturing conditions for a corneal epithelial cell line?

What is the optimum stiffness for growing a corneal epithelial cell line to retain the stem
cell phenotype?

How does shear stress affect the stem cell characteristics and barrier function of the
corneal epithelium?

Can the effect of shear stress be mimicked in vitro removing the need for shear?

Is the combination of stiffness and shear synergistic or opposing?

31



Chapter 2

Literature Review

32



2.1 Corneal anatomy, structure and function

The cornea is the multi-layered transparent outer layer of the eye consisting of the
epithelium, bowman’s layer, stroma, Descemet’s membrane and the endothelium as
depicted in Figure 2.1. It provides two thirds of the refractive power of the eye. In order
to carry out its functions effectively it must be tough as well as transparent with high
tensile strength. Its collagenous structures enables the cornea to do this (Maurice 1957).
In corneal pathologies changes in the corneal layers can result in increased light scattering
and a loss of transparency (Meek and Knupp 2015). The corneal epithelium, which is the
focus of this review, is covered by the tear film. This aids in lubrication, nutrition and
protection from the external environment. The composition of the tears can be an

indication of disease and health state (Azkargorta, Soria et al. 2017).

Tear film

Epithelium

Bowman’s
Layer

Stroma

Endothelium

Descemet's —»
Membrane

Corneal

‘/ Epithelial

_—~= Keratocyte

Cell . jc—' !
2R entripetal movement
AN
S e Collagen J/‘\\J of stem cells
/ A
Endothelial f \
Cell Limbal
5 S ) imba
&2 Epithelial (L:':”:al Stem  epithelial
Cell Crypt

Figure 2.1 Anatomy of the cornea Schematic representation of the structure and composition of
the cornea and limbus.
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2.1.1 Endothelium

The endothelium is a single layer of cells that forms a border between the stroma
and anterior chamber. It regulates stromal hydration and maintains corneal transparency.
A decrease in endothelial cell density occurs with age and suggests that either it
proliferates very slowly which cannot compensate for cell loss or it does not proliferate at
all. Loss of function of the endothelium results in corneal edema due to fluid flow into the

stroma from the aqueous humor (Joyce 2003).

2.1.2 Descemet’s membrane

The Descemet’s membrane is located between the stroma and endothelium and
increases in thickness with age from 3um to 10um (Johnson, Bourne et al. 1982).
Nanoscale topographical studies revealed that the surface of the membrane consists of a
meshwork of fibres and pores all interwoven in a more dense appearance than the
Bowman’s Layer (Abrams, Schaus et al. 2000). Detachment of the Descemet’s membrane
is uncommon but does occur after cataract surgery, this can cause no effect on corneal
clarity but larger detachments can result in severe corneal edema and could lead to

potential corneal transplant (Kim, Shin et al. 2005).

2.1.3 Stroma

The stroma makes up the bulk of the cornea and consists of collagen fibrils which
are precisely aligned to allow for transparency (Daxer, Misof et al. 1998). In order to allow
light to focus onto the retina while achieving minimum scatter, the arrangement of the
collagen fibrils is paramount. These fibrils change direction near the limbus and fuse with
limbal collagen present in the circumference (Meek and Boote 2004). Keratocytes are

quiescent mesenchymal derived cells of the stroma. These cells contain crystallins, which
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contribute to transparency. Upon injury, the cells will either undergo cell death or adopt
arepair phenotype and lose their quiescence. This results in either fibrotic scarring leading
to a decrease in transparency and possible blindness depending on severity or promote

regeneration (West-Mays and Dwivedi 2006).

2.1.4 Bowman'’s layer

The Bowman'’s layer lies between the epithelium and the stroma of the cornea. It
serves as the basement membrane of the epithelium. Formation of the layer is through
cytokine-mediated interactions between keratocytes in the stroma and corneal epithelial
cells in early development. The functionality of the Bowman’s Layer is debated and it is
commonly destroyed in conditions such as bullous keratopathy (Wilson and Hong 2000).
It has been hypothesized that the Bowman’s layer could act as a biological barrier against
pathogens as well as modulating the epithelial-stromal wound healing process (Tong, van
Dijk et al. 2019). A study performed in 2009 examined the role of the Bowman’s layer in
corneal regeneration after phototherapeutic keratectomy (Lagali, Germundsson et al.
2009). The authors concluded that removal of the layer delayed sub basal nerve
regeneration and sub epithelial keratocyte density and reflectivity. This study provided
the first evidence of a role of the Bowman’s Layer in rapid stromal wound healing and

recovery of transparency in addition to epithelial innervation after trauma.

2.1.5 Epithelium
The corneal epithelium is the outermost section of the cornea underneath which
lies the Bowman'’s layer, this lies on the collagen rich stroma, which makes up the bulk of

the cornea. The epithelium contains 5-7 layers of stratified squamous epithelial cells. A
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more detailed description of the structure and physiology of the epithelium is described

in section 2.3.

2.1.6 Limbus

The limbus is located at the corneal periphery. A pool of stem cells or ‘epithelial
progenitors’ are located in the limbus which during wound healing or homeostatic
conditions migrate centripetally replenishing any lost or dead cells. Limbal stem cells play
an important role in homeostasis of the corneal epithelium maintaining the dynamic
stability by progressive division into transient amplifying cells and terminally
differentiated cells. These cells are located in a specialised microenvironment within the
limbus termed palisades of Vogt (Tseng, Chen et al. 2020). This microenvironment
contains the cells, extracellular matrix, exosomes and secreted cytokines required for LSCs
to maintain their stemness (Guo, Jia et al. 2021). This stem cell niche is required for the
behaviour of these cells and their ability to respond to the needs of the corneal tissue

(Seyed-Safi and Daniels 2020).

2.1.7 Development

The cornea’s embryonic geneses includes the neural crest derived periocular
mesenchyme and surface ectoderm. Cells in the surface ectoderm are from where the
corneal epithelium originates which is adjacent to both sides of the lens placode, which is
the precursor to the lens. Once the lens thickens, invaginates and separates from the
surface ectoderm the corneal epithelium is formed. A protein called Pax6 in cells is
required in this process to prevent corneal defects occurring including epithelial thinning,
vascularisation and improper separation of the lens and cornea. The corneal epithelial

cells are multipotent at this stage which may develop as lens or epidermal cells. The
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presence of neural crest and epiblast cells expressing BMP inhibitors restricts lens fate.
Epidermal fate is restricted by suppressing WNT signalling and cytokeratin protein
expression. The cornea begins as 1-2 cell layers thick, growing to 6-8 cell layers with
morphology of the cell layer dependent on it’s final location. The endothelium is formed
through a wave of neural crest cells from the periocular mesenchyme, which migrate from
the dorsal neural tube to populate the space between the lens and corneal epithelium.
This is a similar process for the stroma with a periocular mesenchyme origin.(Miesfeld and

Brown 2019).

2.1.7.1 Circadian rhythm

Melatonin modulates a wide range of circadian rhythms, which is influenced by light
stimulation of the retina. Melatonin is synthesised in the eye and pineal gland which acts
on ocular structures mediating physiological processes within the eye. Melatonin
receptors have been identified in corneal epithelial cells facilitating desquamation of the
epithelium by modulating tight junction formation; it also affects corneal hydration in
vitro, wound healing and mitotic activity. Melatonin has been shown to be required for
corneal growth in chicks in vivo. Research into the mechanism of action of melatonin in
ocular systems may aid in development of targeted therapeutic and environmental

interventions, which may be used to treat a variety of ocular conditions (Ostrin 2019).

2.1.8 Corneal Nutrition and REM

The study of rapid eye movement (REM) in the cornea has not yet been fully
understood with little research performed to date. Implications of REM and corneal
nutrition has been linked however. An early study hypothesised recurrent corneal erosion

occurring in the morning may be due to mechanical irritation from REM during early
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morning REM sleep phases. Corneal nutrition is nocturnally deficient due to closed eyelids
leading to corneal hypoxia as well as temperature rise impairing thermal circulation and
obstructs the aqueous supply of amino acids and glucose to the cornea. This results in
glycolytic corneal metabolism under anaerobic conditions as well as decreased tear film
pH resulting in failure of the pH-dependent epithelium pumps which promote drainage
when the eyelids are open during the day. Therefore, the cornea becomes thicker at night
and rapid eye movements during REM sleep phases ameliorate this nocturnal deficiency
of the healthy cornea by shaking the agueous humour of the eye located in the anterior
chamber which stagnates during sleep (Hoffmann and Curio 2003). This hypothesis
remained controversial and unproven over the years (Fitt and Gonzalez 2006). However,
a study published in 2014 used computational modelling to replicate aqueous humour
motion in the eye subjected to REM motions. This study proved that anterior chamber
flow generated by REM could transfer nutrients to the posterior corneal surface during

sleep (Modarreszadeh, Abouali et al. 2014).

2.1.9 Blindness and treatment

Corneal blindness represents the second leading cause of blindness in most
developing countries. It is estimated that almost 5 million corneal blind people worldwide
could potentially have their eyesight restored via corneal transplantation (Oliva,
Schottman et al. 2012). There are multiple types of corneal blindness, which are mainly
caused by physical or genetic conditions. As the cornea is the outermost layer of the eye,

it is the most susceptible to physical injuries.
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The type of corneal blindness that a patient is afflicted with will determine what

treatment will be used. Table 1 below outlines the main causes of corneal blindness and

treatments performed.

Table 1 Corneal blindness, causes and treatments

which infective
pathogen
caused the
disease.

diseases and
antenatal
screening.

Definition Treatment Reference
Trachoma Bacterial Irreversible Antibiotic (Taylor, Burton
infection condition treatmentand | et al. 2014)
Chlamydia spread through | surgical
trachomatis personal treatment.
contact.
Repeated
infection can
cause eyelashes
to be drawn in
and rub on the
surface of the
eye. This can
permanently
damage the
cornea.
Xerophthalmia | Vitamin A Leading cause Widespread (Khatry, West et
deficiency of childhood immunizations | al. 1995)
blindness. and high dose
Leads to vitamin A
corneal melting | capsules.
and
perforation.
Close
association with
Measles
Opthalmia Bacterial Conjunctivitis of | Tetracycline (Brocklehurst
neonatorum infection — new-born. Risk | ointment. 2000)
Neisseria of blindness Prevention of
gonorrhoeae/C. | differs sexually
trachomatis depending on transmitted
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Definition

Treatment

Reference

Onchocerciasis | Parasitic Major cause of | Development of | (Boussinesq,
(river infection — blindness in the | ivermectin to Fobi et al. 2018)
blindness) Onchocerca world. Causes sterilise adult
volvulus severe worms in
blindness and infected
keratitis as an individuals.
inflammatory Administration
response to of two tablets
dead and per yearin
degenerating endemic areas
microfilaria in estimates that
the stroma. the disease will
Results in be eradicated
corneal scarring | by 2020-2025.
and
vascularisation.
Mucopolysacch | Genetic— Caused by Corneal (Parini, Deodato
aridosis 1 autosomal null/nonsense transplants et al. 2017)
(MPS1) recessive mutations of result in high
lysosomal gene encoding | rejection rate in
storage alpha-L- MPS1 patients.
disorder. iduronidase IDUA enzyme
(IDUA) which replacement
breaks down therapy and
glycosaminogly | hematopoietic
can’s (GAGs). stem cell

This results in a
build-up of
GAGs in
lysosomes.
Over 95% of
patients
manifest cornea
clouding with
50%
progressing to
blindness.

transplantation
is also used to
treat the
disease.
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Definition

Treatment

Reference

Keratoconus

Complex —
Genetic and
Environmental

Degenerative
disease causing
progressive
thinning of the
stroma which
causes a cone
shaped stroma
that bulges out
the eye. Results
in myopia and
visual
impairment

Keratoplasty or
gas permeable
contact lenses.

(Fournié,
Touboul et al.
2013)

Fuchs’
Dystrophy

Genetic

A combination
of epithelial and
stromal edema.
The epithelium
can detach
from the
basement
membrane and
form a painful
bullae. Results
in a thickened
cornea and
blurred vision

Keratoplasty

(Matthaei,
Hribek et al.
2019)

Stevens-
Johnson
Syndrome

Viral infection
or adverse
allergic reaction

Characterised
by blistery
lesions on skin
and mucous
membranes.
Corneal blisters
can occur
causing
blindness.

Anti-histamine
and anti-viral
drugs or in
severe cases
corneal
transplantation
may be
required if
scarring has
occurred.

(Jain, Sharma et
al. 2016)

2.2 Corneal epithelium

The corneal epithelium is a multi-layered non-keratinised squamous epithelium

containing proliferating basal cells that rest on a basement membrane (BM) structure

named the Bowman’s layer. Overlying this cell layer is suprabasal ‘wing’ epithelial cells

and above these cells contain flat post mitotic superficial epithelial cells. The cornea is one

of the most innervated tissues in the body in which these sympathetic nerves and axons
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pierce the BM terminating between the epithelial layer. The limbus located at the corneal
periphery contains pools of limbal stem cells that replenish the epithelium. In this region,
the Bowman’s Layer disappears and is replaced by papillae-like invaginations known as
the ‘palisades of Vogt’. The location of these structures allow access to a rich vascular
network where soluble signals and nutrients may diffuse to support LESCs and there is
added protection in the deep stromal location to allow for protection against

environmental insults (Sridhar 2018).

2.2.1 Barrier function

The corneal epithelium serves and the major barrier to pathogens and
environmental insults. This is achieved from production of tight junctions, differentiation
and maturation of cells which allows for constant repopulation of cells in its basal layer
(Eghrari, Riazuddin et al. 2015). The barrier function also allows the cornea to stay
dehydrated which preserves transparency for transmission of light. Disruption of the
barrier function can lead to a number of ocular surface conditions including dry eye,
persistent epithelial defects, infectious keratitis and allergic keratoconjunctivitis (Leong

and Tong 2015)

2.2.2 Homeostasis

There are two main theories of how the corneal epithelium is maintained. The
limbal epithelial stem cell hypothesis is more widely accepted and states that the
epithelium is maintained by stem cells located in the limbus in the corneal periphery. The
corneal epithelial stem cell hypothesis proposes that during normal homeostasis the
epithelium is maintained by stem cells in the basal corneal epithelium and that the stem

cells in the limbus contribute only during wound healing (Mort, Douvaras et al. 2012).
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Cells in the corneal epithelium are shed after terminal differentiation reducing the
risk of pathogenic entry into the stroma which is not particularly immunogenic (Ruberti,
Roy et al. 2011). However, viable cells can also be shed by apoptosis as shown in early
studies using shear stress to determine how cells are shed from the cornea (Ren and

Wilson 1996).

2.2.2.1 Nutrition

Due to the avascular nature of the cornea, which is required for transparency,
delivery of nutrients and gases are supplied directly from the tear film (Tiffany 2008). The
tear film provides nutrition to the cornea in addition to its role in lubrication and
protection from the external environment. Tears contain electrolytes, proteins, mucins,
metabolites and lipids (Azkargorta, Soria et al. 2017). The secretion of electrolytes,
protective proteins and the watery component of tears is achieved through the lacrimal
glands. The conjunctival and corneal epithelia release mucins allowing for aqueous tears
to transform into a muco-aqueous gel, increasing lubrication. The Meibomian glands
secrete lipids which forms the outermost layer of the tear film and prevents evaporation

(Pellegrini, Senni et al. 2020).

The tear film is spread evenly across the ocular surface in short periods and
maintained with each blink, suggesting an even nutritional supply to the limbus and
central cornea (Yokoi, Bron et al. 2014). In order to measure tear film stability, a
fluorescein break up time test is performed which in a faster break up time observed in

dry eye patients compared to a normal ocular surface (Paugh, Tse et al. 2020).
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2.2.2.2 Metabolism

Glucose diffusion into the cornea is achieved by the aqueous humour of the eye
to the epithelium (McCarey and Schmidt 1990). The corneal epithelium utilises this
glucose as an energy source to produce ATP via aerobic glycolysis with some of this
glucose being added to glycogen stores. Under hypoxic conditions, anaerobic glycolysis is
used for ATP production with stored glycogen phosphorylated for use as an additional

energy source (Kosaku, Harada et al. 2018).

Due to the avascular nature of the stroma, corneal epithelial cells are very
glycogen rich functioning as the major endogenous supply of glucose. Proliferation and
migration of corneal epithelial cells which is key in their homeostasis is dependent on a
balance between the synthesis and catabolism of glycogen. The limbal epithelial cells have
less glycogen than the corneal epithelial cells. This may be due to the fact that limbal
epithelium is supported by a highly vascularised stroma acting as another source of energy
as well as the inherent reduced need of glycogen because a portion of the basal cells in
the limbus are putative stem cells with differing metabolic needs (Peng, Katsnelson et al.

2013).

The corneal epithelium is also subjected to differing oxygen levels due to eyelash
closure during sleep. This hypoxic stress that the corneal epithelium experiences results
in a decrease in glycogen stores in corneal epithelial cells but the epithelium is still well
maintained. This suggests that the cornea has a high tolerance for hypoxic stress which
was shown in mice corneas subjected to 10% oxygen environment for 140 days (Kosaku,

Harada et al. 2018).
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2.2.3 Wound healing and cell migration

During both homeostatic and wound healing conditions, the corneal epithelium is
in a constant state of migration and renewal to maintain or replace any dead or lost cells.
This enables maintenance of a smooth optical surface and barrier function (Liu and Kao
2015). The migratory capacity of the corneal epithelial cells is central to its role in

regenerating this layer and allowing for adequate barrier control and clear vision.

The role of mechanical stimuli in this process is key to its function. Primarily, shear
stress from the tear film and eyelid combined aid in cellular migration and sloughing off
terminally differentiated cells to allow the cell layer to be renewed (Eberwein and

Reinhard 2015).

Studies examining how the corneal epithelial cells migrate have shown that the
cells adopt a type of swirl pattern as shown in Figure 2.2 associated with their migration
and that this is done in cellular sheets (lannaccone, Zhou et al. 2012). Other studies have
shown the cells migratory capacity to migrate back toward the limbus when this has been
surgically removed and the cells undergo a de differentiation process (Nasser, Amitai-

Lange et al. 2018).
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Figure 2.2 Swirl pattern of corneal epithelium. Cells migrating to the centre of the cornea do so

in a swirl formation as shown in this image.

2.2.4 Phenotype

There are different phenotypical characteristics associated with cells in different
areas of the corneal epithelium as shown in Figure 2.3. Cells located in the limbus contain
a pool of stem cells which express markers associated with their stem cell phenotype
(Nowell and Radtke 2017). As these cells migrate toward the centre, they become
transient amplifying cells and finally fully differentiated cells in the central cornea where

they stratify (West, Dora et al. 2015).

In the limbus, cells express a number of different markers associated with a stem
cell phenotype. These include ABCG2, Nestin — a multipotent stem cell marker, NP63
which has a number of different isoforms associated with different corneal epithelial cell
types (Chen, de Paiva et al. 2004) and cytokeratin 15 (Gouveia, Lepert et al. 2019). The
marker associated with a transient amplifying phenotype in the corneal epithelium is
cytokeratin 14 while mature marker expression of cytokeratin 3 and cytokeratin 12 is
expressed in the central cornea where mature differentiated cells reside (Guo, Zhang et

al. 2018).
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Figure 2.3 Corneal epithelial markers. Cells located in the limbus express a number of markers
including ABCG2, Nestin, NP63 and CK15. Migratory cells, which are transiently amplifying cells
making their way to the centre of the cornea, express CK14. The central mature corneal epithelial

cells express CK3 and CK12.

This pathway can also occur in the absence of the limbal stem cell niche. One study
showed that surgical removal of this limbal stem cell niche in the limbus resulted in
corneal committed cells dedifferentiating into limbal stem cells, which retained marker
expression described in the limbus. However, this effect required an intact stroma

(Nasser, Amitai-Lange et al. 2018).

2.2.5 Diseases

In the corneal epithelium, blindness can occur due to genetic conditions or
physical insults as discussed previously. This will result in the inability to replenish the
corneal epithelium with stem cells from the limbus resulting in corneal blindness as shown

in Figure 2.4
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Figure 2.4 Limbal Stem cell deficiency causing blindness. Photograph of the eye of a patient with
limbal stem cell deficiency caused by chemical injury. Advanced vascularization toward the central

cornea as well as conjunctivalisation can be seen causing blindness (Barut Selver, Yagci et al. 2017).

Previous research has shown that epithelial-mesenchymal transition (EMT) may be a way
in which ophthalmic diseases progress, effecting damage repair and corneal epithelial
healing (Liu and Dong 2008). One study showed that EGF inhibits TGF-B1-induced EMT
enhancing the corneal epithelial cell’s proliferation and migration increasing the wound
healing process (Chen, Xie et al. 2020). This transition of cells from epithelial to
mesenchymal phenotypes has been proposed as a possible therapeutic target in fibrotic

disorders including the cornea(Di Gregorio, Robuffo et al. 2020).

2.2.6 Treatments

An early form of treatment for corneal epithelial defects was introduced in the
1980s called ‘Keratoepithelioplasty’. The procedure included using lenticules of donor
cornea covered by epithelium placed at the corneoscleral limbus to eventually spread
and cover the centre of the cornea (Thoft 1984). However, penetrating keratoplasty,
which is a procedure to replace the full thickness of the cornea, is the dominant

procedure at present. Table 2 below details limbal stem cell deficiency treatments. The
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procedures used to treat limbal stem cell deficiencies and the mechanism of action is

detailed in the table below (Haagdorens, Van Acker et al. 2016).

Table 2 Limbal stem cell deficiency procedures.

Procedure:

\ References

Autologous serum drops

| Mechanism of action

Promote proliferation and
migration of healthy
epithelium.

(Yeh, Chu et al.
2020)

Therapeutic contact lenses

Prevents further epithelial
defects  while  promoting
healing of persistent epithelial
defects.

(Harthan and
Shorter 2018)

Corneal scraping and
amniotic membrane
transplantation (AMT)

Overgrown conjunctiva
removed to allow re
epithelialization by residual
CESCs AMT proceeds this to
promote proliferation and
migration of residual LESCs.

(Sabater and Perez
2017)

Conjunctival limbal
autograft/allograft (CLAU)

A graft from the patient’s
healthy unaffected eye or a
donor using the conjunctiva as
a carrier tissue, which may
induce LSCD in the healthy
donor eye. Increased risk of
infection and neoplasia due to
immunosuppressant use.

(Yin and Jurkunas
2018)

Keratolimbal graft (KLAL)

Cornea used as a carrier tissue
from deceased donor,
increased risk of disease
transmission and neoplasia.

(Yin and Jurkunas
2018)
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Procedure:
Ex vivo cultivated limbal
epithelial stem cells (CLET)

| Mechanism of action
Transplantation of allogeneic
or autologous cultivated limbal
stem cells using  most
commonly human amniotic
membrane (HAM) or fibrin as a
carrier for the graft. Decreased
risk of immunological rejection
and inducing LSCD in the
healthy donor eye. However,
using HAM may cause disease
transmission. Some culturing
methods also use animal
derived products, which may
cause zoonotic disease
transmission or cause immune
rejection.

\ References
(Yin and Jurkunas
2018)

Simple limbal epithelial
transplantation (SLET)

Autologous transplantation of
small limbal grafts secured
onto HAM. Epithelialization
achieved in vivo with reduced
risk of immunological
rejection.

(Yin and Jurkunas
2018)

2.3 Cultivating corneal epithelial cells

Ex vivo limbal expansion and grafting (CLET) or transplanting limbal tissue directly
onto the affected eye (SLET) is a common way to treat corneal blindness caused by limbal
stem cell deficiency. In 1997, Pellegrini et al showed that CLET was effective in restoring
the corneal surface using a small piece of autologous limbal tissue; this could also be used

for long-term regeneration of the corneal epithelium in patients with chemical or thermal

burns (Pellegrini, Traverso et al. 1997, Rama, Bonini et al. 2001).

The advantages of ex vivo limbal grafting include decreased risks to the donor eye,
ability to regraft after failure, storing cells to allow for additional transplantation if
required and combination with gene therapy (Sacchetti, Rama et al. 2018). The success

rates of CLET can vary with rates from 45% to 100% which is influenced by age with
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younger patients achieving a lower success rates (less than 15 years old) compared to

adults and can be costly (Ramachandran, Basu et al. 2014).

Although CLET is becoming the standard of care for repairing corneal damage the
cost and success rates are not ideal. In addition to this, immune rejection has been
reported following allogeneic CLET resulting in patients receiving immunosuppressive
therapy (Qi, Xie et al. 2013). Alternative methods to culture these cells should be
investigated to increase the chances of the cells transplanting successfully into the

patient’s eye.

2.3.1 Media supplementation

Cultivation of limbal stem cells requires a nutrient media containing a number of
growth factors and supplements. Limbal biopsies can be cultured initially using a drop of
FBS for 24 hrs followed by addition of the nutrient media. Briefly the media includes
DMEM/F12 media (1:1 mixture) FBS, hydrocortisone, cholera toxin, insulin-transferrin-
selenium (ITS), dimethyl sulfoxide, human epidermal growth factor and gentamicin (Qi,
Xie et al. 2013). There are variations of media in the literature with all containing similar
components and in a low calcium environment. Ideally, xenogenic substances are not
introduced and the cells express >70% positivity for limbal progenitor cell phenotype

markers NP63.

2.3.2 Biological substrates

There have been a number of biological substrates used as a substrate for corneal
epithelium growth including silk films (Jia, Ghezzi et al. 2016), feeder layers such as
irradiated human fibroblasts as well as fibrin and collagen type IV substrates (Rama,

Bonini et al. 2001, Chakraborty, Dutta et al. 2013, Le-Bel, Guérin et al. 2019).
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Amniotic membrane is widely used as a carrier substrate for the corneal
epithelium which can be transplanted directly with cells as well as using amniotic
membrane transplantation alone as a therapy for ocular chemical injury (Zeng, Wang et
al. 2014, Zhang, Zou et al. 2016, Eslani, Baradaran-Rafii et al. 2019). However, issues with
variability among batches of amniotic membrane, low transparency and risk for disease
transmission reduce the effectiveness of amniotic membrane as a biological substrate for

corneal epithelial transplantation (Yazdanpanah, Haq et al. 2019).

The previously described substrates that have been investigated for corneal
epithelial transplantation are still in animal study phase but offer novel alternative

substrates for corneal epithelial transplantation.

2.3.3 Transplantation

The two main transplantation techniques used in corneal epithelial transplants are
shown in Figure 2.5 below. A piece of donor tissue can be used from either allogeneic or
autologous sources and expanded ex vivo followed by transplantation (CLET) or a piece of

limbal tissue may be transplanted directly onto the affected eye (SLET).
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Figure 2.5 Transplantation techniques for the corneal epithelium. A limbal biopsy is taken from
the donor eye which can be either cultured ex vivo and cells transplanted (often on a carrier

substrate such as amniotic membrane) or the tissue can be transplanted directly onto the eye.

2.4 Mechanobiology

When cells are subjected to physical forces this normally results in a series of
intracellular biochemical processes that regulate both the cells physiological and
pathological responses (Chen 2008). Examples of how mechanical forces can influence the
behavior of cells in tissue and organs can be seen throughout the body such as the effect
of fluid pressure and shear stress from pumping blood on the regulation of endothelial
vasculature (Resnick, Yahav et al. 2003) or in the ability of bone to remodel to adapt to

differing loading regimes (Orr, Helmke et al. 2006).

A wide variety of signaling molecules and structures have been shown to
contribute to mechanotransductive events in the cell including integrins, extracellular
matrix components and cadherin molecules. Structures such as nuclei and stretch
activated ion channels also contribute to mechanotransductive events (Ingber 2006).
There are a wide variety of these mechanosensitive processes, for example, activation of
membrane pores by osmotic swelling to reduce intracellular pressure and tension in the
membrane leading to an increase in cell survival. The fusion of intracellular membrane

53



vesicles occurs through tension sensitive fusion with the cell membrane. This leads to
transmitter release implicated in a wide range of important physiological processes
(Hamill and Martinac 2001). Physical forces have been shown to provide a way of altering
the conformation of proteins to generate signals for both widely expressed and
specialized mechanosensitive systems (Orr, Helmke et al. 2006). Mechanosensitive
mechanisms in the nucleus may also regulate both its structure and function where the
nuclear envelope appears to have a role in functioning during adhesion and migration
(Aureille, Belaadi et al. 2017). In addition to this, cytoskeletal organization is also affected
by the nuclear envelope mechanosensitivity. In relation to the corneal epithelium
specifically, a variety of mechanical stimuli are applied to the limbal and epithelial regions
on the cornea in vivo and these can affect both intracellular and extracellular functions.
These forces influence how the epithelium is maintained and its ability to undergo repair.
The sources of stimulation include shear stress from the tear film motion, fluctuations in

the strain and stiffness of the basement membrane and stroma and external compressive
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and shear forces from rubbing of the eyelid or contact lens wear as shown in Figure 2.6

below.
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Figure 2.6 Mechanical Stimuli experienced by the corneal epithelium. Image depicting different
sources of mechanical stimuli that can be applied to the cornea and the subcellular structures in

superficial epithelial cells that respond to these mechanical signals.

2.4.1 External stimuli

Several studies have examined the mechanical and viscoelastic characteristics of
the cornea using techniques such as extensometry, inflation or micro-indentation
(Hjortdal 1994, Ahearne, Yang et al. 2007, Elsheikh, Wang et al. 2007, Hatami-Marbini and
Rahimi 2014), to measure the mechanical properties of the epithelium or epithelial cells.
A wide range of values for the elastic modulus of the cornea have been reported from 0.1-
57 MPa (Garcia-Porta, Fernandes et al. 2014). Therefore, a more sophisticated approach
is required. Since the corneal epithelium is subjected to a wide range of mechanical stimuli

it needs to have sufficient strength and stiffness to withstand these forces. Two common
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examples of methods by which external forces are applied to the cornea are by rubbing
and wearing contact lenses. The following section describes studies which have examined
the effect of eyelid rubbing and contact lens use on the corneal epithelium. These are
important factors to consider when designing alternative therapies to ensure that
materials to be transplanted into the eye as an alternative therapy can withstand these

forces.

2.4.2 Eyelid rubbing

The eyelids are composed of skin, fibrous tissue, muscle and a mucous membrane
to protect the eye from injury and excess light. In addition, it also spreads the tear film
evenly over the ocular surface while blinking. Electrohydrodynamic studies have shown
that the tear film lubricates and protects the cornea from the eyelid during blinking and
eye lid closure (Jones, Fulford et al. 2008). However, when the eyelid is being rubbed, it is
pushed back against the corneal epithelium, reducing the tear film thickness under the
compressed area. In addition to compression, the motion during rubbing can result in
shear forces being applied to the epithelium. The combination of these forces can have a

negative effect on the health of the cornea.

A number of cases have reported an association between eye rubbing and the
progression of keratoconus (Lindsay, Bruce et al. 2000, Jafri, Lichter et al. 2004, loannidis,
Speedwell et al. 2005). For example, Lindsay et al., (2000) reported a patient who
experienced frequent eye rubbing due to epiphora from punctal agenesis developed
unilateral keratoconus in the affected eye (Lindsay, Bruce et al. 2000). Eye rubbing has
been shown to reduce ‘corneal hysteresis’ which is a reflection of the capacity of the

cornea to absorb and dissipate energy and affects intraocular pressure (Liu, Lee et al.
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2011). This study found that after eye rubbing the biomechanical properties of the cornea
were significantly decreased and this was a cumulative effect with increasing episodes of
eye rubbing. The mechanical stimulation applied to the cells during rubbing results in an
increase in proteases and inflammatory markers such as MMP-13, IL-6 and TNF released

into the tear film after 60 seconds of rubbing (Balasubramanian, Pye et al. 2013).

Rubbing may also lead to changes in the thickness of the epithelium. One study
found that there was an 18.4% reduction in the thickness of the epithelium immediately
after rubbing (McMonnies, Alharbi et al. 2010). It was hypothesized that the applied force
resulted in cell displacement and flattening. However, a more recent study found no
significant change in the epithelium thickness after rubbing (Prakasam, Schwiede et al.
2012). One of the difficulties in investigating the effect of rubbing on the epithelium is the
wide variations in how people rub their eyes, the frequency of rubbing and the amount of
force they apply. There is no set of standard rubbing forces or techniques resulting in wide
variations in data collected by researchers. For this reason, while the force applied by
rubbing does appear to affect corneal epithelial cells, the precise effect of rubbing on the

health of the cornea remains unclear.

2.4.3 Contact lens use

Contact lenses are commonly used to improve vision, however there are some
risks associated with their use, infections usually caused by poor lens care and improper
use results in blindness in 1 out of every 500 users annually (Dart, Radford et al. 2008).
One risk with wearing contact lenses is adhesion occurring between the lens and the
cornea. Proteins and other molecules from the tear film may bind to the contact lens and

these allow cells from the epithelium to adhere. Depending on the adhesion force, this
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can result in damage to the epithelium when the lens is being removed from the eye. One
study found that this adhesion to the contact lens can tear the epithelium upon
detachment (Elkins, Qi et al. 2014). However, a limitation to the study was the use of cell
monolayers rather than a stratified multilayer model hence further study will be required
to fully elucidate the mechanical effects of contact lens adhesion on the corneal

epithelium.

Contact lenses may also impart a mechanical effect on the epithelium by
restricting the tear film flow over the corneal surface (Mann and Tighe 2013, Muntz,
Subbaraman et al. 2015). As previously mentioned, the motion of the tear film results in
shear forces being applied to the epithelium. By restricting the tear flow under the lens,
the mechanical stimulation that these cells are normally subjected to is inhibited. Proteins
and lipids also may become entrapped under the contact lens leading to an immune
reaction (Mann and Tighe 2013). Furthermore, the thickness of the tear film has been
shown to change pre- and post- contact lens wear (Lin, Graham et al. 1999, Nichols and
King-Smith 2003, Wang, Fonn et al. 2003). This would likely result in changes to the

magnitude of shear force being applied to the cells.

While contact lenses are designed to be oxygen permeable they still result in a
decrease of oxygen uptake by the epithelium (Takatori, Lazon de la Jara et al. 2013).
Contact lenses have also been shown to inhibit cell proliferation in the central cornea after
prolonged wear (Ladage, Ren et al. 2003) and delay the migratory capacity of cells
(Robertson 2013). Poor oxygen permeability may lead to hypoxic conditions that can
cause various conditions including epithelial keratitis and loss of corneal transparency.

Under closed eyelid conditions this is made worse with the minimum oxygen requirement
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for the cornea not being met (Lee, Kim et al. 2015). This is leading to alternative contact
lens designs such as new lens materials containing organosilicon moieties in their

polymers (Long, Schweizer et al. 2009).

Hypoxic conditions activate Polo-like kinase 3(Plk3) signalling and c-Jun/AP-1
transcription complexes that in turn lead to apoptosis of corneal epithelial cells (Lu, Sheyla
et al. 2016). Hypoxic stress has a different effect on human limbal stem cells by inducing
a differentiation response through down regulation of the PIk3 activity. Corneal hypoxia
also leads to corneal edema which is well documented in low oxygen transmissible contact
lenses. One study reports a biochemical description of the cornea to quantify hypoxic
swelling (Leung, Bonanno et al. 2011). Inflammation has also been associated with
hypoxia of the cornea and this can lead to vascularization and have detrimental effects on
vision (Safvati, Cole et al. 2009). For these reasons contact lens manufacturers have been

interested in developing lenses with higher oxygen permeability.

Understanding the effects that a contact lens has on the mechanobiological
behavior of the corneal epithelium provides valuable information on how to improve the

design of biomaterials for culturing and transplanting these cells.

2.4.4 Corneal stiffness

Fluctuations in intraocular pressure (IOP) can also lead to changes in the corneal
epithelium. As IOP increases, the shape of the cornea may change leading to strain being
applied to the corneal epithelial cells although the overall stiffness of the cornea is not
believed to change significantly (Johnson, Mian et al. 2007, Pierscionek, Asejczyk-Widlicka
et al. 2007). Early studies examining the link between corneal edema and intraocular

pressure observed that epithelial edema appeared sooner and progressed faster as
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intraocular pressure was increased and/or after endothelial damage leading to stromal
swelling increase (Ytteborg and Dohlman 1965). This study was performed on human
subjects with low, normal or raised I0OP. Specifically, stromal hydration and the presence
or absence of corneal edema was studied focusing on the etiology of bullous keratopathy.
The authors postulated that raised IOP or endothelial malfunction with stromal edema
may cause epithelial edema by pressure of the stromal interstitial fluid. Due to the corneal
epithelium’s high resistance to fluid flow the positive pressure of the stromal interstitial

fluid may then force fluid into the epithelium causing the observed edema.

2.4.5 Basement membrane

Several studies have shown that the mechanical characteristics of the substrate on
which cells adhere can influence their phenotype (Discher, Janmey et al. 2005, Engler, Sen
et al. 2006). In the cornea, changes to the stroma or Bowman'’s layer resulting from
damage or disease can affect how the epithelial cells behave. Extracellular matrix proteins
secreted by the stroma in response to chronic inflammation or in homeostatic conditions
can alter the mechanical integrity of the extracellular matrix and lead to the activation of
a YAP/TAZ and B-catenin signaling pathways that in turn promotes the epidermal
differentiation of the epithelium. This can lead to corneal squamous cell metaplasia which
causes blindness. (Nowell, Odermatt et al. 2016). The expression of YAP is believed to be
increased with increase in substrate stiffness (Foster, Jones et al. 2014) while the
regulation of YAP/TAZ has also been shown to be dependent on topographical cues
(Raghunathan, Dreier et al. 2014). This pathway has been shown in multiple studies to be
involved in the relaying of mechanical signals given by cell shape and extracellular matrix
rigidity. The pathway is also required to control the differentiation of mesenchymal stem

cells induced by varying matrix stiffness (Dupont, Morsut et al. 2011). Hence it is not
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surprising that it has a role to play in the corneal epithelium’s response to underlying

matrix stiffness.

2.4.6 In vitro environments before transplantation

Ex vivo expansion of limbal epithelial cells will usually involve culture of these cells
on a substrate in the laboratory (Utheim, Aass Utheim et al. 2018). Limbal stem cells are
generally grown in a static environment using biological cues to enhance limbal stem cell
proliferation. Cultivation of limbal stem cells on amniotic membrane is the most common
in vitro environment that these cells encounter. However, issues with immune rejection
and storage means that a tissue-engineering alternative is required (Hancox, Heidari
Keshel et al. 2020). These include amniotic membranes which are widely used as a tissue
carrier in reconstruction surgery (Zhang, Zou et al. 2016). Amniotic membrane has also
been used as a temporary patch in emergency cases of LSCD as well as in ex-vivo cell
expansion (Sabater and Perez 2017). Transplantation of limbal epithelium grown on
amniotic membrane in vitro has restored a non inflamed ocular surface and corneal

phenotype (Pauklin, Steuhl et al. 2009).

2.4.7 Studying substrate stiffness in vitro

Several different biomaterials including Polyacrylamide (Paam) gels and collagen
have been used to examine the effect of matrix stiffness on cell behaviour (Engler, Sen et
al. 2006, Wen, Vincent et al. 2014). Human corneal epithelial cells cultured on Paam gels
with differing elastic moduli displayed no significant variation in cell proliferation, integrin
expression and intercellular adhesion molecule-1 (ICAM-1) expression although apoptosis
and necrosis were increased on softer substrates (Molladavoodi, Kwon et al. 2015). The

migration of cells was also analyzed and showed that cells on medium and stiff substrates
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migrated significantly more than the softer. When the cytoskeletal structure of the cells
was assessed, cells on compliant or softer substrates were lacking actin filaments while
the formation of actin filaments increased on a high substrate stiffness. Actin is known to
be vital for cells to exert pulling forces onto their environment (Ahearne, Liu et al. 2010),
disrupted actin fibers as well as a higher number of apoptotic cells on soft substrates
would explain the cells inability to migrate. One limitation with using Paam gels is that
their surface topography and the availability of adhesion sites can vary with varying
stiffness introducing additional parameters that could affect cell behaviour (Trappmann,

Gautrot et al. 2012).

Collagen hydrogels have also been used as a substrate for examining the influence
of stiffness on epithelial and limbal cells. Plastic compression of collagen hydrogels can be
used to vary their stiffness by removing water and increasing the overall collagen density
and stiffness (Abou Neel, Cheema et al. 2006, Cheema, Chuo et al. 2007, Levis, Brown et
al. 2010). Jones et al. (2012) used collagen substrates to demonstrate that stiffness can
control the phenotype of limbal stem cells to aid in the ex vivo expansion of limbal stem
cells for transplantation and keep the cells in an undifferentiated state (Jones, Hamley et
al. 2012). The authors showed that limbal derived stem cells cultured on stiffer collagen
substrates (2.9 kPa) had greater expression of cytokeratin 3 a commonly used limbal
epithelial cell differentiation marker as well as a higher cell number than on softer
collagen substrates (0.003 kPa) using immunohistochemistry and western blotting. The
modulus of the anterior basement membrane is believed to be between 2 kPa and 15 kPa
(Last, Liliensiek et al. 2009, Last, Thomasy et al. 2012). The phenotype of the limbal

epithelial cells was affected by the stiffness of the hydrogels and this could be useful for
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the design of ocular surface constructs or models to aid in ex vivo expansion of limbal

epithelial cells.

Foster et al. (2014) showed the expression of the transcriptional co activator Yes-
associated protein (YAP) in the Hippo signalling pathway by epithelial cells varied on
collagen hydrogels of differing stiffness (Foster, Jones et al. 2014). Localization of YAP was
selected to assess the effect of substrate stiffness on differentiation and centripetal
migration of limbal epithelial cells during normal homeostasis. The expression of YAP was
compared between the limbus and central cornea in situ and in vitro using limbal
epithelial stem cells on collagen hydrogels which were biomimetic (use of synthetic
materials to mimic biological processes). The nuclear expression of YAP was increased
with increasing stiffness; this was also used as a molecular probe to look at the mechanical
microenvironment in situ in @ normal ocular surface. Localization of YAP in situ was
cytoplasmic in the basal limbal epithelial cells and nuclear in the basal central corneal
epithelial cells. This study concluded that YAP and the distinct cell populations studied
indicated that cells experience a different mechanical environment between the central
cornea and limbus. This has led to a new hypothesis in which differences in substrate
stiffness drives migration and differentiation of limbal epithelial cells controlling

homeostasis.

2.5 Shear stress

The corneal epithelium is covered by a thin tear film to protect the eye against
bacteria and other pathogens. It plays an important role in light refraction and has the
largest change in refractive index of the eye (Montés-Mico, Alid et al. 2005). The dynamic

nature of the tear film means its motion results in shearing forces being applied to the
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underlying cells (Braun, King-Smith et al. 2015). The amount of force applied is regulated
by a number of factors including the tear film thickness, composition, viscosity and flow

pattern resulting from blinking.

2.5.1 Tear film composition

The tear film must be stable with uniform thickness over the entire corneal surface
to allow for acute vision and health of the ocular surface (Svitova and Lin 2016). While
early studies on tear film thickness and protein composition were inconclusive, making it
difficult to accurately characterize tear film dynamics, more recent studies have
established that tear lipids exist as multi layered films that range between 30-100nm in
thickness and that the total tear film thickness varies between individuals and is
dependent on the measurement techniques applied with values ranging from 3-10um
(Hodson and Earlam 1994). However, the structure of tears is still poorly understood due
to their complexity and variability in composition with over 1500 proteins believed to be

present (Moon, Kim et al. 2016).

2.5.2 Flow dynamics

The flow pattern of the tear film can be altered by several medical conditions such
as Sjogrens syndrome or rheumatoid arthritis both of which can result in dry eye
syndrome (Fujita, Igarashi et al. 2005). Variations in the tear film dynamics associated with
dry eye can effect wavefront aberrations after blinking (Montes-Mico, Alio et al. 2005,
Wang, Xu et al. 2009). Wavefront aberrations are optical flaws that occur in the eye
preventing light focusing effectively on the retina. These aberrations can be low order

(e.g. astigmatism) and can be corrected using glasses or surgery. However higher order
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aberrations are untreatable and the tear film flow can effect these aberrations (Resan,

Vukosavljevic et al. 2012).

Dry eye is very common worldwide and is treated primarily using artificial tear
drops. Tear additives increase the viscosity of tears and significantly increased shear stress
on the ocular surface during a blink. This in turn increases the cell shedding rate of corneal
epithelial cells (McElwain, Jones et al. 2007). Moisture chamber spectacles can be used in
severe cases but these have limitations and require a great amount of optimisation for
the patient to be able to use them effectively. However, these methods have been
optimised using 3D printing to aid in design of personalised moisture chamber spectacles

(Moon, Kim et al. 2016).

Evaporation is another factor that can influence the dynamics of the tear film and
is affected by environmental factors including temperature and humidity. The intact lipid
layer decreases this evaporation rate and has an impact on tear film dynamics, stability
and osmolality (Stahl, Willcox et al. 2012). The stability of the tear film has also been
shown to be affected by age with the break up time significantly shorter for older age
groups. Age also affects the lipid layer, becoming thinner in older subjects and showed a

synergic effect of gender and age (Maissa and Guillon 2010).

It is clear that the tear film has a complex flow configuration that is influenced by
several different factors and is vital in maintaining the health of the corneal epithelium.
Physical forces imparted on the tear film such as blinking have downstream effects on the
corneal epithelium as discussed and is something that should be considered when
studying the mechanobiology of the corneal epithelium. These include imparting a shear

force on the corneal epithelium as well as ensuring adequate lubrication for the corneal
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epithelium to prevent evaporation. Replication of the flow conditions in-vitro may
improve our understanding of the precise mechanisms by which fluid shear forces affects
epithelial cells and assist in optimizing the culture conditions for generating epithelial

sheets with a view to mimic the in vivo environment of the corneal epithelium

2.5.3 Eyelid

The tear film is partially displaced by the eyelid during blinking. The blink cycle can
be broken into different parts (downstroke, turning point, upstroke and interblink) each
of which affect the tear film dynamics in differing ways. This includes lipid compression in
a thick layer under the upper eyelid during downstroke with the release of a thick and
narrow band at the start of the upstroke. A ‘rippling’ effect is also observed during lid
motion. (Braun, King-Smith et al. 2015). Lipids are an important aspect of the tear film
which are located in the tear film lipid layer, this provides a smooth surface over the
cornea and prevents evaporation from the eye. (Wizert, Iskander et al. 2014). Several
mathematical and computational models have been developed to predict the fluid
behaviour during blinking (Heryudono, Braun et al. 2007, Winter, Anderson et al. 2010,

Braun, King-Smith et al. 2015).

2.5.4 Simulation of fluid flow in vitro

The most common approach to applying fluid flow in vitro is to use a bioreactor
system (Weyand, Israelowitz et al. 2009). Studies performed using bioreactors have the
potential to reduce costs and may facilitate the growth of specific engineered tissues.
Bioreactors can also enable the automation and standardization of tissue manufacturing
processes in closed controlled systems (Martin, Wendt et al. 2004). There have only been

a limited number of studies involving their application with corneal epithelial cells.
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One type of bioreactor system that has been used to study corneal epithelial cells
involves the use of a flow chamber that allows fluid to pass over a substrate onto which
the cells are adhered (Molladavoodi, Robichaud et al. 2017). Shear stress was found to
up-regulate integrin 1 expression which is normally associated with cell adhesion. In
contrast to this, integrin a3 and ICAM-1 showed minimal changes with shear stress.
Changes to the cytoskeleton resulting from shear forces were found to enhance the rate
of wound healing although fluid shear needed to be applied prior to the damage

occurring.

Kang et al. (2014) used a purpose-built bioreactor to examine the effect of flow
induced shear stress on the stemness of limbal epithelial stem cells (Kang, Shin et al.
2014). Their aim was to mimic the flow induced shear stress from the blinking of an eye.
It was found that steady flow had a positive effect on maintenance of stemness of the
cells while intermittent flow caused the cells to differentiate into transient amplifying cells

as evident from the appearance of holoclones.

Shear forces may also affect the cell-shedding rate of the corneal epithelium. In this
case the fluid shearing effect was studied using an in vitro whole eye perfusion experiment
(Ren and Wilson 1997). A magnetic stir plate and test tube placed on top filled with tear
solution was constructed to allow the entire corneal surface to be exposed to the solution
for 6 hours. The authors concluded that over time the rate of cell shedding increased in
shear conditions with 3,500 cells shed from static conditions and 20,000 cells shed from
stirred corneas. A follow up study examined the shed cells for DNA fragmentation as a
marker for apoptosis. The study concluded that nonviable epithelial cells are shed after

terminal differentiation but viable cells can be shed via apoptotic mechanisms. This
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demonstrated that there is more than one mechanism for the removal of cells from the

surface of the cornea (Ren and Wilson 1996).

2.6 Impact of mechanobiology on biomaterial design

Biomaterials are materials that are engineered for use in biological applications.
They may be synthetic, natural or biological in origin and they play a pivotal role in the
field of tissue engineering and regenerative medicine (Hubbell 1995). For corneal
epithelial regeneration, amniotic membranes isolated from the placenta have been used
to treat ocular surface conditions due to their high biocompatibility, anti-inflammatory
properties and promotion of epithelial wound healing in the eye from the presence of
growth factors (Rahman, Said et al. 2009, Meller, Pauklin et al. 2011). However, drawbacks
including transmission of bacterial infections due to a lack of donor screening or improper
storage and processing of membranes can lead to complications for the patients. The
inherent donor variation is also an issue (Malhotra and Jain 2014). This has increased the

demand for alternative biomaterials to be designed to treat corneal epithelial defects.

One important factor that needs to be considered when choosing a biomaterial is
its physical and mechanical characteristics since these will affect how the cells respond
(Mitragotri and Lahann 2009). For the corneal epithelium, the biomaterial must have
sufficient strength and stiffness to withstand the external and internal forces experienced
by the corneal epithelium as discussed earlier. The Young’s modulus describes the tensile
elasticity of a material and is a useful parameter when selecting suitable biomaterials as
the cells will behave differently on materials with differing moduli. For the corneal
epithelium, this value must be sufficiently high to withstand different mechanical forces

acting on the epithelium and may need to be strong enough to withstand suturing if
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needed. It may also be beneficial to try to replicate the mechanical characteristics of the
basement membrane or Bowman’s layer to create a more in-vivo like environment. This
can create a problem since there may be some discrepancies between what the optimal
Young’s modulus would be for resisting forces and the modulus of the basement
membrane. Taking the amniotic membrane as an example, the Young’s modulus in full
term membranes ranges from approximately 1.5-3MPa (Benson-Martin, Zammaretti et
al. 2006) which is considerable higher than the Young’s modulus of the anterior basement
membrane on which the corneal epithelium rests with a value between 2-15kPa (Last,
Liliensiek et al. 2009). However, there has been a very wide range of reported values for
the mechanical properties of the cornea, primarily due to different methods of
measurement, differing methods of sample preparation and the viscoelastic nature of the
tissue. Despite these issues, studies that have examined the effect that mechanical
environments have on the corneal epithelium should assist researchers trying to optimise

parameters to drive cells to form a healthy epithelium.

In addition to mimicking the mechanical characteristics of tissues, many
biomaterials aim to mimic in vivo biochemical and biophysical conditions in order to
create microenvironments that allow for effective in vitro studies and assist in tissue
regeneration. Many biomaterials incorporate specific biological components such as
growth factor and cytokines to replicate conditions cells experience in vivo (Chen and Liu
2016) or to promote matrix deposition (Ahearne, Liu et al. 2014). These biological
components can influence how cells behave and the matrix proteins they deposit which
in turn affect the mechanical properties of the environment (Glatt, Evans et al. 2016). As
cells change the mechanical properties of their environment, the new environment can

affect how the cells behave thus creating a dynamic reciprocity between cells and their
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environment (Ahearne 2014). Recently, one study found that ascorbic acid promotes
stemness of the corneal epithelial stem cells though regulation of extracellular matrix
components and accelerates wound healing (Chen, Lan et al. 2017). Other studies have
also shown that the extracellular matrix which provides structural and mechanical support
also plays arole in limbal epithelial stem cell homeostasis (Mei, Gonzalez et al. 2012). This
highlights the importance of studying what the effect the mechanical environment has on
the corneal epithelium to aid in biomaterial or 3D microenvironment design and optimise

the chemical environment to which the cells are subjected.

2.7 Conclusion

From the literature presented, it can be seen that while there has been much
research conducted on the corneal epithelium and limbal stem cells, several questions

remain to be answered. This thesis will aim to answer the following questions:

How does glucose and calcium in combination affect the epithelial layers stem cell
phenotype to optimise culturing conditions for a corneal epithelial cell line?

What is the optimum stiffness for growing a corneal epithelial cell line to retain the stem
cell phenotype?

How does shear stress affect the stem cell characteristics and barrier function of the
corneal epithelium?

Can the effect of shear stress be mimicked in vitro removing the need for shear?

Is the combination of stiffness and shear synergistic or opposing?
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Chapter 3
The Effect of Calcium and
Glucose Concentration on a
Corneal Epithelial Cell Line’s
Differentiation, Proliferation and

Focal Adhesion Expression
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3.1 Introduction

The corneal epithelium is the stratified squamous outer layer of the cornea that is
maintained by limbal epithelial stem cells located in crypts along the cornea-scleral
border(Ludwig, Lopez et al. 2020). Severe damage to the epithelium can cause blindness
and require either keratoplasty from donor tissue or the transplantation of limbal stem
cells in cases of limbal stem cell deficiency. These cells may also be expanded in vitro and
undergo epithelial differentiation to generate cell sheets suitable for transplantation
(Pellegrini, Traverso et al. 1997). While there has been much research undertaken using
different culture media, further work is still required to find an optimal media formulation

expanding the cell population and promoting epithelial differentiation.

Two factors that can influence the behaviour of corneal epithelial and limbal cells
are the glucose and calcium concentrations within the culture media. Glucose
concentration has been associated with changes in matrix metalloproteinase (MMP)
activity (Takahashi, Akiba et al. 2000), immune response (Ni, Yan et al. 2011) and growth
factor signalling (Xu, Li et al. 2009) in corneal epithelial cells as well as being the primary
energy source for the corneal epithelium in vivo via diffusion of glucose from the aqueous

humour (McCarey and Schmidt 1990).

Calcium concentration has been shown to effect both the proliferation and
differentiation of mice corneal epithelial cells in-vitro (Ma and Liu 2011). While the role
of each of these two important reagents has been examined, their reciprocal role on cell
behaviour has not previously been explored. The present study uses a human corneal
epithelial cell line isolated from the limbus that is used widely in corneal epithelial

research (Robertson, Li et al. 2005, Dreier, Raghunathan et al. 2012, McMahon, Gallagher

72



et al. 2014) to determine how different glucose and calcium concentrations in
combination effect the cell’s ability to proliferate and differentiate. Proliferation was
determined by examining the proliferative marker extracellular related kinase (ERK) at
both the gene and protein level in addition to measuring metabolic activity and cell
growth over 7 days. Differentiation was characterized by examining epithelial stem cell
marker NP63 and mature corneal epithelial marker cytokeratin 3 (CK3) which are both
well-established markers of a stem cell by NP63 being present exclusively in the limbus
and CK3 present in the central corneal superficial cells and absent from the limbus (Di
lorio, Barbaro et al. 2005, Jones, Hamley et al. 2012). In addition, the effects that the
media had on cellular focal adhesions, which are critical to cellular communication and
migration, was also examined. This study will assist researchers in understanding the
effect of different media formulations on corneal epithelial cells and may be applied to

primary culture cells for ex vivo expansion or for researchers using this cell line.

The recommended media from the cell line provider was used as a control group in
this study. However, in the media which contain varied calcium and glucose
concentrations a DMEM/F12 media was used which is typical in the media of primary
culture isolations (Yang 1991). Other studies have also used DMEM/F12 to establish cell
lines in the early stages of developing them (Fan, Xu et al. 2011). This was to give a more
representative medium in corneal epithelial isolation rather than varying calcium and
glucose in the manufacturer’s media alone, which does not describe in detail the exact

components of the media.

A recent study showed that access to an adequate amount of eye tissue is difficult

for some researchers and that research findings are questioned due to the poor quality of
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tissue received. The study concluded that an online portal would be beneficial in tackling
these issues (Stamer, Williams et al. 2018). The use of cell lines in corneal epithelial
research may therefore be more beneficial not only for reduced donor variation and for
increased compatibility among research labs but also to allow researchers to have enough

cells to conduct their research on.

Therefore, how different media and components effect these cell lines is required
to allow researchers to better understand cellular responses and design novel
experiments in which these components may be varied. This research will give better
insights into how the use of typical corneal epithelial media used in primary culture

isolation effects these cell lines, which are also used for research.

3.2 Materials and Methods

3.2.1 Cell culture

A vial of an immortalized human corneal epithelial cell line (hTCEpi, Evercyte) was
used on all the experiments in this study. The cells ectopically express the catalytic subunit
of human telomerase. The cell line was thawed by pre-warming in hand and transferring
the contents to a tube filled with 9ml pre-warmed Keratinocyte Growth Medium 2 (KGM-
2, PromoCell). The cells were centrifuged at 170 G for 5 minutes and the pellet
resuspended in 1ml media. This was transferred to a T25 culture flask containing 6ml
media and incubated at 37°C. The culture medium was changed after 24 hrs and passaged

if already confluent.

Cells were seeded at 5,000 cells/cm? into cell culture plates. Cells were used
between passage 4 and 6 for testing media formulations. The cells were fed three days a
week with corneal epithelial media containing Dulbecco’s Modified Eagle’s Medium
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(DMEM) and Ham’s F12 medium in a 3:1 ratio. Three DMEM solutions containing different
glucose and calcium concentrations (low glucose, high calcium (LG-HC); high glucose, high
calcium (HG-HC); high glucose, low calcium (HG-LC)) were compared in this study. A media
supplementation recipe adapted from Bray et al, 2011 (Bray, George et al. 2011) was used
and consisted of 10% Foetal Bovine Serum (FBS), 0.1% penicillin/streptomycin solution,
1% non-essential amino acids, 400mM L-Glutamine, 6.8mg 3,3,5-triiodo-L-thyronine
sodium salt (T3), 1pug/ml Insulin, 180uM Adenine, 10ng/ml Epidermal Growth Factor
(EGF), 1pug/mlisoproterenol, 0.4ug/ml hydrocortisone and 5ug/ml Transferrin. Cells were
also grown in the suppliers recommended media, KGM-2, as a control group. The table

below (Table 1) outlines the different calcium and glucose concentrations for each group.

Table 3.1 Glucose and calcium concentrations of the different media.

Low Glucose High Glucose High Glucose KGM-2 Media

High Calcium High Calcium Low Calcium (Control)

(LG-HC) (HG-HC) (HG-LC)
Calcium 1.896 1.896 0.096 0.06
Concentration
(mM)
Glucose 5.5 25 25 6
Concentration
(mM)

3.2.2 Cell growth curve

After seeding cells in all media formulations cell growth was measured every day
for 7 days in each group. Cells were trypsinised from three separate wells for each group
and counted using a hemocytometer and trypan blue exclusion assay to determine the

cell suspension per ml using the formula: cell count x 10,000 x 2.
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3.2.3 Metabolic activity

A PrestoBlue assay (Thermo Fisher Scientific) was used to assess metabolic activity
of cells after 7 days in all groups. This commercially available kit was used following the
manufacturer’s instructions. Media was aspirated from each well and a 1:10 mixture of
PrestoBlue reagent to media was prepared and added to wells. This was incubated at 37°C
for 1 hour, the reagent and media was placed in triplicate into a 96-well plate as well as a

blank and absorbance read at a wavelength of 570 nm.

3.2.4 RT-PCR

RT-PCR was performed using a similar protocol to those previously described
(Ahearne and Lynch 2015, Lynch, O'Sullivan et al. 2016, Lynch and Ahearne 2017). RNA
was isolated from monolayer cultures using Trizol (Invitrogen). 1ml of Trizol was added
per well (on a 6 well plate) followed by cell scraping. The Trizol-cell solution was collected
in RNAse-free eppendorf tubes, snap frozen in liquid nitrogen and transferred to -80°C for
storage until further use. When ready to be used the solution was placed on ice to allow
it to thaw slowly. 200ul of chloroform was added to each tube and centrifuged at 12,000
G at 4°C. RNA located in the upper phase was transferred to a new RNAse free tube,
isopropanol was added at the same volume as well as 4pl glycoblue to allow visualisation
of the RNA in the following steps. The tubes were stored at -20° C for 12 hours, again
placed on ice to allow the solution to thaw, and centrifuged at 12000 G at 4°C for 15
minutes. A visible blue RNA pellet was formed, supernatant was discarded and the tubes
dried. 1ml of 70% ethanol (in RNAse free water) was added to wash the pellet. Another
centrifugation step was performed at 12,000g at 4°C for 15 minutes, ethanol was removed
and the pellet air-dried. RNAse free water (11ul) was used to dissolve the pellet. A

NanoDrop-1000 (Thermo Fisher Scientific) was used to quantify RNA yield and purity.
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Transcription of mRNA to cDNA was performed using a high capacity cDNA reverse
transcription kit (Invitrogen). A mastermix was added to 500ng of RNA and placed in a
thermocycler. The following temperature sequence was applied: 10 minutes at 25°C, 2
hours at 37°C, 5 minutes at 85°C, 1 minute at 4°C. Quantitative PCR was performed with
TagMan reagents, 4.5ul cDNA, 5ul TagMan universal mastermix Il and 0.5ul primer. The
following primers were used: ERK (Hs00385075_m1), CK3 (Hs00365080 _m1), NP63
(custom-made primer sequence adapted from Robertson et al. (Robertson, Ho et al. 2008)
and GAPDH (Hs02758991 g1). All samples were run in triplicate with a GAPDH
housekeeping gene control. Fold change expression was calculated using the AACt

method.

3.2.5 Western blot

To evaluate the expression of ERK protein in the cells grown with different media
formulations western blot analysis was performed on all groups at day 7. The proteins
examined included phosphorylated ERK and Total ERK as a loading control. Cell
lysates were isolated from monolayer culture using RIPA Lysis buffer with a phosphatase
inhibitor cocktail followed by cell scraping. Samples were centrifuged at 13,000 RPM for
5 minutes and the supernatant used for western blotting. Protein concentration was
determined using a BCA protein assay kit (Thermo Fisher Scientific) to ensure equal
loading of protein across all conditions which was 7ug. The cell lysates were subjected
to sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) using a
12% precast polyacrylamide gel at 200V for 40 minutes in an electrophoresis rig (Bio-Rad).
A molecular weight ladder was added to each gel, proteins were transferred
to Polyvinylidene difluoride (PVDF) membranevia semi dry transfer (Thermo

Fisher). Membranes were blocked in 3% Bovine serum albumin (BSA) in Tris-Buffered
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Saline and 1% Tween 20 (pH 7.6) for 1 hour RT. The membranes were incubated with anti-
rabbit phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody #9101 and p44/42
MAPK (Erk1/2) antibody #9102 (Cell Signalling) at 1:1000 in 3% Bovine serum albumin
(BSA) in Tris-Buffered Saline and 1% Tween 20 (pH 7.6) O/N at 4°C with agitation
to analyse expression of phosphorylated and total ERK protein respectively. Membranes
were washed three times for 5 minutes with Tris-Buffered Saline and 1% Tween 20
followed by secondary antibody incubation for 1 hour RT. Anti-rabbit 1gG, horseradish
peroxidase (HRP) linked antibody (Cell Signalling) was prepared at 1:2000 in Tris-Buffered
Saline and 1% Tween 20. Membranes were washed three times for 5 minutes with Tris-
Buffered Saline and 1% Tween 20 and membranes developed using an immunodetection
kit (enhanced chemiluminescence western blotting substrate —Thermo Fisher) and
developed using GelDoc system (Bio-Rad). Densitometry was performed on all blots using

Imagel software and graphed using GraphPad Prism 7.

3.2.6 Immunocytochemistry

To perform Immunocytochemical staining cells were seeded onto coverslips,
which were activated using HCI treatment followed by PBS washing. After 7 days, cells
were fixed using 4% paraformaldehyde (PFA) for 15 minutes at room temperature (RT)
followed by rinsing in phosphate buffered saline (PBS) 3 times and stored in PBS until
ready to stain. Cells were blocked and permeabilised using 2% FBS and 0.5% Triton-X in
PBS (blocking buffer) for 30 minutes RT, followed by primary antibody incubation at 4°C
O/N in 1:10 blocking buffer in PBS (antibody buffer). Antibodies for mouse anti-vinculin
antibody ab18058 (Abcam) and anti-p63 (AN), poly6190, rabbit polyclonal 619002
(Biolegend) was used at a 1:500 dilution and CK3 K3/K76 antibody (Sigma Aldrich) at 1:200

dilution. Cells were washed three times with antibody buffer to remove excess primary
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antibody and incubated with secondary antibody donkey anti-Mouse IgG H&L (Alexa
Fluor® 488) (ab150105) (Abcam) for vinculin and CK3 and goat anti Rabbit IgG (H+L) 647
(ab150079) (Abcam) for NP63 for 2 hours @ RT at twice the primary antibody dilution.
Cells stained with NP63 and CK3 were stained for cellular actin to visualise the
cytoskeleton using Phalloidin-TRITC P1951 (Sigma Aldrich) at 1:1000 for 2 hours @ RT with
the secondary antibody incubation. All groups were also stained for cellular nuclei using
fluoroshield with DAPI (Sigma Aldrich). Cells were imaged using a confocal microscope.
Mean fluorescence intensity was determined using Imagel software and corrected for

background.

3.2.7 Statistical analysis
All data was analysed using GraphPad Prism 6. Data are presented as the mean +
standard deviation (SD), significance calculated via one-way ANOVA with Post-Tukey test.

All data are presented as N=3.

3.3 Results

3.3.1 Cell growth curve

A cell growth curve was prepared over 7 days on all groups as shown in Figure 3.1. The
control group had a significantly higher rate of growth over 7 days compared to all other
groups. The cells grown in varying calcium and glucose concentrations showed a similar
rate of cell growth. However, the LG-HC group did show an increase in cell growth at day
6 and 7 compared to cells grown in HG-HC and HG-LC. The LG-HC group had a significantly

higher rate of growth compared to the HG-HC and HG-LC group.
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Figure 3.1 Cell growth curve of hTCEpi cells grown in different media formulations over 7 days.
Cells grown in the commercial media displayed a significantly higher cell number over 7 days
compared to all other groups. The LG-HC group had a significantly higher rate of growth compared
to the HG-HC and HG-LC group. Data are presented as the mean + SD. HG-HC, high glucose, high

calcium; HG-LC, high glucose, low calcium; LG-HC, low glucose, high calcium.

3.3.2 Metabolic activity

A PrestoBlue assay was performed on all groups after 7 days in culture as shown
in Figure 3.2 to examine the effect that the media formulation had on the cell populations’
metabolic activity. Cells cultured using the different glucose and calcium concentrations
had significantly less metabolic activity compared to the control group. There was no
significant difference in metabolic activity between the three test groups. However, the

HG-LC group displayed the least metabolic activity of all the groups tested.
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Figure 3.2 Metabolic activity of hTCEpi cells after 7 Days in culture. Cell metabolic activity was
significantly decreased in all groups compared with commercial media-cultured cells (control).

Data are presented as the mean + SD, N=3, **** = p < 0.0001.

3.3.3 RT-PCR

Gene expression analysis of the cellular proliferation marker ERK was also
performed on all groups after 7 days in culture the specified culture media (Figure 3.3).
The HG-HC and LG-HC groups expressed significantly less ERK than the control group. HG-
HC fed cells expressed ERK significantly lower than the LG-HC fed cells but not the control.
The HG-LC group did not show any significant difference in gene expression of ERK when

compared to all other groups including the control.
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Figure 3.3 Real time PCR to determine relative expression of ERK after 7 Days in culture. HG-HC
fed cells expressed ERK significantly lower than the control group and the LG-HC group. Data are

presented as the mean + SD, N=3, *= P <0.005, **=P< 0.01

The corneal epithelial stem cell marker NP63 was analysed for gene expression
after 7 days (Figure 3.4). The HG-LC and HG-HC groups showed the most significant
decrease in NP63 expression compared to the control, followed by the LG-HC group. In
addition to this, a significant reduction in NP63 expression was observed between groups

in the HG-HC group and the HG-LC as well as the LG-HC group.
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Figure 3.4 Real time PCR to determine relative expression of NP63 after 7 Days in culture. HG-
LC and HG-HC groups had the most significant decrease in NP63 expression compared to the
control followed by LG-HC. Between groups the HG-HC group and the HG-LC expressed NP63
significantly lower than the LG-HC group. Data are presented as the mean + SD, N=3, * =P <0.05,

** = p < 0,01, *** = P < 0,001, **** = P < 0.0001.

Gene expression of a mature corneal epithelial marker was also examined (Figure
3.5). CK3 was expressed in both the LG-HC and HG-LC groups. However, CK3 was not
detected in the HG-HC group. The expression of CK3 was lowest in the control group but
no significant differences were observed either between the test groups or compared to

the control.
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Figure 3.5 Real time PCR to determine relative expression of CK3 after 7 Days in culture. Cells
fed in LG-HC and HG-LC media expressed CK3 higher than the control group, CK3 was not detected
(nd) in the HG-HC group. No significance was observed between groups or compared to control.

Data are presented as the mean * standard deviation (SD), N=3.

3.3.4 Western blot

After 7 days in all media formulations cells were analysed for phosphorylated ERK
protein expression as a marker for proliferation (Figure 3.6). The HG-HC group appeared
to express less pERK protein compared with all other groups. The LG-HC and commercial
media group produced the highest level of pERK protein, although statistically there was
no significant difference in pERK found between any of the groups. When a similar
western blot was performed for CK3, there were insufficient proteins detectable to

generate a band.

84



0.8 —
PERK

TERK

Relative Density

Figure 3.6 Western blot and densitometry analysis of a corneal epithelial cell line cultured in
different media formulations after 7 days. No significant differences between groups observed

of pERK expression (b). Data are presented as the mean + SD, N=3.

3.3.5 Immunocytochemistry

Cells were analysed by immunocytochemistry as shown in Figure 3.7 and imaged
using confocal microscopy at day 7 for stem cell marker NP63 in order to visualise nuclear
localisation of the protein as well as mature corneal epithelial marker CK3. In addition, to

corneal epithelial markers focal adhesions were examined using a vinculin stain.

The morphological characteristics of the cells were different between the different
groups. In the control group, cells exhibited the typical cobblestone morphology that
corneal epithelial cells display with consistent morphology between the cells (Figure 3.7
A,E,1). Control group cells also were smaller and more densely packed together. In

comparison, cells grown using the different test media formulations were more globular
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and less cobblestone in shape with some irregular cell shapes present. In particular, LG-
HC fed cells had very irregular cell shapes and adopted a more globular appearance
(Figure 3.7 B,F,J). HG-HC fed cells were also globular and bigger in size compared to
controls (Figure 3.7 C,G,K). The HG-LC fed cells appeared smaller and more regular in cell

shape compared to the other test groups (Figure 3.7 D,H,L).

Nuclear localisation of the stem cell marker NP63 was the highest in the control
group with little expression in the cytoplasm (Figure 3.7 A). Among the test groups, LG-HC
fed cells expressed NP63 the most in the nucleus with some expression in the cytoplasm
(Figure 3.7B). The lowest nuclear expression of NP63 appeared in the HG-HC fed group
(Figure 3.7 C). The HG-LC group expressed NP63 in both the nucleus and cytoplasm in
similar levels (Figure 3.7 D). The mature corneal epithelial cell marker CK3 was least
detectable in the control and HG-HC groups (Figure 3.7 E + G). The LG-HC and HG-LC fed

groups displayed more CK3 with similar expression levels (Figure 3.7 F + H).

Focal adhesions were visualised using vinculin staining. All groups stained positive
for the protein, however the amount of staining did vary between groups. The control
group exhibited an even distribution of staining of the protein over most of the cells
although some cells appeared to show no staining (Figure 3.7 1). In the LG-HC group the
intensity of the vinculin stain varied between cells (Figure 3.7 J). The HG-LC group (Figure
3.7 L) also displayed differing amounts of vinculin between different cells but not to the
same extent as the LG-HC (Figure 3.7 J) fed cells. The HG-HC group had the least vinculin

present of all the groups (Figure 3.7 K).
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Figure 3.7 Immunocytochemistry analysis of a corneal epithelial cell line cultured in different

media formulations after 7 Days. Top row (A-D) cells stained in green for NP63 (green); second
row (E-H) cells stained in green for CK3 and bottom row (I-L) cell stained in green for vinculin. All
cells were counterstained for f-actin (red) and DAPI (blue). First column (A,E,l) shows cells cultured
in control media; second column (B,F,J) shows cells cultured in LG-HC; third column (C,G,K) shows

cells cultured in HG-HC and forth column (D,H,L) shows cells cultured in HG-LC. (Scale bar = 10um).

3.4 Discussion

In order to assess the effect of glucose and calcium concentrations on the growth
of this cell line it was decided to use the recommended manufacturer’s media to expand
the cells and then switch to a LG-HC, HG-HC or HG-LC media. A DMEM/F12 basal media

formulation was used as this is most commonly applied in primary culture media and has
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not been used with this cell line in the literature. The control group was kept in the
manufacturer’s media. The control group served as the LG-LC media in this study,
however, using the typical primary culture media with LG-LC concentrations would be

useful in future work to determine how this compares to the manufacturer’s media.

Glucose was selected to vary concentration in cell culture media in this study.
However, other sugars in cell culture media such as galactose has not been studied on this
cell line in detail. It is important to consider this for future work as there a number of
other carbohydrates in nature, which these cells may use as an energy resource. Other
studies have shown that galactose in cell culture media can affect protein glycosylation
and increase cellular susceptibility to mitochondrial toxicants (Marroquin, Hynes et al.

2007, Hossler, Racicot et al. 2017).

Cellular growth was assessed over 7 days in each media formulation using a trypan
blue exclusion assay. It was observed that the control group had a significantly higher level
of cell growth compared to all groups. Between groups with varying calcium and glucose
concentrations cellular growth was similar, however, the LG-HC group had a significant
increase in cellular growth compared to the other test groups at day 6 and 7 suggesting

that calcium increases cellular growth after 5 days.

The metabolic activity of the cells in the different media conditions was examined
to provide an indicator of cell proliferation. This was achieved using a presto blue assay
which is a resazurin-based metabolic assay which uses the mitochondrial activity to
reduce the blue non-florescent resazurin to the florescent pink resorufin (Sonnaert,
Papantoniou et al. 2015). While metabolic activity has been previously used to quantify

cell proliferation opinion differs as to how well it truly represents the number of cells
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present (Quent, Loessner et al. 2010, Sonnaert, Papantoniou et al. 2015). While there was
no difference between the LG-HC and HG-HC groups, the HG-LC group appeared to
demonstrate less metabolic activity, albeit not significantly different. These results
suggest that calcium concentration plays a role in the proliferation of these cells. Calcium
signalling is known to be a key regulator of proliferation for many cell types (Martinez and
Santibanez 1993, Munaron, Antoniotti et al. 2004, Pinto, Kihara et al. 2015). A study by
Ma and Liu (2011) found that calcium inhibits proliferation and triggers differentiation in
mouse corneal epithelial cells (Ma and Liu 2011) while a study by Kruse and Tseng (1992)
showed that the effect of calcium on rabbit corneal epithelial proliferation was dependent
on the initial cell seeding density and culture time (Kruse and Tseng 1992). Interestingly,
the highest metabolic activity was recorded for the control media that had the least
calcium. While this might suggest that low calcium is better for proliferation, it should be
noted that other components present in the control media differed in concentration or
were absent when compared to the test media and this may also have contributed toward
the cells proliferation. The cell number was also higher in the control group which may

have contributed to this result.

To analyse further the effect of glucose and calcium on the proliferative capacity of
the cells, ERK gene expression was examined. This protein is involved in many cellular
processes including proliferation (Mebratu and Tesfaigzi 2009). The HG-HC group had a
significantly lower expression of ERK compared to LG-HC and control media. In one
previous study, high glucose (25mM) media impaired the EGFR signalling pathway in
porcine eyes which is the same pathway that ERK acts on and this delayed epithelial
wound healing most likely though ROS (Xu, Li et al. 2009). Interestingly, HG-HC also had a

lower expression of ERK compared to HG-LC, which appears to indicate that the
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combination of high glucose and high calcium have a particularly detrimental effect on
proliferation. This finding, to our knowledge, has not been previously reported in the
literature and should be considered for researchers using this cell line in corneal epithelial

research.

It is worth noting also that activation of ERK occurs post transcriptionally via
phosphorylation and subsequent translocation to the nucleus where it activates
proliferation. Quantification of western blots found no significant differences between
groups; however, HG-HC clearly displayed the least pERK. The LG-HC had a higher
expression of pERK compared with the commercial media control group. This trend was
similar to ERK gene expression and the cell growth curve, showing a significant increase
in proliferation after 5 days in the LG-HC group. This may have been due to the observed
contact inhibition of the cells grown in the commercial media in which the EGFR pathway
has been implicated. Contact inhibition occurs when cells cease proliferation once
confluency has been achieved, which is important for tissue homeostasis (Swat, Dolado
et al. 2009). Therefore, it is not surprising that due to the confluency observed in the

commercial media-fed cells that pERK is downregulated.

Extracellular calcium has been show to activate the ERK 1/2 signalling pathway via
a calcium sensing receptor enhancing proliferation in porcine bone marrow MSCs (Ye, Ai
et al. 2016). The cross talk between the calcium sensing receptor and the ERK signalling
pathway has also been implicated in human cancer cells. Modulation of the calcium
signalling receptor may serve as a therapeutic target in cancer (Fang, Liu et al. 2020). Given
the implications of calcium and ERK mediated proliferation in this study, further research

into the calcium sensing receptor in corneal epithelial cells may provide further insight
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into the cellular signalling pathway taking place in these cells in response to calcium
alterations. High glucose conditions have been shown to activate the ERK pathway,
promoting proliferation which has had implications in cancer progression, by upregulating
insulin receptor expression in cancer epithelial cells (Wei, Duan et al. 2017). Epithelial-
mesenchymal transition can also be induced by high glucose concentration in human
kidney cells. Glucose concentration in cell culture media for corneal epithelial cells have
not been studied in detail in the literature. Cross talk between calcium and glucose
receptors on cells may be occurring with further experimentation required to elucidate
cell-signalling mechanisms on the effect of this on ERK activation and subsequent

proliferative consequences.

Stem cell marker NP63 was examined by both RT-PCR and immunocytochemistry.
This is a well-established marker of a corneal epithelial stem cell phenotype and is present
in the limbus of the cornea where stem cells reside (O'Sullivan and Clynes 2007) The
highest gene expression was in the control group, indicating that this media retains its
stem cell phenotype. This was confirmed by immunocytochemistry analysis where the
control group has almost exclusively nuclear localisation of the protein. In the test groups
NP63 gene expression was significantly lower than the control group. The most significant
decrease in NP63 gene expression and nuclear staining was the HG-HC group. This result
shows that high glucose and high calcium both inhibit proliferation and cause the cells to

lose their stem cell phenotype.

CK3 was used to determine if the cells were differentiating towards a mature
epithelial cell phenotype. It has been shown that CK3 is present only in the suprabasal and

superficial cells indicating that these cells have undergone terminal differentiation
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(Merjava, Neuwirth et al. 2011). HG-HC cells did not produce any gene expression for CK3
and it was not visible after staining. This result may indicate that the cells grown in this
media formulation begin to differentiate towards an alternative cell phenotype. Gene
expression of CK3 was higher in LG-HC and HG-LC cultured cells compared to control cells.
Immunocytochemistry analysis of these groups showed a similar result with the control
group displaying little staining for CK3 while the LG-HC and HG-LC groups both displayed
higher levels of the protein. When combined with the data for NP63, these results show
that while the control media is more beneficial for maintaining a stem cell phenotype, the

LG-HC and HG-LC media were better at promoting mature epithelial differentiation.

Vinculin is a focal adhesion protein that is associated with cell signalling, spreading
and migration (Jannie, Ellerbroek et al. 2015) hence it was decided to examine its
localization using immunocytochemical staining. For the corneal epithelium focal
adhesion sites are important to allow the cells to migrate and repopulate regions for both
homeostatic and wound healing responses (Ljubimov and Saghizadeh 2015). Previous
studies have shown that vinculin becomes polarized within corneal epithelial cells to allow
migration in a specific direction. (Soong 1987, Zieske, Bukusoglu et al. 1989) However, in
our study the staining was more homogeneous within individual cells although the total
amount of vinculin present varies from cell to cell depending on the media used. The
confluency of the cells may be a factor in the distribution of vinculin in our study since this
would have limited movement of the cells. The HG-HC group had the least vinculin
staining of all the groups. High glucose levels have previously been associated with
inhibition of focal adhesions for some cell types (Tamura, Osajima et al. 2003) while

calcium can also effect vinculin localization and density (O'Keefe, Briggaman et al. 1987).
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The morphology of the cells was also very different compared to the cells grown in
the control media. In the control group cells exhibit the typical cobblestone morphology
with consistent cell shape and number while the test groups had a far more globular
appearance with a lower cell number and high nucleus to cytoplasm ratio. Cell shape was
not consistent and some cells were a lot larger than others which has been observed in
other papers that have investigated calcium concentrations on murine corneal epithelial

cells (Ma and Liu 2011).

3.5 Conclusion

This study showed that the combination of different glucose and calcium
concentrations can affect the metabolic activity, proliferative capacity, differentiation and
focal adhesion of a corneal epithelial cell line. The cell line suppliers recommended media
appeared to be the best at maintaining stem like characteristics while also promoting
proliferation. LG-HC and HG-LC media both had reduced expression of NP63 and
enhanced expression of CK3 suggesting that these media formulations may be useful for
promoting differentiation towards a mature epithelial phenotype. HG-HC media should
be avoided when culturing these cells. Having determined the optimal chemical
environment for these cells, next we wanted to explore how the physical environment

affects the cells behaviour in Chapter 4.
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Chapter 4
Influence of
polydimethylsiloxane substrate
stiffness on corneal epithelial

cells
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4.1 Introduction

Damage to the corneal epithelium can occur due to a variety of conditions including
limbal stem cell deficiencies or physical abrasion. Limbal derived stem cells allow the
epithelium to undergo renewal following injury by migrating into the damaged region and
differentiating into epithelial cells. However if the injury is too severe or if there is a lack
of healthy stem cells in the limbus then additional therapeutic approaches may be
required to repair the ocular surface such as cell transplantation (Atallah, Palioura et al.
2016). Allogeneic limbal tissue may be taken from a donor and applied directly to a patient
to provide a new stem cell source (Ahmad, Osei-Bempong et al. 2010), however a lack of
suitable donor tissue can limit this option. The alternative is to isolate and culture limbal
epithelial stem cells in-vitro and then to transplant these cells on a biomaterial carrier.
This approach has the advantages of allowing a higher number of cells to be transplanted
and allowing autologous cells from a patient biopsy to be used. However, optimization of
the culture environment, including the physical substrate onto which the cells are
adhered, is required to control the cell phenotype.

When culturing cells on a substrate or fabricating biomaterials for cell transplantation
it is important to consider the mechanical characteristics of the materials since these will
influence how the cells behave (Discher, Janmey et al. 2005). Examples of how material
stiffness effects cells include by directing the differentiation of mesenchymal and adipose
stem cells (Engler, Sen et al. 2006, Xie, Zhang et al. 2018), influencing the proliferation,
migration and resistance to chemotherapy of cancer cells (Tilghman, Cowan et al. 2010,
Schrader, Gordon-Walker et al. 2011) and modulating inflammatory cells such as

macrophages (Sridharan, Cavanagh et al. 2019). In the cornea, only a small number of
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studies have examined the role that material stiffness has on the behaviour of corneal
epithelial and limbal cells (Zhao, Shen et al. 2019) . Factors affecting epithelial cells that
have been examined in response to changes in stiffness include cell migration and viability
(Molladavoodi, Kwon et al. 2015) as well as stratification and differentiation (Gouveia,
Vajda et al. 2019), generation of tractional force by cells (Onochie, Zollinger et al. 2019),
nuclear Yes-associated protein (YAP) expression (Foster, Jones et al. 2014) and cytokeratin
expression (Jones, Hamley et al. 2012). One limiting factor with these studies is that since
they use either polyacrylamide or collagen gels as substrates, only a narrow range of
stiffness values could be examined. The mechanical environment of epithelial cells can
vary with the cells in contact with soft substrates such as the basement membrane
(modulus = 7.5 kPa) (Last, Liliensiek et al. 2009, Last, Thomasy et al. 2012), stiffer
substrates such as the corneal stroma (0.17 to 1.5 MPa) (Singh, Han et al. 2018, Xie, Zhang
et al. 2018, Zappone, Patil et al. 2018, Karimi, Razaghi et al. 2019) following the loss of the
bowman’s layer after laser photorefractive keratectomy (Lagali, Germundsson et al. 2009)
or even stiffer substrates such as an amniotic membrane (= 2.6 MPa) (Benson-Martin,
Zammaretti et al. 2006).

The aim of this study was to examine the influence of material stiffness on a limbal
derived epithelial cell line using a wide range stiffness values at day 3 and 7 and cell line
suppliers recommended media. The corneal epithelium is replaced after approximately 7
days, therefore, an early and late stage response to stiffness was studied to determine
how cells responded at different stages in their typical lifecycle in vivo (Mort, Douvaras et
al. 2012). PDMS was used to fabricate substrates with a Young’s modulus ranging from 10
kPa to 1500 kPa. No protein coating was used for this study, which eliminates the

influence of the coating on the cellular phenotype. Cell morphology, differentiation,
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proliferation and mechanobiological responses were assessed to determine the
relationship between cell behaviour and material stiffness. Cells cultured on tissue culture

plastic (TCP) were used as the control group for this study.

4.2 Materials and Methods

4.2.1 PDMS fabrication

PDMS blends of varying stiffnesses were made using a commercially available product
of Sylgard 184 and Sylgard 527 (Dow Corning). The softest blend of Sylgard 527 was
prepared as per the manufacturer’s instructions mixing equal quantities of parts A and B.
Sylgard 184, the stiffest substrate, was also prepared as per manufacturer’s instructions
blending 10 parts base to 1 part curing agent. Equal amounts of Sylgard 527 and Sylgard
184 were blended to create a 1:1 ratio of the stiffest and softest PDMS blends to make
the medium group. A blend of five parts 527 to one part 184 was prepared and used as
the medium-soft group. All samples were centrifuged at 650 G for 5 min to reduce air
bubbles before casting into 6 or 24 well plates. Samples were cured at 60 °C overnight.
Dog-bone moulds were used to cast samples for tensile testing. The groups used in this
study were a tissue culture plastic (TCP) control, stiff, medium, medium-soft and soft.

For the purposes of immunocytochemistry, PDMS groups were spin coated onto 12
mm glass coverslips to allow for confocal microscopy imaging. Each group was spin coated
onto coverslips at 863 G for 15 seconds using a spin coater. The thickness of PDMS spin
coated samples was determined using white light interferometry. After spin coating, a
scratch was made in each sample as an indirect measure of thickness to ensure that cells

were sensing the substrate and not the glass.
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4.2.2 Mechanical characterisation

The Young’s modulus of each sample was determined using a Zwick tensile tester with
each blend tested at least 4 times. A 10% strain was applied using a 5 N load cell at a
loading rate of 4 mm/min. Young’s modulus was calculated from the slope of the linear

elastic region of the stress-strain curves.

4.2.3 Cell culture
Cell culture was performed using the protocol previously described in Chapter 3. Cells
were cultured for 3 to 7 days and analysed using RT-PCR, immunocytochemistry and

western blot. Cells were fed using the cell line suppliers recommended media

4.2.4 Cell adhesion

Cells were imaged on a brightfield microscope, four hours after seeding onto
PDMS and TCP and counted using the cell counter on Imagel. The number of adhered
cells/ cm? was calculated and used to determine percentage of adhered cells using the

initial seeding density value of 5,000 cells/cm?.

4.2.5 Contact angle

The contact angle of each PDMS substrate and TCP was determined using a FTA125
contact angle analyser (First Ten Angstroms, Inc.). The contact angle of each material was
calculated via a static sessile drop technique using water. Each material was tested for
contact angle three times with the contact angle determined after approximately 10 sec
of dropping water onto the surface to ensure the droplet was static. An average of the
three measurements was used to determine contact angle of each PDMS substrate and

TCP.

4.2.6 Metabolic activity

Metabolic activity was measured using the same protocol described in Chapter 3.
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4.2.,7 RT-PCR

RT-PCR was performed using the same protocol described in Chapter 3. The following
primers were used: CK3 (Hs00365080_m1), CK14 (Hs00265033_m1) ANP63 (custom-
made primer adapted from (Robertson, Ho et al. 2008), ABCG2 (Hs01053790_m1) and
GAPDH (Hs02758991 g1). All samples were run in triplicate with a GAPDH housekeeping
gene control. Fold change expression was calculated using the AACt method with TCP as

control.

4.2.8 Western blot

Western blot was performed using the same protocol described in Chapter 3. To
evaluate the expression of pERK, TERK, cytokeratin 3 (CK3), cytokeratin 14 (CK14) and
NP63 protein in the cells western blot analysis was performed at day 7. The following
antibodies were used: phospho-p44/42 MAPK (137F5) rabbit monoclonal antibody (mAb)
(ERK 1/2)(Th202/204) antibody #9101 and p44/42 MAPK (L34F12) mouse mAb (ERK 1/2)
antibody #9102 at 1:1000 to analyse expression of phosphorylated and total ERK protein
respectively. Other antibodies included anti-cytokeratin 3 mouse mAb (ab77869 — Abcam)
at 1:500 dilution, anti-cytokeratin 14 (MAC3232 — Sigma-Aldrich) at 1:1000 dilution and
anti-NP63 (619002 — Biolegend) at 1:500 dilution. The loading control for all proteins was
GAPDH (ab9484 - Abcam) at 1:1000 dilution. All secondary antibody dilutions were double
that of the primary. Anti-rabbit IgG, horseradish peroxidase (HRP) linked antibody (Cell
Signalling) was prepared at 1:1000 for NP63 and 1:2000 for ERK and GAPDH membranes
respectively in TBS and 1% Tween 20. Rabbit anti-mouse IgG HRP (ab6728 — Abcam) was
prepared at 1:1000 in TBS and 1% Tween 20 for CK3 detection. Membranes were washed
three times for 5 minutes with TBS and 1% Tween 20 and the membranes developed using
an immunodetection kit (enhanced chemiluminescence western blotting substrate —
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Thermo-Fisher) and developed using GelDoc system (Bio-Rad). Densitometry was
performed using ImagelJ software and graphed using GraphPad Prism 7.
4.2.9 Immunocytochemistry

Immunocytochemistry was performed using the same protocol described in Chapter
3. The following antibodies and dilutions were used; Anti-Ki67 (ab15580 —Abcam) was
made up in 1:1000 dilution, anti-ABCG2 (sc-58222 — Santa Cruz) at 1:500 dilution, anti-
NP63 (619002 — Biolegend) in 1:500 dilution, mouse anti-vinculin (ab18058 — Abcam) at
1:1000 dilution, rabbit anti-vimentin (ab92547 — Abcam) at 1:1000 dilution and anti-pYAP
(Ser127) antibody #4911 — Brennan and Co at 1:100 dilution.

Cells were washed three times with antibody buffer to remove excess primary
antibody and then incubated with a secondary antibody at double the primary antibody
dilution for 2 hours at room temperature. For ABCG2 and vinculin goat anti-mouse IgG
H&L (Alexa Fluor® 488) (ab150113 - Abcam) was used. For all other proteins donkey anti-
rabbit IgG H&L (Alexa Fluor® 488) (ab150073 - Abcam) was used. Cells were also stained
for actin to visualize the cytoskeleton using Phalloidin-TRITC (Sigma-Aldrich) at 1:1000 in
parallel to the secondary antibody incubation. All groups were also stained for cellular
nuclei using fluoroshield with DAPI (Sigma-Aldrich). Cells were imaged using a confocal
microscope. Day 3 cells were imaged at a higher magnification to appreciate cellular
morphology and distribution of proteins tested. At day 7 a lower magnification was used
to appreciate the confluent monolayer formed. Mean fluorescence intensity was
determined using Imagel software and corrected for background.

4.2.10 Statistical analysis
All experiments were carried out in triplicate, statistical analysis and outlier calculation

was performed using GraphPad Prism software. Data are presented as the mean +
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standard deviation (SD), significance was calculated either via one-way or two-way

ANOVA with Post-Tukey test, significance deemed as p < 0.05 for all data sets.

4.3 Results

4.3.1 Mechanical characterisation

The thickness of all samples that were spin coated onto glass coverslips were between
10 and 25 um with no significant differences between groups (Figure 4.1 A). Each PDMS
group was tensile tested and the elastic modulus obtained using the slope of the linear
regression on the stress strain curve. The stiff group had an average elastic modulus of
1500 kPa, the medium group 820 kPa, the medium-soft group 105 kPa and the soft group
10 kPa. The stiff group had a significantly higher elastic modulus that all other groups. The
medium group had a significantly higher elastic modulus than the medium-soft and soft

group (Figure 4.1 B).

Contact angle was measured for all groups before cell seeding. The control group had
a significantly lower contact angle than all the PDMS groups. The stiff group had a
significantly lower contact angle than the medium soft and soft group. The soft group had
a significantly higher contact angle than the medium group (Figure 4.1 C). The percentage
of adhered cells was calculated 4 hours after seeding. Between each PDMS group no
significant differences in adhesion was observed. The control group displayed significantly

less adhesion compared to the medium, medium soft and soft groups (Figure 4.1 D).
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Figure 4.1 Characterization of PDMS substrates. (A) Thickness of spin coated PDMS; (B) Young’s
modulus of PDMS; (C) Contact angle of PDMS and TCP; (D) Percentage of cell adhered to
substrates after 4 h seeding. Data are presented as the mean + standard deviation, significance
calculated via one-way ANOVA with Post-Tukey test, N=4-6, * =P < 0.05** =P < 0.01, *** =P <

0.001, **** = P < 0.0001.

4.3.2 Cell proliferation and metabolic activity
After 7 days in culture all cells on PDMS had a significantly higher rate of cell metabolic
activity compared to cells on the control cell culture plastic (Figure 4.2A). Between PDMS

test groups, the stiff group had a significantly higher cell metabolic activity when

compared to the soft group.
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The proliferative marker ERK was analysed using western blot at day 7, the active form
of this protein occurs post transcriptionally therefore a western blot was performed to
examine phosphorylation of the protein and subsequent activation. Phosphorylated ERK
(PERK) was normalized to total ERK (TERK) and a housekeeping protein GAPDH rather than
B-actin as the expression of this protein was seen to be affected by the substrates (Figure
4.2 B). Densitometry analysis was performed to quantify differences in protein expression
between the groups (Figure 4.2 C). The medium group showed the highest-level activation
of pERK at day 7 and was significantly higher than the other groups. The least pERK
expression was observed in the medium soft and soft groups.

Ki67, a marker of actively proliferating cells was examined by immunocytochemical
staining (Figure 4.2 E). At day 3 the control and stiff groups showed similar levels of Ki67
staining indicating a similar proliferative rate (Figure 4.2 E (i) (ii)). The medium group at
day 3 showed the highest quantity of Ki67 (Figure 4.2 E(iii)), significantly so compared to
the soft group indicating a more proliferative phenotype at this stiffness (Figure 4.2D (i)).
The medium soft displayed a significantly higher level of Ki67 compared to the soft group
indicating decreased proliferation on soft substrates (Figure 4.2D (i)). At day 7 (Figure 4.2E
(vi)-(x)) the control, stiff and medium groups showed similar levels of Ki67 staining. The
medium soft and soft group again had less Ki67 staining indicating less proliferative

activity (Figure 4.2D (ii)).
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Figure 4.2 Metabolic activity and proliferation of cell in response to different substrate stiffness.
(A) Metabolic activity of cells after 7 days in culture; (B) Western blot of cells grown on different
substrates for pERK, TERK and GAPDH proteins at day 7; (C) Densitometry analysis of western blot
data at day 7, all data normalized to TERK and GAPDH; (D) Fluorescence intensity of Ki67 staining
at day 3 (i) and day 7 (ii); (E) Ki67 staining of cells grown on different substrates at day 3 (i)-(v)
and day 7 (vi)-(x), (Scale bar = 10um). Data are presented as the mean (xSD), significance
calculated via one-way ANOVA with Post-Tukey test, N=3-6, * =P <0.05, ** =P <0.01, ****=pP <

0.0001.

4.3.3 Cell differentiation

The mature corneal epithelial marker CK3 was examined using RT-PCR, western blot
and immunocytochemistry. There was significantly higher gene expression of CK3 in the
stiff group compared to the control, medium soft and soft groups (Figure 4.3) indicating

that stiffer substrates promote differentiation towards a more mature corneal epithelial
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phenotype. However, this was not detected on a protein level with both

immunocytochemical staining and western blotting being negative for CK3.
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Figure 4.3 Real time PCR of CK3 to determine relative expression 7 days. CK3 gene expression at
day 7, there was no detection of CK3 at day 3 in any groups. Data are presented as the mean (xSD),
significance calculated via one-way ANOVA for CK3 with Post-Tukey test, N=3, * =P <0.05, ** =P

<0.01.

Gene expression of CK14, a marker of hemidesmosome formation by basal epithelial
cells, in the stiff medium soft and soft groups was significantly higher than the control
group (Figure 4.4A) at day 7. The medium soft and soft groups also had significantly higher
expression compared to the medium group. In western blot analysis (Figure 4.4B (i)) the
medium soft group expressed this protein significantly higher compared to all other
groups |. The soft group also expressed this protein higher than other groups but this was
not significant. These results suggest the medium soft group produced a basal epithelial

phenotype.
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Figure 4.4 Real time PCR and western blot of CK14 at 3 and 7 days. (A) CK14 gene expression at
day 3 and day 7; (B)(i) Densitometry analysis for CK14 and GAPDH; (B)(ii) Sample western blot for
CK14 and GAPDH loading control. Data are presented as the mean (+SD), significance calculated
via two-way ANOVA for CK14 gene expression and one-way ANOVA for densitometry analysis with

Post-Tukey test, N=3, * =P <0.05, *** = P <0.001, **** = P < 0.0001.

The stem cell marker ATP Binding Cassette Subfamily G Member 2 (ABCG2) was
examined at day 3 and 7 using RT-PCR (Figure 4.5 A). No significant changes were seen in
gene expression in any of the groups. However, at day 3 over all the medium-soft and soft
group produced the highest level of ABCG2 gene expression but by day 7 the stiff and soft

group had the highest level of ABCG2 gene expression albeit not significant.
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Immunocytochemical analysis was also carried out for this protein at day 7 (Figure 4.5 C
(i) = (v)). Nuclear localization was seen in all groups with the highest expression observed
in the medium group (Figure 4.5 B). However, in general all groups expressed this marker

at a similar level.
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Figure 4.5 Gene expression and Immunocytochemical staining for ABCG2. (A) ABCG2 gene
expression at day 3 and 7; (B) Fluorescence intensity of ABCG2 at day 7; (C) Immunocytochemical
staining of ABCG2 at day 7 (green). All cells were counterstained with f-actin (red) and DAPI (blue).

(Scale bar = 10um) Data are presented as the mean (+SD), N=3.

A second marker for a stem cell phenotype NP63 was examined. At day 7 gene
expression analysis for ANP63 showed no significant difference between groups (Figure
4.6 A). However, a similar expression pattern to ABCG2 was observed with the medium-
soft and soft group producing the highest level of ANP63 gene expression but by day 7
the stiff and soft group had the highest level of ANP63 gene expression albeit not

significant.
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Nuclear localization of this protein is an indication of its activation in cells. Therefore,
immunocytochemical analysis was performed (Figure 4.6 C (i)-(v)). The control and stiff
group showed cytosolic and nuclear expression of NP63. The softer groups had little to no
cytosolic expression with all cells showing a nuclear localization of the protein indicating
a stem cell phenotype in softer substrates. The fluorescent intensity was highest in the
TCP group indicating more staining on the cytoplasm (Figure 4.6 B) however, no significant

changes were observed between groups.
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Figure 4.6 Gene expression and Immunocytochemical staining for ANP63. (A) ANP63 gene
expression at day 3 and 7; (B) Fluorescence intensity of ANP63 at day 7; (C) Immunocytochemical
staining of ANP63 at day 7 (green). All cells were counterstained with f-actin (red) and DAPI (blue).
(Scale bar = 10um) Data are presented as the mean (£SD), N=3.

Due to the presence of isoforms associated with different phenotypes in the
corneal epithelium a western blot was performed. Figure 4.7 A shows the three isoforms
of NP63a,[,y with the housekeeping protein GAPDH used as a loading control.

Densitometry analysis showed that no significant differences were observed between
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groups. However, alpha and beta isoforms were expressed at a higher level in the stiff and

medium groups (Figure 4.7 B).
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Figure 4.7 Western blot analysis of NP63 isoforms. (A) Sample western blot for NP63 isoforms
alpha, beta, gamma and GAPDH; (B) Densitometry analysis of each NP63 isoforms. Data are

presented as the mean (+SD), N=3.

4.3.4 Mechanobiology

Mechanobiological responses of cells to stiffness were assessed at day 3 and 7 (Figure
4.8). At day 3, cells grown on tissue culture plastic (control group) displayed a smaller,
more circular cell shape with little actin and fewer cellular projections compared to the
cells grown on the different PDMS formulations. By day 7, these cells displayed
projections and a polygonal shape but had more extracellular space compared to the

other groups.
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The stiff group displayed more of a spread cellular shape at day 3 (Figure 4.8 B) with
visible filopodia extending from the cells edge and increased actin production compared
to control. By day 7 (Figure 4.8 G) cells had little extracellular space with compacted cell
morphology.

The medium group at day 3 (Figure 4.8 C) displayed stress fibers extending throughout
the cell as well as longer cellular projections between each cell. A more spread cellular
phenotype was also evident in this group with circular actin formations. Lamellipodia were
evident in this group extending from the cells edge toward neighbouring cells. At day 7
(Figure 4.8 H) there were larger nuclei compared to the stiff and control group but less
stress fiber formation across the cell compared to the cells at day 3.

The medium soft group had a similar cell shape as the medium group with more
pronounced stress fibers at day 3 (Figure 4.8 D). The cells also appear to be longer and
more spread in comparison to all other groups. Cellular projections were not as evident
in this group but rather cellular sheets extending from the cells were visible. By day 7 the
medium soft group (Figure 4.8 1) had more stress fiber formation compared to all other
groups and increased nuclear size, similar to cells grown on medium stiffness. Decreased
formation of circular structures in the actin cytoskeleton also occurred at day 7 in this
group.

The soft group had less striking actin filaments with more of a triangular cell shape
evident at day 3 (Figure 4.8 E). These cells displayed a sheet like projection from the cells
along with these projections which were seen in other groups, in particular the medium
group, however this was a lot more apparent in the soft group. The soft group at day 7

(Figure 4.8 J) had very little stress fiber formation and little to no circular actin formations.
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The cells appeared to have a much more defined cell membrane connection between
each other and larger nuclei similar to that seen on the medium group at day 7.

All test groups showed a similar morphology at day 7 with more compacted cell
phenotypes and less extracellular space compared to control group cells. Stiff, medium
and medium-soft groups contained more actin between cells compared to the soft group
and displayed circular structures in their actin cytoskeleton. The medium-soft group had
the most stress fiber formation at day 7 compared to all other groups. The soft group had
the least actin compared to all other groups as well as the least extracellular space.

Focal adhesions were examined by staining for vinculin (Figure 4.8). At day 3, vinculin
was high in the control group (Figure 4.8 (i)) and more visible at the cell’s edge (Figure 4.8
A). In the cells grown on PDMS vinculin was more diffuse in the cytoplasm with the
medium stiffness group showing the least focal adhesions (Figure 4.8 A-E) however this
was not significant (Figure 4.8 (i)). At day 7, the number of focal adhesions per cell
decreased in the control group and was significantly higher in the medium, medium soft
and soft group compared to the control (Figure 4.8 (ii)) with some cells displaying more
focal adhesions at the cells edge. The stiff group had significantly less vinculin compared

to the other PDMS groups at day 7.
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Figure 4.8 Immunocytochemical staining for vinculin. (i) Fluorescence intensity of vinculin at day
3 and (ii) day 7. Top row (A-E) shows cells stained in green for vinculin at day 3. Bottom row (F-J)
shows cells at day 7. All cells were counterstained with f-actin (red) and DAPI (blue). (Scale bar =
10um). Data are presented as the mean (£SD), significance calculated via one-way ANOVA with

Post-Tukey test, N=3, * =P <0.05, ** =P <0.01, *** =P <0.001.

Vimentin, an intermediate filament (IF) protein was examined at day 3 and 7 (Figure
4.9). The control and stiff group had the most vimentin with IF’s extending over the
cellular nucleiin the medium group at day 3. No significant changes in vimentin expression
was observed at either time points (Figure 4.9 (i), (ii)). The soft group had the lowest
number vimentin positive cells and the lowest production of the protein within the cell.
At day 7, the control group cells displayed the highest level of IF expression as well as the

highest number of vimentin positive cells.
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Figure 4.9 Immunocytochemical staining for vimentin. (i) Fluorescence intensity of vimentin at
day 3 and (ii) day 7. Top row (A-E) shows cells stained in green for vimentin at day 3. Bottom row

(F-J) shows cells at day 7. All cells were counterstained with f-actin (red) and DAPI (blue). (Scale

bar = 10um).

At day 3 and 7 the activated phosphorylated form of yes-associated protein (pYAP)
was studied (Figure 4.10). At day 7 the stiff group showed the lowest amount of total pYAP
expression with a significant decrease in expression compared to the medium soft group.
By day 7, the soft group had a significantly higher amount of total pYAP production
compared to control stiff and medium groups (Figure 4.10 (ii)) Control and stiff groups
had the lowest pYAP production at day 7. Nuclear localisation of the protein was also

qguantified (Figure 4. 11).
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Figure 4.10 Immunocytochemical staining for phosphorylated yap (pYAP) protein. (i)
Fluorescence intensity of total pYAP at day 3 and (ii) day 7. Top row (A-E) shows cells stained in
green for pYAP at day 3. Bottom row (F-J) shows cells at day 7. All cells were counterstained with
f-actin (red). (Scale bar = 10um). Data are presented as the mean (+SD), significance calculated via

one-way ANOVA with Post-Tukey test, N=3, * =P <0.05, ** =P <0.01, *** = P <0.001.

At day 3 and 7 the nuclear localisation of activated phosphorylated form of yes-
associated protein (pYAP) was studied (Figure 4. 11). There were no significant
differences in nuclear pYAP expression at day 3, however, the soft group had the highest
nuclear pYAP expression overall compared to all groups (Figure 4. 11 A). At day 7, the
medium soft and soft groups displayed a significant increase in nuclear pYAP expression

compared to all groups.
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Figure 4. 11 Fluorescence quantification of nuclear pYAP localisation. (A) Fluorescence intensity
of nuclear pYAP at day 3 and (B) day 7. Data are presented as the mean (xSD), significance

calculated via one-way ANOVA with Post-Tukey test, N=3, * = P < 0.05, **** = P < 0.0001.

4.4 Discussion

In this study, PDMS was used to evaluate the effect of substrate stiffness on the
behaviour of corneal epithelial cells. In most previous PDMS stiffness studies, Sylgard 184
with differing ratios of base to curing agents was used to generate substrates with a
narrow variation in stiffness. To achieve a wider range of stiffness values for this study,
two PDMS solutions (Sylgard 184 and 527) were mixed at different ratios. This technique
was originally developed by Palchesko et al., (2012) and has previously been used to
examine the effect of substrate stiffness several different cell types (Palchesko, Zhang et
al. 2012, Palchesko, Lathrop et al. 2015) but not corneal epithelial cells. In this study, white
light interferometry was used to determine thickness of spin coated substrates, which was
consistent across all substrates and did not exceed 10 um. Previous studies have shown
that single cells can only sense underlying materials through soft hydrogel materials at

thicknesses below 10 um, which is measured by the degree of cell spreading (Tusan, Man
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et al. 2018). Other studies have shown that cells can be influenced by underlying
structures hundreds of microns away (up to 130um). However, this is influenced by the
structure of the substrate in question with fibrous substrates that are similar to the fibrous
nature of biological substrates allowing cells to propagate forces through the individual
fibers over longer distances (Mullen, Vaughan et al. 2015). In this presented study, cells
were spread at all stiffnesses and more rounded on the TCP group at day 3, indicating that
cells were sensing the PDMS substrate rather than the glass. This coupled with the
significant differences in gene and protein expression as well as the homogenous non-
fibrous nature of PDMS indicated that the cells were reacting to the stiffness of the PDMS
and not the underlying coverslip. Therefore, this study ensured that all spin-coated
substrates exceeded this value.

To further characterise the PDMS substrates, water contact angle was used to
measure hydrophobicity and how this influences adhesion of the cells. There was a
significant difference between the hydrophobicity of TCP and PDMS. This result correlates
with fewer cells adhering on the TCP compared to PDMS after 4 hours despite TCP being
less hydrophobic. While this suggests that hydrophobic surfaces may be better at
supporting corneal epithelial cell adhesion, some studies have postulated that water
contact angle may not be an accurate predictor of biological responses to materials
(Alexander and Williams 2017). Values for the optimal contact angles for cell adhesion
vary considerably between publications most likely due to the use of different cell types
and materials (Wei, Yoshinari et al. 2007, Dowling, Miller et al. 2011, Tang, Akiyama et al.
2012, Meng, Yang et al. 2017).

Most studies which examine cellular response to stiffness coat surfaces with biological

substances such collagen or laminin (Engler, Sen et al. 2006, Gouveia, Lepert et al. 2019),
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however, this study has shown that a more hydrophobic surface can still support corneal
epithelial cell adhesion and that a coating may not be required to study cellular responses.
Previous studies have shown that collagen coating can penetrate deeper on softer
substrates compared to stiffer ones (Lo, Wang et al. 2000) which may affect cellular
responses. This cell line is used for culturing on TCP which is why this was chosen as the
control group.

Stiffness was shown to influence the proliferation and cell metabolic activity of the
cells. Only small variations in metabolic activity were detectable probably due to the lack
of sensitivity of the assay due to the colour changing quickly with time as well as its use
as a measure of cell viability rather than cellular metabolism (Xu, McCanna et al. 2015). A
clearer trend was detectable when proliferative markers such as Ki67 and pERK were
examined. Expression of pERK was measured using western blot analysis at day 7 only as
higher protein yields were obtained at this point which made it possible for the protein
bands to be visualised compared to day 3. The stiff and medium groups had the highest
level of Ki67 while the medium group had significantly higher pERK production compared
to the other groups. The increase in proliferative markers in the stiffer groups suggests
that cells on the softer substrates are slower cycling. In the eye it is necessary for epithelial
cells to undergo proliferation to maintain homeostasis, however a subpopulation of cells
have been found to undergo a slower cycle that can accelerate if necessary to support
homeostasis or response to damage (Sartaj, Zhang et al. 2017). Ki67 protein accumulation
occurs in the S, G2 and M phase of the cell cycle and degraded in G1 and GO (quiescence)
of the cell cycle (Miller, Min et al. 2018). It is evident from Ki67 staining that although not

actively proliferating or dividing the number of cells present is similar among groups,
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which indicates cells in a quiescent state retaining their slow cycling yet proliferative
abilities in repairing the ocular surface.

Material stiffness was shown to affect cell phenotype. In vivo, cells from the limbus
proliferate and migrate along the basal region of the corneal epithelium cells where they
undergo transient amplifying behaviour (Yoon, Ismail et al. 2014). These cells then divide,
producing mature, differentiated epithelial cells in the superficial region of the
epithelium. To distinguish between different phenotypes, CK3 was used as a marker of a
mature, differentiated phenotype and CK14 was used to identify transient amplifying cells
like those found in the basal epithelium but are absent from the central cornea (Jones,
Hamley et al. 2012). During wound healing CK14 positive cells have been identified in the
basal epithelium of mice (Park, Richardson et al. 2019). Gene expression analysis at day 7
showed there was significantly more CK3 in cells on stiffer substrates than softer while
expression of CK14 was higher on the softer substrates compared to the stiff. This
indicates that stiffer substrates produce a more mature corneal epithelial phenotype
while the softer substrates support a more stem like phenotype. The medium-soft group
in particular had a significant increase in CK14 protein expression as shown in the western
blot, this suggests that this stiffness is suitable for upregulating this transient amplifying
phenotype in these cells. Previous research looking at substrate stiffness using collagen
hydrogels vyielded similar results with stiffer substrates displaying increased CK3
expression in bovine limbal stem cells while softer substrates increased the expression of
CK14. It is worth noting that the stiff group in that study was only 2.9 kPa compared to
1500 kPa in this presented study (Jones, Hamley et al. 2012). However, a recent study
showed that using compressed collagen gels in vitro a more mature phenotype expressing

CK3 was observed in the stiffer group of 4.8 + 3.5 MPa and a stem cell phenotype
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expressing CK15 in the softer group of 0.7 + 0.4 MPa. This study used a laminin coating
that may have influenced cellular response to stiffness (Gouveia, Lepert et al. 2019).
Expression of markers associated with a limbal stem cell phenotype, ABCG2 and NP63,
were also examined with no significant changes observed. Western blot analysis of NP63
isoforms associated with different phenotypes in the corneal epithelium also had no
significant difference. However, using immunocytochemistry it was clear that in softer
substrates nuclear localisation of NP63 was higher than in stiff substrates. It has been
shown that nuclear localisation of NP63 is lost in differentiated superficial cells of the
cornea (Robertson, Ho et al. 2008), further supporting the hypothesis that softer
substrates induce more of a limbal stem cell phenotype. It may be possible that
differentiated corneal epithelial cells can still express genes for stem cell markers and
allow the ocular surface to repopulate the stem cell niche if required. A recent study
showed in a mouse model that differentiated committed cells in the central cornea have
the ability to migrate back toward the limbus when this stem cell niche is removed and
repopulate this niche (Nasser, Amitai-Lange et al. 2018). Additionally, other papers have
proposed a corneal epithelial stem cell hypothesis where stem cells are distributed in the
basal layer which have stem cell functionality in regenerating the ocular surface and these
cells don’t necessarily originate from the limbus (West, Dora et al. 2015). Furthermore, a
recent study showed using an in vivo model of wounded corneas that by softening these
damaged corneas using collagenase that a limbal epithelial stem cell like phenotype can
be promoted improving wound healing (Gouveia, Lepert et al. 2019).
Immunocytochemistry was used to visualise localisation of pYAP in the cells. YAP is
involved in the Hippo signalling pathway and in the cytoskeletal responses to substrate

rigidity and topography along with its co activator PDZ binding motif (TAZ) and has
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previously been investigated in the corneal epithelium (Raghunathan, Dreier et al. 2014).
YAP mediated gene expression can lead to stem cell proliferation, apoptosis evasion and
cell proliferation, however, YAP regulation by mechanical stress is not completely
understood (Zhu, Li et al. 2015). Regulation of YAP occurs through phosphorylation
whereby unphosphorylated YAP is sequestered in the nucleus and acts as a transcriptional
co activator, phosphorylated YAP by a Lats kinase inhibits its functionality and sequesters
YAP in the cytoplasm where it is targeted for subsequent degradation (Hong and Guan
2012). All groups displayed cytoplasmic distribution of pYAP with little nuclear staining.
This was more pronounced at day 7 whereby all groups displayed a lower level of pYAP
expression compared to day 3. This indicates that degradation of pYAP occurs over seven
days and perhaps earlier time points would be more beneficial to see when it is
sequestered into the nucleus to act as a transcriptional co activator. Immunocytochemical
staining at day 7 also showed a significant increase in pYAP in the softer groups compared
to the control and stiff group. This may indicate that softer substrates retain stem cell
characteristics over a longer time compared to stiffer substrates. Ectopic expression of
YAP has been shown to maintain stem cell phenotypes even under differentiation
conditions (Lian, Kim et al. 2010). Nuclear quantification of pYAP showed that softer
substrates at day 7 had a significant increase in pYAP protein expression. This combined
with lower levels of total pYAP and day 7 indicates that softer substrates sequesters YAP
in the nucleus over 7 days, promoting stem cell proliferation as previously reported in the
literature. This result further supports the theory that culturing corneal epithelial cells on
softer substrates leads to increased stem cell expression.

Focal adhesions between cells and their surrounding matrix play an important role in

dictating cell migration, cytoskeletal structure and cell signalling. In this study, vinculin
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was used to study localisation of focal adhesions. At day 3, the control group showed the
highest vinculin intensity while all other groups had similar levels. Staining was localized
to the cytoplasm rather than along the cells edge as would be expected for this protein.
By day 7 this trend seemed to differ with the medium, medium soft and soft groups
producing significantly higher levels of vinculin compared to the control and stiff group.
This finding suggests that at earlier time points, cells on softer substrates, which have also
shown a stem cell phenotype, have a lower migratory capacity. However, by day 7 the
production of focal adhesions are higher in these groups, suggesting that these cells
migrate at a later stage, presumably to repopulate cells that have been terminally
differentiated and shed from the ocular surface. As this study was performed in a
monolayer, a stratified model would be required to confirm this finding.

Vimentin was examined as it has been described as a highly motile early differentiating
corneal epithelial cell marker associated with other early differentiating markers including
ANP63a and a6 integrin in one study (Castro-Munozledo, Meza-Aguilar et al. 2017) and
previous studies have shown it to be involved in wound healing of the corneal epithelium
(Walker, Bleaken et al. 2018). At day 3, more cells in the stiffer groups appeared to display
this protein compared to the softer group, possibly indicating that cells on stiffer
substrates have initiated differentiation towards a more mature epithelial phenotype.
This would then correlate with gene expression analysis of CK3 at day 7.

Study results have implications for the design and application of biomaterials for
culturing or transplanting limbal derived epithelial stem cells. For example, amniotic
membrane have been widely used for transplantation and ex vivo expansion of limbal
stem cells however, variations in the membranes stiffness can result from donor

variations and whether the pregnancy reached term (Benson-Martin, Zammaretti et al.
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2006) could affect how the cells in contact with this material behave. One study that has
investigated the effect of amniotic membrane stiffness on limbal cell behaviour concluded
that stiffer substrates drive a more mature differentiated corneal epithelial phenotype
which would appear to agree with our findings (Chen, Jones et al. 2012). Validation of
these results using a primary cell source would be beneficial, however, the use of a coating
for these studies also limits their findings and the cell line used in this study has been
validated as a model for corneal epithelial studies when compared to primary cells
(Robertson, Ho et al. 2008).

The stiffness ranges used in this study is also useful for recapitulating reported
stiffnesses in vivo. The values of these stiffnesses can vary in vivo from the basement
membrane (modulus = 7.5 kPa) (Last, Liliensiek et al. 2009, Last, Thomasy et al. 2012) to
the stiffer corneal stroma (0.17 to 1.5 MPa) (Singh, Han et al. 2018, Xie, Zhang et al. 2018,
Zappone, Patil et al. 2018, Karimi, Razaghi et al. 2019). Epithelial cells can become exposed
to the stroma following the loss of the bowman’s layer after laser photorefractive
keratectomy (Lagali, Germundsson et al. 2009). Limbal stem cells have even been cultured
on the stiffer amniotic membrane (= 2.6 MPa) as a method to generate transplantable
sheets for corneal surface repair (Benson-Martin, Zammaretti et al. 2006). Due to the wide
range of reported stiffnesses of the cornea in vivo it is difficult to conclude whether the
optimal stiffness for culturing these cells in this study is similar to what is reported in vivo.
However, it can be concluded that the limbus does experience a softer environment

compared to the stiffer central cornea (Gouveia, Lepert et al. 2019).

Overall, this study shows that over a wide range of stiffnesses reported in the
literature, differentiation, proliferation, focal adhesion and intermediate filament

expression is significantly affected. Future studies looking at cell surface receptors on how
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these mechanical signals are relayed as well as earlier time points to determine p-YAP
response would further aid in our understanding of the corneal epithelial response to

stiffness.

4.5 Conclusion

This study demonstrates that stiffness plays a major role on the differentiation,
proliferation and morphology of limbal derived epithelial cells using a corneal epithelial
cell line as a model. Culturing cells on a material with a Young’s modulus in the range of
10 kPa-105 kPa would appear to be the most suitable for retaining the cell’s stem like
characteristics. Limitations with this study include that is used a cell-line rather than
primary cells, there was no air-liquid interface when culturing the cells and the
topography of the PDMS substrates will differ from the corneas basement membrane.
Despite this, these findings could be applied when optimizing the design of biomaterials

for limbal epithelial cell culture and transplantation.
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Chapter 5
Donor Dependent Response of
Limbal Derived Stem Cells to

Fluid Shear Stress
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5.1 Introduction

The corneal epithelium is subjected to oscillatory shear stress from tear fluid and
the eyelid combined. This process aids in homeostasis, wound healing, lubrication and
nutrition. In the corneal periphery, a pool of stem cells which replenish this epithelial layer
are located in the limbus. When this function is lost due to injury or chemical insults,
blindness may result. Cellular programming into corneal epithelial differentiation is highly
complex with a recent study showing 4897 genes differentially expressed among these
stages (Ortiz-Melo, Garcia-Murillo et al. 2021). In order to restore this limbal stem cell
niche, donor cells or autologous cells from the other unaffected eye may be transplanted.
To do this, limbal epithelial stem cells (LESCs) can be grown ex vivo as sheets or use a
carrier material for transplantation. However, rejection of these transplants, use of animal
products such as FBS which may pose immunological risks, low basal stem cell population
and poor culturing systems or non-approved biomaterials pose a problem for restoring
the limbal stem cell niche (Chew 2011, Mason, Stewart et al. 2016, Herndez-Moya,

Gonzalez et al. 2020).

Little is known about the magnitude of shear stress in vivo in the eye or how these
mechanical cues affect the cornea. Previous studies have mimicked the in vivo
environment to recapitulate eye blinking using custom-designed bioreactors for the
purposes of studying drug toxicity as well as determining how the corneal epithelium
responds to fluid shear mechanistically (Abdalkader and Kamei 2020). Research has also
examined how this affects differentiation and barrier function of the corneal epithelium
(Hampel, Garreis et al. 2018). The shear stress rates of studies performed vary widely from

0.07 dyn/cm? to 50 dyn/cm? (Kang, Shin et al. 2014, Hampel, Garreis et al. 2018) as well
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as the length of time that the cells are exposed to shear with some studies exposing cells
to shear for a couple of hours or seconds at particular days in culture. Studies thus far
have shown that oscillatory shear stress increases differentiation and apoptosis of corneal
epithelial cells and effect their migratory capacity and wound healing (Utsunomiya,

Ishibazawa et al. 2016, Molladavoodi, Robichaud et al. 2017).

The aim of this study was to examine how laminar fluid shear on human limbal
epithelial stem cells (LESCs) effects differentiation, orientation, tight junction formation
and stratification using a commercial pump system. Cells undergoing flow were subjected
to high shear (2.43 dyn/cm?) or low shear stress (1.1 dyn/cm?) for either 1 or 3 days. Static
cultures were used as controls. The time points of 1 and 3 days were chosen to reflect
what has been explored in the literature to add to this knowledge as well as allowing the
cells to experience a longer cell culture under shear stress which has not been widely
explored in the literature. This allows for differences in stem cell expression to be
examined to determine what is the optimum time point for cell culture under shear stress

and to see how cells respond to shear stress after this length of time cultured under shear.

Overall, the goal of this study was to determine how laminar flow effects human
limbal epithelial stem cells and whether this effect is exacerbated over time. This study
will try to identify the optimal flow conditions for culturing human LESCs that increase
stem cell characteristics by examining gene expression of both mature and stem cell
markers. Barrier function of the cells was studied using immunocytochemistry analysis of
tight junction protein ZO-1 to determine how shear stress effects this vital function of the
corneal epithelium. Vimentin and integrin beta 1 expression was also examined which are

key proteins involved in the migration of the cells during wound healing and how they
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relay these mechanical cues (Carter 2009, Castro-Munozledo, Meza-Aguilar et al. 2017).
Finally, gene expression of TRPV4 — a mechanosensitive ion channel was also studied to

determine if this was implicated in the shear stress response.
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5.2 Materials and Methods

5.2.1 Cell culture

Human corneal rims were obtained from the Royal Victoria Eye and Ear bank in
Dublin after use in transplantation. The source of the rims were from the Lions Eye bank
and donated for research. Explant culture was performed to isolate human limbal
epithelial stem cells (LESCs). Three donors of varying ages (25, 45 and 66 years old referred

toasdonor 1, 2 and 3 respectively) were used for fluid flow experiments as shown in Table

Table 3 Donor age and number

Age (Years) 25 45 66

Corneal epithelial media was used to culture explants containing low glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) and Ham’s F12 medium in a 3:1 ratio. A
media supplementation receipt adapted from Bray et al, 2011 (Bray, George et al. 2011)
was used and consisted of 10% Foetal Bovine Serum (FBS), 0.1% penicillin/streptomycin
solution, 1% non-essential amino acids, 400 mM L-Glutamine, 6.8 mg 3,3,5-triiodo-L-
thyronine sodium salt (T3), 1 pg/ml Insulin, 180 uM Adenine, 10 ng/ml Epidermal Growth

Factor (EGF), 1 ug/ml isoproterenol, 0.4 ug/ml hydrocortisone and 5 pug/ml Transferrin.

A 6 well plate was coated with gelatin (1 mg/ml) at 37 °C for 1 hour, gelatin was
aspirated and the plate left to dry under a laminar flow hood for 1 hr while preparing
explant cultures. Each rim was rinsed with PBS, quartered and placed epithelial side down
onto a gelatin coated 6 well plate. In order for each explant to attach, 1 ml of media was

placed on top of each explant and left overnight at 37 °C, the next day 2 ml media was
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then added to each explant culture. The cells were fed three days a week with corneal
epithelial media until the cells grown out of the explant occupied 80% of the well.
Accutase treatment was used to isolate the cells and expanded into a T25 flask. Remaining
explants from the initial expansion were fed again with corneal epithelial media and the
process repeated to increase cell number which can be done up to three times from one
explant while retaining stem cell properties (Lépez-Paniagua, Nieto-Miguel et al. 2013) .
Upon confluence in the T25 flask, cells were further expanded in a T75 flask and used for

fluid flow experiments. All cells used in the experiment were at passage 4 or below.

5.2.2 Fluid flow bioreactor

A commercially available fluidic unit quad and pump (IBIDI) (Figure 5.2) was used for shear
stress experiments which allows 8 samples to be runin parallel as seen in Figure 5.3. Slides
designed for the fluidic unit were used to apply defined shear onto the cells, the pslide |
Leur 0.8 (IBIDI) was used for all experiments. The system works using a pump to generate
constant pressure which pumps media from one reservoir to the other. This applied
pressure results in a specific flow rate (ml/min) which depends on the channel height,
pressure input, medium viscosity and flow resistance of the perfusion system (slide and
tubing). The flow rate (ml/min) results in a wall shear stress (dyn/cm?) to which the cells
are exposed. The calculation shown in Figure 5.1 is used to determine the flow rates for

the corresponding shear stress.
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/ pSlide 198 Leur: \

T (dyn/cm?2) = n (dyn - s/cm?) - 34.7 - @ (ml/min)

O = flowrate
T = shearstress

\ n = viscosity /

Figure 5.1 Shear Stress calculation. Wall shear stress depends on the flow rate and viscosity of

perfusion medium.

The constant air pressure from the pump to the reservoirs of the fluidic unit
generates a constant flow of medium within the slides; before these reservoirs run dry
the medium is pumped back and forth between the two reservoirs. To create a laminar
flow two valves are integrated in the fluidic unit that are simultaneously switched

between two states.

The slides were coated with gelatin for 1 hour at 37 °C, LESC’s were then seeded
at 500,000 cells/slide (200,000 cells/cm?) in 200ul of media to allow a fully confluent layer
to be achieved. Cells were left to attach for 5 hours and washed with media to remove
any unattached cells. For the static cultures, cells were left in the slides with daily media
changes for either 1 or 3 days. Cells undergoing flow were attached to the fluidic unit and
subjected to high shear (2.43 dyn/cm?) or low shear (1.1 dyn/cm?) for either 1 or 3 days.
After shear had been applied to cells for the appropriate amount of time cells were

prepared for RT-PCR or fixed for immunocytochemical analysis.
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Figure 5.2 Fluid Flow Bioreactor. The fluidic unit is placed inside an incubator connected to the
pump by air pressure tubing and a drying bottle to prevent condensation from the incubator

entering the pump. The computer connected to the pump allows the desired shear stress to be

applied to the cells.
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Figure 5.3 Quad Fluidic Unit in Flow Hood. The Quad unit allows for 8 samples to undergo shear

stress at one time. This picture depicts the cells seeded onto slides connected to the quad unit.

5.2.3 RT-PCR

RT-PCR was performed using the same protocol described in Chapter 3. The following
primers were used: NP63a (custom made primer sequence adapted from Robertson et
al.) (Robertson, Ho et al. 2008) ABCG2 (Hs01053790_m1), CK15 (Hs00267035_m1),
Nestin (Hs00707120_s1), CK14 (Hs00265033_m1), CK3 (Hs00365080_m1), CK12

(Hs00165015_m1), TRPV4 (Hs01099348_m1) and GAPDH (Hs02758991 g1).

5.2.4 Immunocytochemistry
Immunocytochemistry was performed using the same protocol described in Chapter
3. The following antibodies and dilutions were used: Integrin f1 at 1:1000 dilution

(ab24693 - Abcam), Vimentin at 1:1000 (ab92547 - Abcam), ZO-1 at 1:200 dilution (40-
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2200 - Biosciences). For integrin 1 goat anti-mouse IgG H&L (Alexa Fluor® 488) (ab150113
- Abcam) was used. For all other proteins donkey anti-rabbit IgG H&L (Alexa Fluor® 488)

(ab150073 - Abcam) was used.

Mean fluorescence intensity was determined using Imagel software and corrected
for background. 3D projection and orthogonal views were viewed to measure
stratification of the cell layer. An image of the middle of each stack was acquired to

observe morphology and distribution of the proteins in the cell.

5.2.5 Orientation
Using the Imagel plugin OrientationlJ, a colour map of the orientation of the cells
was created. A max projection of the actin channel was used for this purpose. The

coherency was also measured to measure the level of isotropy in each sample.

5.2.6 Statistical analysis

All experiments were carried out in triplicate, statistical analysis and outlier
calculation was performed using GraphPad Prism software. Data are presented as the
mean + standard deviation (SD), significance was calculated either via one-way or two-

way ANOVA with Post-Tukey test, significance deemed as p < 0.05 for all data sets.
5.3 Results
5.3.1 Differentiation
Gene expression of a panel of limbal stem cell markers (NP63a, ABCG2, CK15 and

Nestin), transient amplifying marker CK14 and mature markers CK3 and CK12 were

examined for each donor and time point.
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5.3.1.1 Stem cell marker expression

1 day

Stem cell marker expression was significantly increased across all donors exposed
to shear stress after 1 day (Figure 5.4). Variation among donors was evident with the
youngest donor (donor 1) showing a significant increase in stem cell expression under
both low and high shear compared to static (Figure 5.4 A-D). In particular, the high shear
stress group induced the highest level of stem cell marker expression (NP63a, ABCG2 and
CK15) with the exception of Nestin, which was expressed at a similar level in both the low
and high shear group significantly increasing Nestin gene expression compared to the
static group. In contrast, donor 2 (45 year old donor) showed a significant increase in stem
cell marker expression (NP63a, ABCG2 and CK15) in the 1 day low shear group only, with
Nestin gene expression significantly increased in the high shear group only compared to
static treatment (Figure 5.4 E-H). The oldest donor (Donor 3) had a more varied response
with NP63a significantly decreased after 1 day high shear while ABCG2, and Nestin were
significantly increased after 1 day low shear compared to static culture (Figure 5.4 I-L).
After 1 day high shear stress ABCG2 and CK15 were significantly increased compared to
static culture for ABCG2 and both static and 1 day low shear culture for CK15 (Figure 5.4 )

+ K).
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Figure 5.4 Real time PCR of NP63a, ABCG2, CK15 and Nestin after 1 day static, low shear (LS)
and high shear (HS) culture. (A) — (D) Donor 1 gene expression, (E) — (H) Donor 2 gene expression,
() = (L) Donor 3 gene expression of NP63a, ABCG2, CK15 and Nestin after 1 day static, low shear
and high shear culture. Data are presented as the mean (£SD), significance calculated via one-way

ANOVA with a Post-Tukey test, N=4, * =P <0.05, ** =P <0.01, *** =P <0.001, **** = P <0.0001.
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3 day

Cells exposed to shear for 3 days affected stem cell marker expression in all donors
(Figure 5.5). Similar to the 1 day group, donor variations were observed. All donors
expressed a significant increase in NP63a gene expression with the most significant
upregulation observed after 3 days of high shear stress (Figure 5.5 A,E,l). The youngest
donor significantly increased ABCG2 gene expression under 3 days low shear (Figure 5.5
B). In contrast, ABCG2 was significantly increased in the high shear stress group in the
older donors (donors 2 and 3) (Figure 5.5 F + J) with the low shear group significantly
reducing ABCG2 expression compared to both static and high shear cultures. High shear
promoted CK15 expression in donor 1 and 2 (Figure 5.5 C + G). Donor 3 had a similar
expression of CK15 compared to the static group with no significant increase in any of the
shear groups (Figure 5.5 K). The low shear group in donor 1 (Figure 5.5 D) significantly
increased Nestin expression while in donor 2 (Figure 5.5 H) expressed Nestin significantly
higher under high shear, with the low shear group significantly decreasing Nestin
expression over 3 days compared to both the static and high shear groups. Donor 3 had a
similar expression of Nestin compared to the static group with no significant increase in

any of the shear groups (Figure 5.5 L).
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Figure 5.5 Real time PCR of NP63a, ABCG2, CK15 and Nestin after 3 days static, low shear (LS)

and high shear (HS) culture. (A) — (D) Donor 1 gene expression, (E) — (H) Donor 2 gene expression,

(1) = (L) Donor 3 gene expression of NP63a, ABCG2, CK15 and Nestin after 1 day static, low shear

and high shear culture. Data are presented as the mean (£SD), significance calculated via one-way

ANOVA with a Post-Tukey test, N=4, * =P <0.05, ** =P <0.01, *** =P <0.001, **** = P <0.0001.
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5.3.1.2 Transient amplifying marker expression

Cells exposed to low shear stress for 1 day significantly increased CK14 expression in
both the donor 1 and 2 compared to static and high shear stress culture (Figure 5.6 A,C).
The high shear stress group significantly decreased CK14 expression in both donors. Donor
3 did not induce any significant change in CK14 expression, but overall this was decreased

in expression compared to the static group (Figure 5.6 E).

After 3 days of high shear cell culture, donor 1 and 2 significantly increased CK14
expression compared to the low shear group (Figure 5.6 B,D). There was also a significant
difference between the high shear and static group for donor 2 (Figure 5.6 D). Low shear
significantly decreased CK14 expression compared to static in donor 1 (Figure 5.6 B).
When donor 3 was exposed to both low and high shear over 3 days there was a significant
decreased CK14 expression, the most significant being the low shear group compared to

the static group as well as the high shear group (Figure 5.6 F).
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Figure 5.6 Real time PCR of CK14 after 1 day and 3 days static, low shear and high shear culture.
(A) + (B) Donor 1 gene expression, (C) + (D) Donor 2 gene expression, (D) + (E) Donor 3 gene
expression of CK14 after 1 day (A, C, E) and 3 day (B, D, F) static, low shear and high shear culture.
Data are presented as the mean (+SD), significance calculated via one-way ANOVA with a Post-

Tukey test, N=4, * =P <0.05, ** =P <0.01, *** =P <0.001, **** = P <0.0001.

5.3.1.3 Mature marker expression

Mature marker CK3 and CK12 expression was significantly increased under 1 day of
high shear compared to static for donor 1 as shown in Figure 5.7 A + B. There was no CK3
expression detected after 3 days of shear stress exposure (Figure 5.7 C) and CK12
expression was not significant in the same donor after 3 days (Figure 5.7 D), although 3

day low shear showed the highest CK12 expression over all.

Donor 2 showed a significant increase in CK3 and CK12 after 1 day of low shear
stress culture compared to the high shear group for CK3 expression and compared to both
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static and high shear for CK12 expression (Figure 5.7 E + F). This donor also showed higher
CK3 expression after 3 days (Figure 5.7 G) in both shear stress groups but this was not
significant. The CK12 expression in this donor was not detected under low shear but was
significantly increased under high shear stress compared to static after 3 days (Figure 5.7

H).

Donor 3 showed no significant expression of any of the mature marker expression
under any shear stress culture (Figure 5.7 | - L). In the one day groups, CK3 expression was
highest under low shear (Figure 5.7 1) and CK12 was expressed at a higher level in both
low and high shear groups, albeit not significant (Figure 5.7 J). The 3 day groups showed
a higher CK3 expression under high shear stress (Figure 5.7 K) with no detection of CK12
under low shear and lower CK12 expression in high shear compared to static cell culture,

albeit not significant (Figure 5.7 L).
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Figure 5.7 Real time PCR of CK3 and CK12 after 1 day and 3 days static, low shear and high shear
culture. (A + B) Donor 1 CK3 and CK12 gene expression after 1 day of shear stress culture, (C + D)
Donor 1 CK3 and CK12 gene expression after 3 days of shear stress culture. (E + F) Donor 2 CK3
and CK12 gene expression after 1 day of shear stress culture, (G + H) Donor 2 CK3 and CK12 gene
expression after 3 days of shear stress culture. (I +J) Donor 3 CK3 and CK12 gene expression after
1 day of shear stress culture, (K + L) Donor 3 CK3 and CK12 gene expression after 3 days of shear
stress culture. Data are presented as the mean (£SD), significance calculated via one-way ANOVA
with a Post-Tukey test, N=4, * =P < 0.05, ** =P <0.01, *** =P <0.001, **** = P <0.0001. ND =

not detected.
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5.3.2 TRPV4 expression

Expression of TRPV4 was significantly upregulated in all donors under low shear
culture after 1 and 3 days compared to static culture (Figure 5.8). Donor 1 had a significant
upregulation of TRPV4 after 1 day in both low and high shear conditions compared to the
static control group (Figure 5.8 A). After 3 days the high shear group was more significantly
upregulated compared to the static control group (Figure 5.8 B). Donor 2 had a significant
upregulation of TRPV4 in the low shear stress cell culture after both 1 and 3 (Figure 5.8 C,
D), the high shear group also significantly increased TRPV4 expression compared to the
static control group after 1 day (Figure 5.8 C). Donor 3 had the most significant
upregulation of TRPV4 gene expression after 1 day in the low shear group compared to
static control group; this was also significantly upregulated in the high shear (Figure 5.8
E). After 3 days of shear stress, TRPV4 was significantly upregulated in the high shear
group in this donor compared to both the low shear and static groups in this donor. The
low shear group also significantly enhanced TRPV4 gene expression after 3 days compared

to the static control group (Figure 5.8 F).
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Figure 5.8 Real time PCR of TRPV4 after 1 day and 3 days static, low shear and high shear culture.
(A) + (B) Donor 1 gene expression, (C) + (D) Donor 2 gene expression, (D) + (E) Donor 3 gene
expression of CK14 after 1 day and 3 day static, low shear and high shear culture. Data are
presented as the mean (£SD), significance calculated via one-way ANOVA with a Post-Tukey test,

N=4,* =P <0.05, ** =P <0.01, *** = P <0.001, **** = P < 0.0001.
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5.3.3 Orientation

Confocal microscopy was used to determine whether cells aligned to the direction of
flow. Using the actin channel, each cell stack was max projected and the Image J plugin
Orientation) was used on each image. A colour map corresponding to different angles of

directionality in each cell was created as shown in Figure 5.9 below.
. - n
+45° = \

o~

7 .

Figure 5.9 Orientation colour map. A colour map was made using Orientation) in which the angles

of the cells correspond to the colour map (Piispoki, Storath et al. 2016).

In the 1 day shear groups, all 1 day static groups did not show any directionality in
their actin cytoskeletal arrangement as shown in Figure 5.10 A, D, G. This was also
observed for cells exposed to 1 day low shear stress rates (Figure 5.10 B, E, H), however,
the oldest donor (donor 3) did show cellular alignment after 1 day low shear (Figure 5.10
[). All donors aligned perpendicular to the flow direction after 1 day of high shear stress

(Figure 5.10C, F, I).
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1D STAT 1D LS 1D HS

Donor 1

Donor 2

Donor 3

Figure 5.10 Immunocytochemical staining of cellular orientation after 1 day shear stress culture.
(A) — (C) Orientation of Donor 1, (D) — (F) Orientation of Donor 2, (G) — (I) Orientation of Donor 3.
Cells were stained with f-actin and the Orientation) plugin was used to create a colour map of

orientation of cells. Arrow indicates direction of flow, Scale bar = 20um.

Cells exposed to static or shear stress for three days were also examined for
orientation (Figure 5.11). The 3 day static group had random alignment and showed no
directionality (Figure 5.11 A, D, G) apart from donor 3 showing some more directionality
compared to the other donors (Figure 5.11 G). Donors 1 and 3 aligned to the flow direction
after 3 day low shear (Figure 5.11 B, H) whereas donor 2 remained random in its alignment
(Figure 5.11 E). All donors aligned perpendicular to flow direction in the 3 day high shear

stress group (Figure 5.11 C, F, 1).
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Donor 1

Donor 2

Donor 3

Figure 5.11 Immunocytochemical staining of cellular orientation after 3 days shear stress
culture. (A) — (C) Orientation of Donor 1, (D) — (F) Orientation of Donor 2, (G) — (I) Orientation of
Donor 3. Cells were stained with f-actin and the Orientation] plugin was used to create a colour

map of orientation of cells. Arrow indicates direction of flow, Scale bar = 20um.

5.3.4 Stratification

All donors in the 1 day (Figure 5.12 A, D, G) and 3 day (Figure 5.12 J, M, P) static group
remained as a monolayer with no stratification observed. Donor 3 stratified to form a 2-3
cell layer after 3 days of low shear stress (Figure 5.12 Q) with all other donors not showing
any stratification. The high shear group after 1 day showed some stratification to a 2 cell
layer in the older donor (donor 3) (Figure 5.12 1) but cells did not stratify in the other

donors exposed to 1 day high shear (Figure 5.12 C, F). Cells exposed to 3 days of high shear
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stratified to form a 4-5 cell layer in both the younger and middle age donor (donor 1 and
2) as shown in Figure 5.12 L, O with a 2-3 cell layer observed after 3 day high shear in

donor 3 (the older donor) as shown in Figure 5.12 R.

1 Day STAT 1Day LS 1 Day HS

3 Day STAT 3 Day LS 3 Day HS

Actin

Figure 5.12 Immunocytochemical staining for cellular stratification. (A — C) Donor 1 cellular
stratification, (D — F) Donor 2 cellular stratification, (G — I) Donor 3 cellular stratification after 1
day static, low shear and high shear cell culture. (J — L) Donor 1 cellular stratification, (M — O)
Donor 2 cellular stratification, (P — R) Donor 3 cellular stratification after 3 days static, low shear

and high shear cell culture.

Stratification was quantified by manually counting cell number using the Image J
cell counter plugin on three separate orthogonal sections per donor in each condition.
Cell number from each donor and shear stress group was quantified and these values used
to calculate percentage increase of cell number using the static group as the control as
shown in Figure 5.13. An increase in cell number or percentage increase indicates

stratification due to more cells being present in the cell layer.

All donors displayed a significant increase in cell number after 3 days high shear

stress compared to static culture as shown in Figure 5.13 C, J, K. Donor 2 displayed a
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significant increase in cell number after 1 day low shear and high shear stress culture
(Figure 5.13 E), the percentage increase of cells was significantly increased in donor 2 after

1 day low shear stress culture compared to 1 day high shear stress culture (Figure 5.13 F).
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Figure 5.13 Stratification of cells as a measure of cell number and percentage increase. (A + B)
Donor 1, (E + F) Donor 2, (I + J) Donor 3 cell stratification of cells after 1 day static, low shear or
high shear stress culture. (C + D) Donor 1, (G + H) Donor 2, (K + L) Donor 3 cell stratification of cells
after 3 days static, low shear or high shear stress culture. Data are presented as the mean (xSD),

significance calculated via one-way ANOVA with a Post-Tukey test, N=3, * =P <0.05, ** =P <0.01.
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5.3.5 Wound healing
Two markers for wound healing in the corneal epithelium were examined. Confocal

microscopy was used to look at expression and distribution of integrin B 1 and vimentin.

5.3.5.1 Integrin 61

Confocal microscopy was used to determine levels of expression of integrin B1 as well
as protein distribution and morphology. For donor 1, 1 day groups showed even
distribution of integrin B 1 in the static group (Figure 5.14 A) while the 1 day low shear
and 1 day high shear groups had more of a scattered distribution ((Figure 5.14 B, C). Donor
2 had a more even distribution of integrin B 1 in all 1 day groups (Figure 5.14 D-F). Donor
3 had random integrin B 1 distribution in the 1 day low shear group (Figure 5.14 H) but
this was even across the 1 day static and 1 day high shear groups (Figure 5.14 G, 1). This

distribution did not seem to be affected by alignment of the cells.

All donors had an elongated cellular morphology in both of the shear groups while
the static groups were more rounded and displayed the typical cobblestone shape

associated with the corneal epithelial cells.
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1D Static

Donor 1

Donor 2

Donor 3

Figure 5.14 Immunocytochemical staining for Integrin B 1 (green) after 1 day shear stress
culture. A—CDonor 1 integrin f1 staining. D —F Donor 2 integrin B1 staining. G — | Donor 3 integrin
B1 staining. Integrin B1 is stained in green. All cells were counterstained with f-actin (red) and

DAPI (blue), Scale bar = 20um.

The 3 day groups had a random distribution of integrin B 1 for donor 1 (Figure 5.15 A-C).
This was similar to results seen in the 1 day group for the donor 1 shear stress groups
(Figure 5.14 A-C). Donor 2 had an even distribution of integrin B 1 in the 3 day shear groups
but this was more scattered in the 3 day static group (Figure 5.15 D-F), again similar to the

1 day experimental group (Figure 5.14 A-C). Donor 3 had a scattered integrin B 1 protein
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distribution in the static and low shear group. This was more evenly distributed in the 3

day high shear group (Figure 5.15 G-I).

All donors displayed an elongated cell shape with the 3 day low shear group
showing some more cobblestone morphology compared to the other groups (Figure 5.15

B, E, H).

3D Static

Donor 1

Donor 2

Donor 3

Figure 5.15 Immunocytochemical staining for Integrin B 1 (green) after 3 days shear stress
culture. A—CDonor 1 integrin f1 staining. D —F Donor 2 integrin B1 staining. G— | Donor 3 integrin
B1 staining. Integrin B1 is stained in green. All cells were counterstained with f-actin (red) and

DAPI (blue), Scale bar = 20um.
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Fluorescence intensity was calculated for integrin B 1 protein expression. Among
all donors, there were significant differences in expression of integrin B1 (Figure 5.16).
Donor 1 and 3 had a significant decrease in expression of integrin 1 after 1 day of low
shear with a significant increase of integrin B1 expression after 1 day of high shear (Figure
5.16 A (i), C (i)). Donor 2 in contrast significantly increased integrin 1 expression after 1
day of low shear (Figure 5.16 B (i)). There was a significant increase in integrin B1
expression after 3 days of both low and high shear stress in both donor 2 and 3 compared
to the static group (Figure 5.16 B (ii), C (ii)). Donor 3 significantly enhanced integrin p1
expression after 3 days high shear stress compared to the 3 day low shear group while the
3 day low shear group significantly enhanced integrin B1 expression compared to the

static group (Figure 5.16 C (ii)).
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Figure 5.16 Fluorescence intensity of Integrin B 1 after 1 and 3 day static, low shear and high
shear stress. (A) Donor 1 (i) 1 day and (ii) 3 day, (B) Donor 2 (i) 1 day and (ii) 3 day, (C) Donor 3 (i)
1 day and (ii) 3 day Integrin B 1 fluorescence intensity. Data are presented as the mean (+SD),
significance calculated via one-way ANOVA with a Post-Tukey test, N=3, * =P <0.05, ** =P <0.01,

*** =P <0.001, **** = P <0.0001.
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5.3.5.2 Vimentin

Vimentin was distributed mostly at the top of the monolayer of cells. The images
in the results below are from the middle of each stack (Figure 5.17). Donor 1 showed
vimentin distribution concentrated to one side of the cell monolayer (Figure 5.17 A-C).
Donor 2 showed an even distribution of vimentin in the static and low shear group, with
distribution centrally in the high shear group (Figure 5.17 D-F). Donor 3 produced little

vimentin protein at this stack with it visible in just a few cells (Figure 5.17 G - I).

1D Static

Donor 1

Donor 2

Donor 3

Figure 5.17 Immunocytochemical staining for Vimentin (green) after 1 day shear stress culture.
A — C Donor 1 integrin B1 staining. D — F Donor 2 integrin B1 staining. G — | Donor 3 integrin 1
staining. Vimentin is stained in green. All cells were counterstained with f-actin (red) and DAPI
(blue), Scale bar = 20um.
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Donor 1 of the 3 day groups showed an appearance of even distribution of
vimentin in the static and low shear group (Figure 5.18 A, B). The high shear group showed
random distribution of vimentin in some cells (Figure 5.18 C). Donor 2 had even
distribution of vimentin across all groups in the 3 day time point (Figure 5.18 D - F). Donor
3 did not show much vimentin protein in this area of the stack, any protein that was visible

was quite scattered (Figure 5.18 G —1).

Donor 1

Donor 2

Donor 3

Figure 5.18 Immunocytochemical staining for Vimentin (green) after 3 days shear stress culture.
A — C Donor 1 integrin B1 staining. D — F Donor 2 integrin B1 staining. G — | Donor 3 integrin 1
staining. Vimentin is stained in green. All cells were counterstained with f-actin (red) and DAPI

(blue), Scale bar = 20um.
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Fluorescence intensity was quantified for vimentin. Donor 1 had a significant
decrease in vimentin expression after 1 day of low shear stress (Figure 5.19 A (i)). There
was a significant decrease in vimentin expression after 1 day of low shear stress compared
to both static and 1 day high shear stress cultures donor 2 (Figure 5.19 B (i)). The 1 day
high shear stress group significantly decreased vimentin expression compared to the
static group in donor 3 also (Figure 5.19 C (i)). There was no significant differences in
vimentin expression in any donors after 3 days of either low shear stress or high shear

stress (Figure 5.19 A (ii), B (ii), C (ii)).
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Figure 5. 19 Fluorescence intensity of Vimentin after 1 and 3 day static, low shear and high

shear stress. (A) Donor 1 (i) 1 day and (ii) 3 day, (B) Donor 2 (i) 1 day and (ii) 3 day, (C) Donor 3 (i)

1 day and (ii) 3 day vimentin fluorescence intensity. Data are presented as the mean (+SD),

significance calculated via one-way ANOVA with a Post-Tukey test, N=3, * =P <0.05, ** =P <

0.01, *** =P <0.001, **** = P <0.0001.

158



5.3.6 Barrier function

Confocal microscopy was used to determine if shear stress affected barrier function as
shown in Figure 5.20 and Figure 5.21. ZO-1 protein was studied to determine expression
and distribution of this protein under shear stress. At day 1 there was an even distribution
of ZO-1 among the cells in the static group. The protein was sparser and scattered in both

of the shear groups (Figure 5.20 A, D, G).

Donor 2 had even ZO-1 distribution with clear tight junctions forming at cell
boundaries in the static group (Figure 5.20 D). In both of the shear groups the ZO-1
distribution was very sparse with little protein observed in the cells (Figure 5.20 E, F).
Donor 3 showed even ZO-1 distribution among all groups with the protein being
concentrated at the apical sides of the cell where other cells are connecting (Figure 5.20

G-).

The static groups showed a more cobblestone cellular morphology. All shear

groups were more spindle shaped and elongated.
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1D Static

Donor 1

Donor 2

Donor 3

Figure 5.20 Immunocytochemical staining for ZO-1 (green) after 1 day shear stress culture. A —
C Donor 1 Z0-1 staining. D — F Donor 2 Z0O-1 staining. G — | Donor 3 ZO-1 staining. ZO-1 is stained

in green. All cells were counterstained with f-actin (red) and DAPI (blue), Scale bar = 20um.

Immunocytochemical staining for ZO-1 after 3 days was also performed (Figure 5.21).
Donor 1 had even distribution in the 3 day static and high shear group. The 3 day low
shear group showed more sparse distribution of the protein (Figure 5.21 A-C). Donor 2
had less visible ZO-1 protein in the static group with this quite scattered in distribution.
The 3 day low shear group showed an even ZO-1 distribution with clear tight junction
formation at cellular boundaries. This was also seen in the 3 day high shear group with
less ZO-1 protein at each cell boundary (Figure 5.21 D-F). Donor 3 had even ZO-1

distribution among each group. This was most pronounced in the 3 day low shear group
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with the 3 day static and high shear group having more ZO-1 distribution at the apical

cellular sides (Figure 5.21 G-I).

3D Static

Donor 1

Donor 2

Donor 3

Figure 5.21 Immunocytochemical staining for ZO-1 (green) after 3 days shear stress culture. A —
C Donor 1 Z0-1 staining. D — F Donor 2 ZO-1 staining. G — | Donor 3 Z0-1 staining. ZO-1 is stained

in green. All cells were counterstained with f-actin (red) and DAPI (blue), Scale bar = 20um.

Fluorescence intensity was quantified for ZO-1 protein expression (Figure 5.22).
Expression of ZO-1 in donor 1 was significantly increased after 1 day of high shear stress
compared to both the low shear stress and static groups (Figure 5.22 A (i)). Donors 2 and
3 in contrast had a significant decrease in ZO-1 expression after 1 day of high shear stress
compared to 1 day static culture and low shear stress culture respectively (Figure 5.22 B

161



(i), C (i)). Donor 2 had a significant decrease in ZO-1 expression after 1 day of low shear
stress. In contrast, donor 3 had a significant increase in ZO-1 expression after 1 day of low

shear stress compared to the 1 day high shear stress group (Figure 5.22 C (i)).

After 3 days of shear stress, donor 1 had a significant decrease in ZO-1 expression
in both the low shear and high shear stress group compared to the static group. The 3 day
high shear stress group significantly increased ZO-1 expression compared to the 3 day low
shear group (Figure 5.22 A (ii)). Donors 2 and 3 significantly increased ZO-1 expression
after 3 days of low shear stress compared to the static group. The middle age donor also
had a significant increase in ZO-1 expression after 3 days of high shear stress compared to
the static group (Figure 5.22 B (ii) C (ii)). Donor 3 had a significant decrease in ZO-1 after

3 days of high shear stress compared to the 3 day low shear stress group (Figure 5.22 C

(if)).
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Figure 5.22 Fluorescence intensity of ZO-1 after 1 and 3 day static, low shear and high shear
stress. (A) Donor 1 (i) 1 day and (ii) 3 day, (B) Donor 2 (i) 1 day and (ii) 3 day, (C) Donor 3 (i) 1 day
and (ii) 3 day ZO-1 fluorescence intensity. Data are presented as the mean (+SD), significance
calculated via one-way ANOVA with a Post-Tukey test, N=3, * =P <0.05, ** =P <0.01, *** =P <

0.001.
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All donors were compared for vimentin, integrin 1 and ZO-1 expression as shown
in Figure 5.23 Significant differences were observed between donors in each marker.
Significant differences with a P<0.0001 are shown in the graph. Vimentin expression after
1 day static culture was significantly increased in donor 2 compared to donor 1 and 3
(Figure 5.23 A). Vimentin expression after 1 day high shear stress culture was significantly
decreased in donor 3 compared to donor 2 (Figure 5.23 A). There was no significant
changes in vimentin expression after 1 day low shear stress among donors. After 3 day
static culture (Figure 5.23 B), Donor 1 had the most significant increase in vimentin
expression after 3 days static culture compared to donor 2. Donor 3 had a significant
decrease in vimentin expression after 3 days of low shear stress culture compared to
donor 1 and 2. Donor 3 had a significant decrease in vimentin expression after 3 days of

high shear stress compared to donor 1 and 2.

There were no significant differences between donors in integrin B 1 expression of
static culture between donors after 1 day (Figure 5.23 C). Donor 2 had a significant
increase in integrin B 1 expression after 1 day low shear stress compared to donor 1 and
3. After 3 days (Figure 5.23 D) of static culture, donor 1 displayed a significant increase in

integrin B 1 expression compared to donor 3.

Z0-1 expression was significantly increased after 1 day (Figure 5.23 E) low shear
compared to donor 2. After 1 day high shear stress culture donor 1 ZO-1 expression was
significantly increased in donor 1 compared to donor 2 and 3. After 3 days (Figure 5.23 F)
of static culture, donor 1 displayed a significant increase in ZO-1 expression compared to
donor 2. After 3 days low shear stress culture donor 2 and 3 had a significant increase in

Z0-1 expression compared to donor 1.
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Figure 5.23 Fluorescence intensity of vimentin, Integrin B 1 and ZO-1 after 1 and 3 day static,
low shear and high shear stress in all donors. (A + B) Vimentin, (C + D) Integrin 8 1, (E + F) ZO-1
protein expression. Data are presented as the mean (+SD), significance calculated via two-way

ANOVA with a Post-Tukey test, N=3, **** = P < 0.0001.
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5.4 Discussion

A panel of markers for the corneal epithelium were selected to create a phenotypic
profile of the stem cell status of the cells after shear was applied. The markers selected
range from stem cell markers expressed exclusively in the limbus where the stem cells are
located, namely NP63a, ABCG2 and CK15 to the multipotent marker Nestin and the
transient amplifying marker CK14. In addition, two mature epithelial markers CK3 and
CK12 were examined. This allowed for a wide range of phenotypes to be examined
including the limbal stem cell phenotype, transient amplifying phenotype and central
corneal epithelial cell phenotype. Unlike previous studies in the literature, this study used
unidirectional rather than bidirectional oscillatory shear which has been used in the
literature to mimic the conditions of eye blinking (Hampel, Garreis et al. 2018, Abdalkader
and Kamei 2020). The aim of this study was not to mimic a more in vivo phenotype of the
corneal epithelium but rather elucidate what shear stress rate in a unidirectional manner
would increase stem cell expression of the corneal cells and use this information to guide
culturing conditions for expanding these cells ex vivo for transplantation, something that

has not been previously explored.

The cornea’s shear plane has been described previously (Elsheikh and Anderson
2005, Joseph Antony 2015) but the distribution of shear stress in the human cornea is not
yet well understood. It is thought that shear is distributed in the cornea in a diamond like
pattern that is both in horizontal and vertical planes. (Joseph Antony 2015) This presented
work may aid in elucidating what shear stress environments the corneal epithelial cells
are experiencing as well as if it is possible to use these mechanical stimuli to aid in

cultivating these cells.
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Among the shear stress environments examined, 1 day low shear showed the most
significant upregulation of stem cell markers among donors which was decreased over
three days. This suggests that exposing cells to 1 day of low shear can increase their
expression of stem cell markers and that priming these cells to shear before culturing in
static conditions may work to increase stem cell expression in the cells before using them
for transplantation. There were observable differences in these results when comparing
different donor ages, which may influence what shear stress should be used to increase
stem cell marker expression depending on the age of the donor tissue. The youngest
donor after 1 day high shear and low shear stress rather than low shear in the middle aged
donor significantly increased stem cell marker expression. The older donor upregulated
stem cell markers under both low and high shear stress after 1 day. Therefore, donor age
should be taken into consideration when using these shear stress rates to increase stem

cell marker expression.

After 3 days of shear stress both low and high shear stress upregulated stem cell
markers. This was most significant in the youngest donor. The middle-aged donor varied
in which shear stress upregulated each stem cell maker while the oldest donor
significantly increased stem cell marker expression (NP63a and ABCG2) after 3 days of
high shear stress. Longer-term shear stress culture again was influenced by donor age
with each marker being less expressed with increased donor age. Perhaps, an
intermediate shear stress rate between the low and high shear stress rates presented in

this study may be more suitable for all donor ages to increase stem cell marker expression.

The transient amplifying marker CK14 was also significantly upregulated in

response to 1 day low shear, this was the most significant in the middle age donor while
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the oldest donor showed no significant differences. After 3 days of high shear stress this
marker was significantly upregulated in all donors with the middle aged donor showing
the most significant upregulation of this marker after 3 days of high shear stress. This
would suggest that an initial low shear stress followed by a higher shear stress may
increase the potential for cells to become more of a transient amplifying phenotype. As
the corneal epithelial cells must have this transient amplifying capability at all times to
allow continuous renewal of the epithelium it is not surprising that this marker was
upregulated in both shear conditions. This is encouraging to observe that after exposure
to unidirectional shear these cells while expressing stem cell markers also retain the ability

to express CK14, which aids in wound healing and migration capability.

Mature markers CK3/12 were significantly upregulated under high shear stress in
some donors or low shear stress in others. After 3 days in some cases these markers were
not detected. As no obvious trend was observed for these mature markers it cannot be
concluded how shear affects mature markers of the corneal epithelium. However,
coupled with increased stratification after 3 days of high shear this may suggest that a
more in vivo like phenotype is observed with a heterogeneous population of stem cell and

mature markers.

TRPV4 is a mechanosensitive ion channel implicated in MSC shear stress response
(Corrigan, Johnson et al. 2018) but has not been studied in relation to the fluid shear
response and the corneal epithelium. In this study, it was shown that the TRPV4 gene was
significantly upregulated in all donors in response to shear stress suggesting that TRPV4

may be involved in relaying mechanical signals in the fluid shear stress response. TRPV4
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may serve as a therapeutic target in mimicking this shear stress response in vitro during

cultivation of these cells for limbal stem cell transplantation.

Cellular alignment of cells was observed in the high shear stress groups after both
1 day and 3 days. The perpendicular cellular alignment observed in the high shear stress
groups after both 1 day and 3 days has been shown to occur in other cell types where cells
oriented perpendicular to flow in the region of maximum wall shear stress (Michalaki,
Surya et al. 2020). This perpendicular alignment has been shown to effect endothelial cell
migration patterns (Lin and Helmke 2009). Previous studies have shown that corneal
epithelial cells exposed to a shear stress of 4 dyn/cm? align and migrate to aid in wound
healing, whereas those that were exposed to higher shear stress (8 dyn/cm?) had impaired
wound healing capability (Molladavoodi, Robichaud et al. 2017). This would suggest from
this presented study that those cells, which alighed under shear conditions, may also have
enhanced migratory capability. Coupled with increased CK14 expression, these culturing
conditions could aid in cultivating pro-migratory cellular phenotypes for the corneal
epithelium while also retaining stem cell marker expression capabilities. Further research
looking at wound healing after cells have been exposed to shear would be required to
confirm this would be required to confirm this. Interestingly, those cells that did not show
any obvious alignment in both static and low shear cell culture adopted a swirl pattern
similar to what is seen in vivo in the migration patterns of these cells (Findlay, Panzica et

al.).

Stratification of the cells after 3 days high shear coupled with a more mature
phenotype suggests that this shear stress rate may be used to create a more in vivo like

model of the corneal epithelium in vitro. It could also be used to cultivate cellular sheets
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for transplantation. Corneal epithelial cells which have differentiated to a mature
phenotype have shown their capability to de differentiate into stem cells to repopulate
the stem cell niche when the limbus has been removed (Nasser, Amitai-Lange et al. 2018).
Therefore, exposing these cells to shear stresses may enable this functionality when

transplanted into the eye.

The role of integrin proteins in the corneal epithelium are vital for function in the
stratified corneal epithelium, this is dependent upon the localisation, cell adhesion
function and production (Stepp, Spurr-Michaud et al. 1993). Integrin B 1 has been
implicated in the wound healing capabilities of the corneal epithelium that are vital for its
function in the eye (Murakami, Nishida et al. 1992). A previous study that looked at
integrin B 1 in HCECs exposed to shear and then examined wound healing capabilities
showed that integrin B 1 was upregulated in cells exposed to shear suggesting an
enhanced wound healing capability. In the presented study, 1 day high shear stress
significantly increased integrin B 1 expression but this was influenced by donor age with
the middle aged donor showing significantly increased integrin B 1 expression after 1 day
of low shear and high shear compared to the other two donors. Both shear stress rates
significantly increased integrin B 1 expression after 3 days in donor 2 and 3. This suggests
that the after 3 days exposure to shear stress the migratory capacity of these cells are
enhanced. This coupled with CK14 expression supports this result that 3 days of shear
stress with the rate of shear stress dependent upon donor age can induce a pro migratory
phenotype in the corneal epithelium while also expressing stem cell markers making it an

attractive option for cultivation of these cells ex vivo.
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The intermediate filament protein vimentin has been associated with an early
differentiating highly motile phenotype of the corneal epithelium which is also involved
in wound repair (SundarRaj, Rizzo et al. 1992, Castro-Munozledo, Meza-Aguilar et al.
2017). The effect that shear stress has on this protein has not been studied in the
literature previously. Results showed that vimentin expression was significantly down
regulated after 1 day of high and low shear stress, which was not surprising as this shear
group did express more stem cell markers which would be slower cycling and not as
migratory. No significant differences were observed after 3 days of shear exposure either,
suggesting that shear stress does not affect vimentin expression after 3 days. When
comparing donors together, donor 2 had the most significant increase in vimentin
expression after 1 day high shear, while donor 1 had the most significant increase in
vimentin expression after 3 days high shear culture. This suggests that donor age

influences vimentin expression in fluid shear stress response of limbal epithelial cells.

Finally, barrier function as a measure of ZO-1 protein production measured by
confocal microscopy was studied. The effects of ZO-1 and barrier function after shear
stress exposure to the corneal epithelial cells have not been studied previously. Barrier
function is an essential function of the corneal epithelium to protect the eye from
pathogens and environmental insults. ZO-1 is concentrated at contact points of cells to
create a seal between the cells (Sugrue and Zieske 1997). Results from this study showed
that expression of the protein was significantly increased in the youngest donor after 1
day of high shear and 1 day low shear in the oldest donor while the middle aged donor
showed a significant decrease in ZO-1 protein after 1 day high shear. However, after 1 day
of low or high shear stress the cells did not show any good barrier function between cells

but the protein was distributed inside the cell. The oldest donor did show distribution of
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Z0O-1 at contact points in all groups but this did not form a good barrier function of the
cells as a whole monolayer. After 3 days, the middle-aged donor showed enhanced barrier
function after 3 days low shear and high shear with the other two donors showing no
obvious barrier formation between cells. Expression of ZO-1 protein varied a lot between
donors with the oldest donor significantly increasing ZO-1 protein expression after 3 days
of low shear while the middle aged donor significantly increasing ZO-1 protein in both
shear groups. While it is difficult to determine exactly how these shear stress rates affect
barrier function it can be concluded that donor age will influence the cells response to
shear stress and formation of an intact barrier function. Perhaps a longer culture period
with a more sophisticated experimental set up such as trans epithelial resistance
measurements could help to elucidate how shear stress affects the barrier function

capability of the corneal epithelium.

A total of three human donors were used for this study, analysis of each donor
separately was conducted due to the variation of ages between donors which influences
gene and protein expression in limbal epithelial stem cells (Dayoub, Cortese et al. 2018).
Other stem cell types have also been shown to have their therapeutic efficacy affected by
donor age including adipose derived stem cells (Yang, Kim et al. 2014) mesenchymal stem
cells(Yamaguchi, Horie et al. 2018), hematopoietic stem cells transplantation(Lozano
Cerrada, Altaf et al. 2018) and for T-cell therapy specifically (Azuma, Hirayama et al. 2002).
This study also showed that donor age affected limbal stem cell response to fluid flow.
However, further factors which may affect donor response to fluid flow include gender,
health, time from death to enucleation, storage time and cause of death which weren’t
considered in this study. In order to more clearly identify if age is the factor that is

influencing results, a much larger study with multiple donors from each age group would
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be required but due to the limited availability of tissue this was not possible for this study

(Van Meter, Katz et al. 2005, Lagali, Stenevi et al. 2009, Baylis, Rooney et al. 2013).

Results showed that LESCs exposed to 1 day low shear stress significantly enhances
stem cell characteristics. After 3 days under shear conditions, in particular the high shear
group displayed a more stratified epithelial layer with increased expression of the tight
junction protein ZO-1 and a more in vivo orientation of cells were observed. TRPV4, a
mechanosensitive ion channel implicated in shear stress in MSCs (Corrigan, Johnson et al.
2018) was significantly upregulated in both shear conditions, suggesting that this pathway
is implicated in the corneal epithelium’s shear stress response and may be a therapeutic

target for mimicking this response in vitro, removing the need for shear.

This data suggests that culturing LESCs under low shear laminar flow rate would be
optimum for upregulating stem cell markers in LESCs under culture for transplantation.
Additionally, culturing LESCs under high shear conditions allow the cells to adopt a more
stratified mature phenotype with enhanced barrier function, which may serve as an in
vitro model of the corneal epithelium to study. The next chapter examines TRPV4 and it’s

role in how the corneal epithelium relays it’s shear stress response.

5.5 Conclusion

This study has shown that culturing corneal epithelial cells under either a low shear
stress (1.22 dyn/cm?) or high shear stress (2.42 dyn/cm?) significantly affects the corneal
epithelial cells stem cell marker expression, wound healing capability and barrier function.
This effect is enhanced over time with the cells adopting a more mature phenotype over
three days in addition to expressing pro migratory proteins while also expressing (to a

lower extent) stem cell markers, an attractive phenotypic profile for cells to be used in
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limbal stem cell transplantation. This work has shown that rather than using typical static
culture, a new way of culturing these cells under shear stress produces a more conducive
cellular phenotype. This may aid in higher success rates of transplantation while also
aiding in our knowledge of the corneal epithelial mechanobiology. The following chapter
will explore the possible regulatory mechanism of this shear stress response and if it can

be mimicked in vitro, removing the need for shear.

174



Chapter 6
Regulation of the Shear Stress

Response in the Corneal

Epithelium: TRPV4
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6.1 Introduction

The results from Chapter 5 demonstrated that fluid shear stress significantly
enhanced stem cell characteristics, wound healing capability and barrier function in the
corneal epithelium with this effect increased over time. The shear stress rates of studies
performed vary widely from 0.07 dyn/cm? to 50 dyn/cm? (Kang, Shin et al. 2014, Hampel,
Garreis et al. 2018) as well as the length of time that the cells are exposed to shear with
some studies exposing cells to shear for a couple of hours or seconds at particular days in
culture. Studies thus far have shown that oscillatory shear stress increases differentiation
and apoptosis of corneal epithelial cells and effect their migratory capacity and wound
healing (Utsunomiya, Ishibazawa et al. 2016, Molladavoodi, Robichaud et al. 2017).
However, little is known about how shear stress regulates corneal epithelial cells despite
this being studied in many other cell types including MSCs (Corrigan, Johnson et al. 2018)
and endothelial cells (Lu, Martino et al. 2021). Therefore, we wanted to investigate how

shear stress regulates the corneal epithelium.

A study in 2016 showed that TGFpB signalling was involved in decreased wound
healing and proliferation in the corneal epithelium following shear stress exposure
(Utsunomiya, Ishibazawa et al. 2016). TRPV4, a mechanosensitive calcium signalling ion
channel, has been shown to regulate TGFp signalling in epithelial-mesenchymal transition
as well as being essential in the nuclear translocation of YAP/TAZ in response to stiffness
(Sharma, Goswami et al. 2019). In regards to fluid shear specifically, pharmacological
activation of this channel has been shown to be required for MSC mechanotransduction,

mediating osteogenic gene expression (Corrigan, Johnson et al. 2018).
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Recent research into the role of TRPV4 in ocular function and pathologies has
highlighted the therapeutic potential of TRPV4 in the ocular surface (Guarino, Paruchuri
et al. 2020), corneal epithelial differentiation and barrier function (Martinez-Renddn,
Sanchez-Guzman et al. 2017) as well as corneal inflammation and fibrosis (Okada, Shirai
et al. 2016). It was recently shown that the TRPV4 transcriptome is dominated by TRPV4
in the mouse corneal epithelium, localised at the basal and intermediate epithelial strata
(Lapajne, Lakk et al. 2020). Another study looking at sensory nerve TRPV4 showed that it
is critical in maintaining stemness of limbal basal cells and is an important mechanism of
homeostasis and maintenance of the corneal epithelium (Okada, Sumioka et al. 2019).
Gene expression analysis in Chapter 5 showed that an upregulation of the TRPV4 gene
was observed under all flow conditions. Therefore, we wanted to determine whether
using a TRPV4 agonist or antagonist would replace the need for culturing cells under

shear.

Trafficking of TRPV4 is regulated by the activator GSK1016790A (Dofiate-Macidn,
Enrich-Bengoa et al. 2019). The use of this activator allows TRPV4 to be trafficked to the
cell membrane and allow influx of calcium, thereby increasing differentiation of the LSCs.
Therefore, using an antagonist in the cell culture medium to culture LSCs may mimic the
shear stress response previously observed, or at least increase stem cell marker
expression in these cells. It may also decrease the number of cells adopting a more
differentiated phenotype during the cell culture period. The aim of this study is to

determine if TRPV4 activation or inhibition effects the behaviour of the cells.
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6.2 Materials and Methods

6.2.1 Cell culture
Cell culture was performed using the same protocol described in Chapter 5. Three
donors of varying ages (45, 54 and 66 years old) — named Donor 1, 2, and 3 as shown in

Table 4. All cells used in the experiment were at passage 4 or below.

Table 4 Donor age and number

Age (Years) 45 54 66

6.2.2 TRPV4 activation/inhibition

TRPV4 agonist GSK-1016790A (Abcam) and TRPV4 antagonist HC067047 (ab145868)
(Abcam) were dissolved in DMSO up to 1 M. A 1 M vehicle control with DMSO and sterile
PBS was also prepared. Each solution was diluted to 50 nM in cell culture media for

subsequent treatment of cells. Samples used for calcium imaging used phenol free media.

Cells were left overnight in fluid flow slides before treatment of cells with either
the TRPV4 agonist, TRPV4 antagonist, vehicle DMSO control or media alone control. The
vehicle DMSO control group serves to determine how the DMSO which is required to
dissolve the TRPV4 agonist or antagonist effects cell behaviour. The media alone control
is just corneal epithelial media with no DMSQ, agonist or antagonist treatment. Cells were
treated for 2 days with a media exchange each day. After treatment of cells with the
appropriate media formulation cells were prepared for RT-PCR, metabolic activity,

calcium imaging or fixed for immunocytochemical analysis.
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6.2.3 Calcium imaging

The cell permeant calcium indicator Oregon Green 488 BAPTA-1AM (OGB)
(Invitrogen) was used to observe changes in calcium signalling. OGB stock was prepared
in DMSO at 2 mM, all further dilutions were in phenol red free DMEM, 0.5% FBS. The slides
were coated with gelatin for 1 hour at 37 °C, LESC's were then seeded at 500,000
cells/slide (200,000 cells/cm?) in 200 pl of media to allow a fully confluent layer to be
achieved. Cells were left to attach for 5 hours and washed with media to remove any
unattached cells. Cells were incubated in 40 uM OGB at 37 °C for 1.5 hours before rinsing
twice in PBS (Sigma). Slides were placed onto the microscope stage and treated with
TRPV4 agonist GSK-1016790A. The slides were imaged using an Olympus [X83
epifluorescent microscope (Olympus, Germany) at 40x. Exposure was kept constant
between control and treatment groups below 600 milliseconds. Image acquisition
occurred every 1.29 seconds for approximately 11 minutes. The fold change in
fluorescence over baseline was used to calculate response where baseline was taken as
30 seconds prior to treatment. A fold change over baseline greater than 1.2 fold was

considered as responsive to treatment.

6.2.4 RT-PCR

RT-PCR was performed using the same protocol described in Chapter 3. The following
primers were used: NP63a (custom-made primer sequence adapted from Robertson et
al. (Robertson, Ho et al. 2008) ABCG2 (Hs01053790 _m1), CK15 (Hs00267035_m1),
Nestin (Hs00707120_s1), CK14 (Hs00265033_m1), CK3 (Hs00365080_m1), CK12

(Hs00165015_m1), TRPV4 (Hs01099348_m1) and GAPDH (Hs02758991_g1).
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6.2.5 Immunocytochemistry

Immunocytochemistry was performed using the same protocol described in Chapter
3. The following antibodies and dilutions were used: CK3 at 1:500 dilution (CBL218 -
Sigma), anti-p63 (AN), poly6190, rabbit polyclonal 619002 (Biolegend) at 1:1000, ZO-1 at
1:200 dilution (40-2200 - Biosciences). For CK3 goat anti-mouse IgG H&L (Alexa Fluor®
488) (ab150113 - Abcam) was used. For all other proteins donkey anti-rabbit IgG H&L

(Alexa Fluor® 488) (ab150073 - Abcam) was used.

Mean fluorescence intensity was determined using Image)J software and corrected
for background. An image of the middle of each stack was acquired to observe

morphology and distribution of the proteins in the cell.

6.2.6 Metabolic activity
Cell Metabolic activity was measured using the same protocol described in

Chapter 3.

6.2.7 Calcium imaging
After treatment with the agonist the average fold change in fluorescence from three
cells in each donor over the first 100 frames (approximately 2 minutes) was calculated

using the following formula:

I‘H(){ - [‘imr‘kgl:nn.'d

Al'cra\qc (Fkr)/ BE Flmrkrv'nund )prior to ()rr
Where Frol = fluorescence in region of interest (inside the cell) minus Fpackground =
fluorescence in region outside of the cell divided by the average of this value before

treatment was applied to the cell (Prior to OFF).
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6.2.8 Statistical analysis

All experiments were carried out in triplicate, statistical analysis and outlier calculation
was performed using GraphPad Prism software. Data are presented as the mean +
standard deviation (SD), significance was calculated either via one-way ANOVA with Post-
Tukey test or two-way ANOVA with Sidak's multiple comparisons test. Significance

deemed as p < 0.05 for all data sets.

6.3 Results

6.3.1 Calcium imaging

Results from calcium imaging experiments were used to graph cellular response to
TRPV4 agonist treatment as shown in Figure 6.1. Cells were considered responsive to
treatment if a fold change over baseline was greater than 1.2 (Corrigan, Johnson et al.
2018). When cells were treated with the agonist, all donors displayed a fold change
greater than 1.2, which decreased over time indicating that all donors were responsive to
agonist treatment; in particular, donor 3 exhibited the most satisfactory response (Figure

6.1). The 1.2 fold change threshold is represented as a dashed line in the figure.
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Figure 6.1 Calcium profile of 3 donors during TRPV4 agonist treatment. Treatment with agonist

begins at t = 0s. Dashed black line at 1.2 represents fold change threshold that cells are considered

responsive.

6.3.2 Differentiation
Gene expression of a panel of limbal stem cell markers (NP63a, ABCG2, CK15 and
Nestin), transient amplifying marker CK14 and mature markers CK3 and CK12 were

examined for each donor.

6.3.2.1 Stem cell marker expression

After treatment with either a TRPV4 agonist, TRPV4 antagonist, vehicle control or
media alone changes in both gene and protein expression of stem cell markers as well as
mature markers were examined. This data was normalised to either media treatment or
vehicle control treatment. Confocal microscopy was used to determine protein CK3 and

NP63 expression in the cells.

Stem cell marker expression was significantly increased across all donors after
TRPV4 treatment. Donor 1 displayed a significant increase in NP63a expression after

50nM antagonist treatment compared to the control media treatment alone, no
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significant differences were observed in the vehicle controlled group (Figure 6.2 A). Donor
2 displayed a significant increase in NP63a expression after 50nM antagonist treatment
compared to 50nM agonist treatment in both the media and vehicle controlled groups
(Figure 6.2 C). Donor 3 displayed a significant increase in NP63a expression after 50nM
antagonist treatment compared to 50nM agonist treatment and the media treatment
control with no significant differences observed in the vehicle controlled group (Figure 6.2

E).

ABCG2 gene expression was significantly increased in donor 1 after 50nM agonist
treatment in the vehicle controlled group compared to the control (Figure 6.2 B). Donor 2
ABCG2 gene expression was significantly increased after 50nM antagonist treatment
compared to 50nM agonist and control groups in both the media and vehicle-controlled
groups (Figure 6.2 D). Donor 3 also had a significant increase in ABCG2 expression after
50nM antagonist treatment in the media controlled group compared to all other
treatments, no significant differences were observed between groups in the vehicle

controlled group (Figure 6.2 F).
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Figure 6.2 Real time PCR of stem cell markers NP63a and ABCG2 after vehicle, media, 50nM
agonist and 50nM antagonist treatment. (A + B) Donor 1, (C + D) Donor 2, (E + F) Donor 3 NP63a
and ABCG2 gene expression. Data are presented as the mean (£SD), normalised to either media
or vehicle control, significance calculated via two-way ANOVA with a Sidak's multiple comparisons

test, N=4, ** =P <0.01, *** = P < 0.001, **** = P < 0.0001.

Two other stem cell markers CK15 and Nestin were examined (Figure 6.3). Donor
1 had a significant increase in CK15 gene expression after 50nM antagonist treatment in
the vehicle-controlled group compared to control treatment (Figure 6.3 A). Donor 2 also
had a significant increase in CK15 gene expression in the media and vehicle-controlled
groups after 50nM antagonist treatment compared to 50nM agonist and control
treatment (Figure 6.3 C). Donor 3 had a significant increase in CK15 gene expression after
50nM agonist and antagonist treatment compared to the control in the media-controlled

group, no significant differences were observed for CK15 expression in the vehicle

controlled group (Figure 6.3 E).
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Donor 1 Nestin gene expression was significantly decreased after 50nM agonist
treatment compared to the control in the media controlled group, while Nestin gene
expression was significantly increased in the vehicle controlled group after 50nM agonist
treatment (Figure 6.3 B) compared to the control and 50nM antagonist group. Donor 2
Nestin gene expression was significantly increased after 50nM antagonist treatment
compared to 50nM agonist and control treatment in both the media controlled and
vehicle controlled groups (Figure 6.3 D). Donor 3 Nestin gene expression was also
significantly increased after 50nM antagonist treatment compared control treatment in
the media-controlled group (Figure 6.3 F). There were no significant differences observed

in Nestin expression in the vehicle controlled groups between treatments in this donor.
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Figure 6.3 Real time PCR of stem cell markers CK15 and Nestin after vehicle, media, 50nM
agonist and 50nM antagonist treatment. (A + B) Donor 1, (C + D) Donor 2, (E + F) Donor 3 CK15
and Nestin gene expression. Data are presented as the mean (xSD), normalised to either media or
vehicle control significance calculated via two-way ANOVA with a Siddk's multiple comparisons

test, N=4, ** =P <0.01, *** =P <£0.001, **** = P < 0.0001.

6.3.2.2 Transient amplifying marker expression

The transient amplifying marker CK14 was also examined as shown in Figure 6.4.
There were no significant differences observed in CK14 expression in Donor 1 or 2 (Figure
6.4 A + B). Donor 3 displayed a significant increase in CK14 expression after 50nM
antagonist treatment in the media controlled group compared to 50nM agonist and

control group (Figure 6.4 C).
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Figure 6.4 Real time PCR of transient amplifying marker CK14 after vehicle, media, 50nM agonist
and 50nM antagonist treatment. (A) Donor 1, (B) Donor 2, (C) Donor 3 CK14 gene expression.
Data are presented as the mean (+SD), normalised to either media or vehicle control significance

calculated via two-way ANOVA with a Sidak's multiple comparisons test, N=4, **** = P < 0.0001.

6.3.2.3 Mature marker expression

There were no significant differences in CK3 gene expression in donor 1 and 2 as
shown in Figure 6.5 A and C. Donor 1 had increased CK3 expression after 50nM agonist
treatment in the media controlled group while CK3 expression was increased after 50nM
antagonist treatment in the vehicle controlled group in this donor, albeit not significant
(Figure 6.5 A). Donor 2 had increased CK3 expression after 50nM antagonist treatment in
both media and vehicle controlled treatment groups (Figure 6.5 C). Donor 3 CK3
expression was significantly increased after 50nM agonist treatment compared to the
control in the media controlled treatment group, no significant differences in CK3

expression were observed for the vehicle controlled group in this donor (Figure 6.5 E).

Donor 1 displayed significant differences in CK12 expression (Figure 6.5 B) after
50nM antagonist treatment in the media controlled group compared to 50nM agonist.
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While the vehicle-controlled group displayed a significant increase in CK12 expression
after 50nM antagonist treatment compared to the 50nM agonist treatment in the media-
controlled group. After 50nM agonist treatment in the vehicle-controlled group, CK12
expression was significantly increased compared to the control group and the 50nM
agonist and control group in the media-controlled group. Donor 2 (Figure 6.5 D) CK12
expression was significantly increased after 50nM antagonist treatment in the media-
controlled group compared to control and 50nM agonist treatment. This was also the case

for Donor 3 (Figure 6.5 F).
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Figure 6.5 Real time PCR of mature markers CK3 and CK12 after vehicle, media, 50nM agonist
and 50nM antagonist treatment. (A + B) Donor 1, (C + D) Donor 2, (E + F) Donor 3 CK3 and CK12
gene expression. Data are presented as the mean (+SD), normalised to either media or vehicle
control significance calculated via two-way ANOVA with a Sidak's multiple comparisons test, * = P

<0.05, ** =P <0.01, **** =P <0.0001.
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6.3.2.4 NP63 and CK3 Expression

Images of CK3 and NP63 were acquired to look at co-expression of each protein under
media treatment alone, vehicle control, 50nM agonist and 50nM antagonist treatment.
The middle of each stack is represented in the below images. All donors showed a higher

level of NP63 expression, all groups expressed both CK3 and NP63 protein.

NP63 localisation was observed both in the cytoplasm and in the nucleus in the media
only group (Figure 6.6 A, E, I); the other groups all had nuclear NP63 expression. Donor 3
had the most visible nuclear NP63 expression compared to the other donors (Figure 6.6 |

—-L).

'\Iehicle 50nM Agonist D 50nM Antagonist

Figure 6.6 All donors Immunocytochemical staining for NP63 expression after media, vehicle,
50nM agonist and 50nM antagonist treatment. (A - D) Donor 1, (E - H) Donor 2, (I - L) Donor 3
NP63 expression. NP63 is stained in green. Cells were counterstained with f-actin (red). Scale bar

=20um.
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CK3 localisation in all groups correlated to actin expression (Figure 6.7), the vehicle
control had the highest level of CK3 expression compared to all other groups (Figure 6.7
B). In general, visualisation of CK3 protein under confocal microscopy difficult to image

due to the low expression of CK3 protein.

50nM Agonist D 50nM Antagonist

Nucleus

Figure 6.7 All donors Immunocytochemical staining for CK3 expression after media, vehicle,
50nM agonist and 50nM antagonist treatment. (A - D) Donor 1, (E - H) Donor 2, (I - L) Donor 3
CK3 expression. CK3 is stained in green. Cells were counterstained with DAPI (blue). Scale bar =

20um.

Confocal microscopy was used to quantify protein expression of both NP63 and
CK3 expression in the cellular monolayer. Both CK3 (Figure 6.8 A,C,E) and NP63 (Figure 6.8
B,D,F) were expressed under all conditions, with NP63 expressed more so than CK3 (Figure

6.8).
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Figure 6.8 Fluorescence intensity of CK3 and NP63 after media, vehicle, 50nM agonist and 50nM
antagonist treatment. (A + B) Donor 1, (C + D) Donor 2, (E + F) Donor 3 CK3 and NP63 expression.

Data are presented as the mean (+SD), normalised to either media or vehicle control.

6.3.3 Barrier function

Confocal Microscopy was used to observe ZO-1 protein distribution as a measure of
barrier function formation of the cells after treatment with media alone, vehicle control,
50nM agonist or antagonist as shown in Figure 6. 9. Donor 1 showed even distribution of
Z0-1 among all groups with no clear tight junctions formed; the protein was distributed
inside each cell (Figure 6. 9 A-D). The donor 2 media and vehicle control groups had little
Z0-1 protein present in the cells (Figure 6. 9 E-H). The cells treated with 50nM agonist
showed concentration of the ZO-1 protein at some cell-to-cell contacts in donor 2 (Figure
6. 9 G). This was also the case for cells treated with 50nM antagonist, with less

concentration at cell-to-cell contacts visible (Figure 6. 9 H). Donor 3 showed an even
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distribution of ZO-1 production amongst all groups. No tight junction formation was

observed in this donor (Figure 6. 9 | —L).

C 50nM Agonist D 50nM Antagonist

Figure 6. 9 All donors Immunocytochemical staining for ZO-1 expression after media, vehicle,
50nM agonist and 50nM antagonist treatment. (A — D) Donor 1, (E — H) Donor 2, (I — L) Donor 3
Z0-1 expression. ZO-1 is stained in green. Cells were counterstained with f-actin (red) and DAPI

(blue). Scale bar = 20um.

Confocal microscopy was used to quantify protein concentration of the tight
junction protein ZO-1 as a measure of barrier function in the LSCs. This was achieved by
measuring fluorescence intensity on Image J. All donors were pooled as shown in Figure
6.10 There were no significant differences in ZO-1 expression observed between media

and vehicle groups.
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Figure 6.10 All Donors Fluorescence intensity of ZO-1 after vehicle, media, 50nM agonist and
50nM antagonist treatment. Data are presented as the mean (+SD), normalised to either media

or vehicle control

6.3.4 Metabolic Activity
A presto blue assay was used to determine metabolic activity of cells after treatment
with either 50nM agonist, 50nM antagonist, vehicle control or media alone control.

Overall, metabolic activity of the cells were similar to the control group.

The donor 1 vehicle control had significantly higher metabolic activity compared
to media treatment alone and 50nM agonist treatment (Figure 6.11 A). Donor 2 had a
significant upregulation of metabolic activity in the 50nM agonist treatment group
compared to all other treatment groups (Figure 6.11 B). Donor 3 showed no significant

changes in metabolic activity (Figure 6.11 C).
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Figure 6.11 Metabolic activity of donor 1,2 and 3 after treatment of media, vehicle, 50nM
agonist and 50nM antagonist treatment. (A) Donor 1 metabolic activity, (B) Donor 2 metabolic
activity, (C) Donor 3 metabolic activity. Data are presented as the mean (*SD), significance

calculated via one-way ANOVA with a Post-Tukey test, N=3, * =P <0.05, ** =P <0.01.

6.4 Discussion

The mechanosensitive ion channel TRPV4 has been implicated in a number of cell
types in response to shear stress but has not been studied in the corneal epithelium
previously. In the previous chapter, it was shown that the TRPV4 gene was upregulated
under fluidic shear stress. This coupled with its role in TGFf signalling led to the hypothesis
that TRPV4 may be a pathway in which limbal stem cells regulate their shear stress

response and could be therapeutically targeted.

Calcium imaging experiments confirmed that TRPV4 agonist treatment
successfully opened TRPV4 channels to allow influx of calcium. This allowed for
optimisation of the concentrations used for TRPV4 treatment with no cellular toxicity but
still evoking a response from calcium signalling experiments to allow for the same agonist
and antagonist concentrations. The initial observed response after treatment followed by
a decrease in signal was expected due to the nature of calcium signalling in the cell which

can act within milliseconds in localized regions (Berridge 2001).
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The same panel of markers used to create a phenotypic profile of these limbal
stem cells in shear stress experiments were used for this study to assess whether
therapeutically targeting TRPV4 would elicit the same responses seen in shear stress
experiments. Data was compared between media and vehicle treatment in each donor. A
significant increase in stem cell markers was observed after TRPV4 treatment. Specifically,
NP63a gene expression was significantly upregulated after 50nM antagonist treatment
compared to the control treatment for donor 1, 50nM agonist treatment for donor 2 and
the control and 50nM agonist treatment for donor 3 in the media controlled group.
However, only donor 2 had a significant increase in NP63a gene expression after 50nM
antagonist treatment compared to the 50nM agonist group in the vehicle controlled
groups. This suggests that the TRPV4 treatment preparation in DMSO has an effect on
NP63a gene expression of these cells. ABCG2, CK15 and Nestin expression showed a
similar result among donors with only donor 2 displaying a significant increase in gene
expression after 50nM antagonist treatment compared to the control and 50nM agonist
group in both the vehicle and media-controlled groups. ABCG2, CK15 and Nestin
expression was, however, significantly increased after 50nM antagonist treatment in

donor 3 compared to 50nM agonist and control treatment in the media-controlled group.

Based on these results it can be concluded that TRPV4 antagonist treatment has a
significant effect on stem cell marker expression. However, further experimentation
investigating the effect of DMSO is required to determine how much it effects cellular
response to TRPV4 treatment as only one donor (donor 2) displayed significant increases
in stem cell expression in vehicle-controlled groups while other donors displayed
significant increases in stem cell marker expression compared to the agonist treatment

rather than the vehicle control. Chapter 3 of this thesis showed that a low calcium
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concentration in the cell media was best at retaining stem cell characteristics with high
calcium media concentrations decreasing stem cell marker expression. This coupled with
the results of this chapter blocking TRPV4 and thereby reducing calcium in the cells further
supports the theory that a TRPV4 inhibitor may be used to promote stem cell marker

expression in the corneal epithelium.

The transient amplifying marker CK14 did not show any significant increases in
expression among donors of note. Donor 3 did have a significant increase in CK14 gene
expression compared to the 50nM agonist treatment in the media-controlled group and
no significant differences were observed in the vehicle-controlled group. Again,

suggesting that DMSO is having an effect on the expression of CK14.

The mature marker CK3 showed significant increase in gene expression in donor 3
in the 50nM agonist treated media controlled group, which would be expected
considering the influx of calcium after TRPV4 treatment. CK12 expression did show
significant differences in gene expression among donors. Donor 1 CK12 expression was
significantly increased after 50nM antagonist treatment compared to 50nM agonist
treatment, which significantly decreased CK12 expression compared to control in the
media controlled group. Donor 1 showed a significant increase in CK12 expression after
50nM agonist treatment compared to the vehicle control. Surprisingly, Donor 2 (which did
show a significant increase in stem cell expression compared to the vehicle only
treatment) and donor 3 showed a significant increase in CK12 expression after 50nM
antagonist treatment compared to the 50nM agonist treatment in the media controlled

group. No significant differences were observed between groups in the vehicle controlled
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groups, for donor 2 and 3 again suggesting that DMSO alone may be causing this effect

rather than antagonist treatment alone.

The results from the gene expression analysis shows that DMSO treatment alone
plays a role in stem cell marker expression and also suggests that donor variation in the
cellular response to these cell treatments occur. Studies in the literature have shown the
effects of DMSO on stem cell differentiation as well as survival (Wang, Wang et al. 2017,
Fujisawa, Mizuno et al. 2019, Sambo, Li et al. 2019). Therefore, it is probable that in this
study TRPV4 treatment is having little effect on the cells and further studies into DMSO

treatment alone or increasing TRPV4 concentrations and/or incubation times is required.

Optimisations of the TRPV4 concentrations for cellular treatments were performed
which varied from 10nM to 50nM with 50nM agonist displaying positive calcium signalling
while also retaining cell viability. Perhaps a higher concentration for future studies may
produce a more significant response compared to the vehicle control. Blocking the TRPV4
channel could have further therapeutic effects if optimised correctly; studies have shown
in TRPV4 null mice, stromal opacification due to fibrosis in an alkali burn wound healing
response was markedly reduced, suggesting that TRPV4 activation contributed to corneal
inflammation and fibrosis (Okada, Shirai et al. 2016). For the corneal epithelium
specifically, incorporation of a TRPV4 antagonist into an eye drop or therapeutic agent for

the eye could possibly restore fibrosis or prevent limbal stem cell deficiency occurring.

Due to the previously observed significant increase in TRPV4 gene expression after
shear stress was applied, it was first thought that activating TRPV4 by agonist treatment
would induce this increased stem cell expression response. However, as shown in the

results the TRPV4 antagonist treatment significantly increased stem cell marker

197



expression. Shear stress experiments showed that both stem cell and mature marker
expression was significantly enhanced. Therefore, the cells exposed to shear stress, which
had significant upregulation in stem cell and mature markers, may have caused an
upregulation in TRPV4 expression due to increased differentiation of these cells as shown

in Figure 6. 12.

Laminar fluid shear stress
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Figure 6. 12 TRPV4 mechanism of action. Under varying laminar shear stress rates and
time points, TRPV4 is activated allowing influx of calcium ions resulting in increased stem

cell and mature marker expression.

With this in mind, confocal microscopy was performed to determine the protein
concentrations of the mature marker CK3 and the stem cell marker NP63 to confirm that
these cells had a heterogeneous population of cells expressing both markers. This showed
that there was significantly more NP63 protein rather than CK3 protein in all groups
compared to vehicle and media controls. This confirmed that the cellular monolayer
expressed both mature and stem cell markers on which TRPV4 antagonist or agonist

treatment may have an effect.

Barrier function after treatment was examined. There were no significant

differences is ZO-1 protein expression among groups. The confocal microscopy images do
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not show any clear barrier function formed between cells in any treatments. Previous
studies have shown TRPV4 regulates tight junctions and is a late differentiation function
in the outermost layer of the stratified corneal epithelia after TRPV4 activation with the
same agonist used in this study at a concentration of 100nM (Martinez-Renddn, Sanchez-
Guzman et al. 2017). Further experimentation with longer incubation times with the
treatments would be needed to examine this to determine how the cells barrier function
is affected when TRPV4 is blocked using antagonist treatment as results from this study

were inconclusive.

Finally, metabolic activity was examined under all conditions to ensure that cellular
treatment was not harmful to cells. Overall, these experiments showed that metabolic
activity was not significantly down regulated after cellular treatment, suggesting that
treatment of these cells with either a TRPV4 agonist or antagonist does not induce a

reduction in metabolic activity of the cells.

Recent research into the modulation of the TRPV4 channel as a therapeutic target
for disease has yielded promising results for the use of TRPV4 antagonism in treating
oedema, lung diseases, gastrointestinal disorders and pain. This has lead to human trials
for TRPV4 antagonist treatments in healthy participants and stable heart failure patients
(Grace, Bonvini et al. 2017). Results from this first in class clinical trial showed that the
orally active TRPV4 channel blocker was well tolerated in both patient cohorts with no
significant safety issues or serious adverse events, allowing for further evaluation in long-
term clinical studies for heart failure and other conditions (Goyal, Skrdla et al. 2019).
Therefore, further work into targeting the TRPV4 ion channel for corneal disorders is a

promising avenue of research to be explored.
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6.5 Conclusion

Overall, this work has provided evidence that the shear stress response observed
previously may be mimicked using a TRPV4 antagonist. The results of the gene expression
analysis showed a significant upregulation in stem cell markers compared to vehicle
treatment alone in some donors (ABCG2, Nestin and CK15 in donor 2 and CK15 in donor
1). Further work looking at observed variations possibly due to DMSO treatment when
compared to the vehicle treatment alone is required to understand why these variations
are occurring. Longer incubation time with each treatment may be required to allow the
cells to adapt to their new cellular medium. The study also shows that no significant
harmful metabolic effects were observed after analysis using the presto blue assay, as
well as observation of confocal microscopy analysis. No reliable conclusion can be drawn
on barrier function capability due to the lack of any obvious barrier function among the
cells in the confocal microscopy analysis. Again, longer incubation times may allow tight

junction and barrier formation to be observed.

The data shows that supplementation of media with a TRPV4 antagonist may be
used as a method to increase stem cell marker expression in LSCs during ex vivo expansion
before transplantation. The study has also shown that TRPV4 is implicated in the shear
stress response which can be mimicked using this TRPV4 antagonist treatment. This work
will aid in future cell culture techniques for limbal epithelial stem cell transplantation

while also aiding in the knowledge of corneal epithelial mechanobiology.
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Chapter 7
The Combinatorial Effect of
Shear Stress and Substrate
Stiffness on Culturing Human

Corneal Epithelial Cells
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7.1 Introduction

As has been previously discussed, the corneal epithelium is subjected to different
mechanical cues (Aldrovani, Filezio et al. 2017). This thesis has shown the effect of
stiffness (Chapter 4) and shear stress (Chapter 5) on epithelial-limbal derived cells. While
there have been studies incorporating different mechanical stimuli to design an in-vitro
model of the ocular surface (Seo, Byun et al. 2019), it is unknown if there is a synergistic

effect of these two mechanical cues on limbal stem cells.

The ocular surface experiences a number of mechanical stimuli that are difficult to
replicate in vitro. Studies in the literature have tried to make in vitro models of the ocular
surface for drug toxicity testing as well as for research purposes (Reichl, Kélln et al. 2011,
Lu, Yin et al. 2017, Wang, Ghezzi et al. 2017). The corneal epithelium being the outermost
layer of the cornea means that it experiences a wide variety of both internal and external
stimuli that are difficult to integrate into the in vitro ocular surface models seen in the

literature.

This study aimed to combine the two major mechanical stimuli that the corneal
epithelium experiences; stiffness and shear stress. Previous work done in the lab showed
optimised substrate stiffness and shear stress rates to grow human limbal stem cells to
retain stem cell characteristics. This has led to research focused on how the combination
of these two stimuli effects the stem cell characteristics of these cells. This may aid in
designing future in vitro models of the corneal epithelium while also providing a novel

culturing system to allow these cells to be most suited for limbal stem cell transplantation.
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7.2 Materials and Methods

7.2.1 Cell culture
Cell culture was performed using the same protocol described in Chapter 5. One

donor (aged 45 years old) was used for stiffness and flow experiments.

7.2.2 PDMS fabrication

PDMS blends of varying stiffnesses were made using a commercially available product
of Sylgard 184 and Sylgard 527 (Dow Corning). The softest blend of Sylgard 527 was
prepared as per the manufacturer’s instructions mixing equal quantities of parts A and B.
Sylgard 184, the stiffest substrate, was also prepared as per manufacturer’s instructions
blending 10 parts base to 1 part curing agent. Sylgard 184 was used for the stiff group in
this study, 5 parts of Sylgard 527 to 1 part Sylgard 184 was blended to use for the softer
group in this study. All samples were centrifuged at 650 G for 5 minutes to reduce air

bubbles before spin coating.

7.2.3 Mechanical characterisation
The Young’s modulus of PDMS samples were measured using the same procedure

described in Chapter 4.

7.2.4 Spin coating
Square p Slide 1 0.8 leur ibiTreat polymer coverslips (iBidi) were spin coated at 863 G

for 15 seconds using a spin coater (Ossila) with either 184 or 527 PDMS.

7.2.5 Slide preparation
After coverslips were spin coated with PDMS, sticky-slide | 0.8 Luer were used to
make the slides for the study as shown in Figure 7.1. These slides are bottomless to allow

a variety of materials to be mounted to them and used for shear stress experiments. An
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ibidi clamp was also used to ensure an even seal of the wet PDMS spin coated coverslip
to the sticky slide. Samples were cured at 60 °C overnight followed by ethylene oxide

sterilisation to prepare slides for cell culture.

Spin Coater | ’ ]

PDMS

Spin coated
coverslip and
sticky slide ™\
=" IBIDI clamp with
coverslip and sticky
slide

Figure 7.1 Sticky slide preparation. Assembly of the sticky slides uses PDMS to spin coat polymer

coverslips, which can be assembled and clamped to create a seal using the IBIDI clamp.

7.2.6 Fluid flow bioreactor

Fluid flow was applied to cells using the same protocol described in Chapter 5 with
the prepared spin coated slides. The groups used in this study are detailed in Table 5
below. The shear stress used was 1.1 dyn/cm? for 1 day or static culture using daily media
changes. Previous work done in Chapter 5 showed that this shear stress rate is optimal to

grow human limbal stem cells to retain stem cell characteristics.
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Table 5 Experimental groups using different substrates and fluid flow conditions.

Elastic Modulus Subject to
Static culture
(kPa) flow

Culture plastic

1x 107 TCP static TCP flow
(TCP)
High stiffness

1500 Stiff static Stiff flow
PDMS
Low stiffness PDMS | 105 Soft static Soft flow

7.2.7 RT-PCR

RT-PCR was performed using the same protocol described in Chapter 3. The following
primers were used: NP63a (custom made primer sequence adapted from Robertson et al.
(Robertson, Ho et al. 2008) ABCG2 (Hs01053790_m1), CK15 (Hs00267035_m1),
Nestin (Hs00707120_s1), CK14 (Hs00265033_m1), CK3 (Hs00365080_m1), CK12

(Hs00165015_m1) and GAPDH (Hs02758991_g1).

7.2.8 Statistical analysis

All experiments were carried out in triplicate, statistical analysis and outlier
calculation was performed using GraphPad Prism software. Data are presented as the
mean + standard deviation (SD), significance was calculated either via one-way or two-

way ANOVA with Post-Tukey test, significance deemed as p < 0.05 for all data sets.
7.3 Results

7.3.1 Mechanical characterisation
Mechanical characterisation of samples were the same as results observed in Chapter

4 for PDMS tensile testing and spin coating thickness.
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7.3.2 Differentiation

Gene expression analysis was used to determine how stiffness and flow in
combination affected differentiation of LSCs. RT-PCR looked at a panel of markers
including stem cell markers; NP63a, ABCG2, CK15, Nestin, Transient amplifying marker;
CK14 and mature markers; CK3 and CK12. This data was normalised to the stiff static group
and all groups were compared. The soft static group was not used as a control group in
this data as previous work has shown that a stiffer substrate is more typical of the in vivo
stiffness of the cornea as well as representing the stiffness (MPa) of typical biomaterials
on which these cells are cultured such as amniotic membrane (Benson-Martin,

Zammaretti et al. 2006).

7.3.2.1 Stem cell marker gene expression

The stiffer flow group significantly enhanced stem cell marker expression; NP63aq,
ABCG2, CK15 and Nestin compared to the stiff static group as well as the soft flow group
for CK15 gene expression Figure 7.2 A — D. The stiff flow group was the only group to
significantly increase NP63a and Nestin expression (Figure 7.2 A + D). The soft flow group
did not display any significant changes in gene expression of these markers. The TCP flow
group displayed a significant increase in ABCG2 and CK15 expression compared to the stiff
static group for ABCG2 and compared to the stiff flow group for CK15 gene expression

(Figure 7.2 B + C).
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Figure 7.2 Real time PCR of stem cell markers NP63a, ABCG2, CK15 and Nestin after static or

flow culture. (A) NP630a, (B) ABCG2, (C) CK15 and (D) Nestin gene expression after static or flow

cell culture in combination with the stiff, soft or TCP group. Data are presented as the mean (xSD),

significance calculated via one-way ANOVA with a Post-Tukey test, N=4, * =P <0.05, ** =P <0.01,

*** =P <0.001.
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7.3.2.2 Transient amplifying gene expression

The transient amplifying marker CK14 was examined under stiffness and flow
conditions. The stiffer flow group significantly enhanced CK14 gene expression compared
to the stiff static and soft flow groups as shown in Figure 7.3. The TCP flow group also

displayed a significant increase in CK14 gene expression compared to the stiff flow group.
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Figure 7.3 Real time PCR of transient amplifying marker CK14 after static or flow culture. CK14
gene expression after static or flow cell culture in combination with the stiff, soft or TCP group.
Data are presented as the mean (+SD), significance calculated via one-way ANOVA with a Post-

Tukey test, N=4, * =P <0.05, ** =P <0.01, *** =P <0.001.
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7.3.2.3 Mature marker expression

Gene expression for mature markers CK3 and CK12 under stiffness and flow
conditions was examined as shown in Figure 7.4. Both the stiff flow and soft flow groups
did not produce any CK3 expression. The TCP flow group did produce CK3 gene expression
but this was not significant (Figure 7.4 A). The stiff flow group and TCP flow group
expressed CK12 gene expression while the soft flow group did not produce any CK12

expression; no significant differences in CK12 expression were observed (Figure 7.4 B)

A B
8- 34
o o
w7 7,
g g
o o
& 4 b}
Q Q
2 2 4
& | &
LEE | N1 1
o . & R o . & R
%\,g,e 6\)'{‘ S <O %\,ip ,o\\'i\ S <O

Stiff Stiff Soft TCP
static flow flow flow

Figure 7.4 Real time PCR of mature markers CK3 and CK12 after static or flow culture. (A) CK3,
(B) CK12 gene expression after static or flow cell culture in combination with the stiff, soft or TCP

group. Data are presented as the mean (+SD), nd = not detected, N=4.
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7.4 Discussion

In Chapter 4, it was shown that culturing corneal epithelial cells on a softer
substrates of 105kPa was better at retaining stem cell phenotype compared to a stiffer
substrates of 1.5 MPa. However, this study was used a modified cell line rather than
primary cells. Chapter 5 showed that culturing human corneal epithelial cells under a low
shear stress of 1.22 dyn/cm? enhanced stem cell marker expression. This study aimed to
combine these two mechanical stimuli to determine whether there is a synergistic effect

of these stimuli.

One study has examined shear and tensile behaviour of the stromal lamellae
investigating how this affects the cornea’s three main layers (epithelium, stroma and
endothelium). This study showed that the stromal tissue stress-strain shear behaviour
followed an exponential pattern which is an initially low stiffness that increases gradually
under higher shear stresses (Elsheikh, Ross et al. 2009). This supports the theory that
stiffness and flow together would produce a synergistic effect with softer substrates and

low shear stresses working synergistically to increase stem cell expression.

This study showed that the stiffer flow group, which has an elastic modulus of
approximately 1.5 MPa, combined with low shear stress for 1 day significantly enhanced
both stem cell and transient amplifying expression compared to the stiff static group and
soft flow group for ABCG2 expression. This was surprising as the softer group was shown
in Chapter 4 to be more suited to culturing corneal epithelial stem cells. However, this
study used a cell line as well as a longer culture period. The mature marker CK3 gene
expression was not detected in the stiffness and flow groups but the TCP flow group did

show expression of CK3 and CK12. The stiff flow group expressed CK12 but this was not
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significant. This result shows that combining stiffness and flow cell culture aids in reducing

mature marker expression while upregulating stem cell marker gene expression.

The transient amplifying marker CK14 was significantly increased after stiff flow
culture compared to the stiff static and soft flow groups. The TCP flow group also
significantly enhanced CK14 expression compared to the stiff flow group. While it was
increased in the soft flow group, this was not significant. This suggests that cells adopt a
phenotype which is stem-like and transient amplifying which may have applications in ex
vivo expansion of limbal stem cells before transplantation or for use as an in vitro model

for the corneal epithelium.

Research into matrix stiffness and shear stress in 3D organ models have been used
to determine how these two mechanical cues regulate cell function by complementing
each other’s function (Li, Li et al. 2020). While there has been some research in corneal
3D models and optimisation of culturing techniques (Shiju, Carlos de Oliveira et al. 2020),
this is mostly focused on full corneal models rather than recapitulating the corneal
epithelium specifically. The data presented may aid in optimising future in vitro corneal
epithelial models or optimising culture techniques to design better microenvironments

and/or biomaterials to culture these cells ex-vivo before transplantation.

Data shows that there is a synergistic effect of the combination of stiffness and
shear stress when culturing limbal stem cells. The stiff group combined with shear stress
enhanced stem cell marker expression up to 20 fold. Therefore, when culturing limbal
stem cells it would be better to combine shear stress with a substrate that has a stiffness

of 1-2 MPa.
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Further work to examine why stiffer rather than softer substrates in combination
with shear stress is required to elucidate this response. Perhaps under shear stress cells
require a stiffer underlying substrate similar to the in vivo stiffness of the cornea. This can
vary from the basement membrane (modulus = 7.5 kPa) (Last, Liliensiek et al. 2009, Last,
Thomasy et al. 2012) to the stiffer corneal stroma (0.17 to 1.5 MPa) (Singh, Han et al.
2018, Xie, Zhang et al. 2018, Zappone, Patil et al. 2018, Karimi, Razaghi et al. 2019).
Epithelial cells can become exposed to the stroma following the loss of the bowman’s
layer after laser photorefractive keratectomy (Lagali, Germundsson et al. 2009). Limbal
stem cells have even been cultured on the stiffer amniotic membrane (= 2.6 MPa) as a
method to generate transplantable sheets for corneal surface repair (Benson-Martin,
Zammaretti et al. 2006). Overall, this work aids in the knowledge of the physiological
environment experienced by the cornea, combining two major mechanical stimuli
experienced by corneal epithelial cells. A stiffer underlying substrate is required when
combining with shear stress. This may aid in elucidating the environment that these cells

experience in vivo.

7.5 Conclusion

This work shows the combined effect of substrate stiffness and fluid flow can be
used to regulate the behaviour of limbal stem cells. This may serve as a novel way to
culture these cells to make them more suitable for limbal stem cell transplantation. This
work can also help to mimic a more in vivo environment that limbal stem cells experience
and may be used as an in vitro model of the corneal epithelium for research or drug

toxicity testing purposes.
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Chapter 8
Summary, Future Directions,

Conclusions
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8.1 Summary

The primary objective of this thesis was to use mechanical stimuli to control the
cellular phenotype of the corneal epithelium. The two mechanical stimuli investigated
were stiffness and shear stress as alternative culturing methods for cultivating corneal

epithelial cells.

Initially, a corneal epithelial cell line was used to look at how calcium and glucose
concentrations in culture media in combination affect the corneal epithelial cells (Chapter
3). Glucose concentration has been associated with changes in matrix metalloproteinase
(MMP) activity (Takahashi, Akiba et al. 2000), immune response (Ni, Yan et al. 2011) and
growth factor signalling (Xu, Li et al. 2009) in corneal epithelial cells. Calcium
concentration has been shown to affect both the proliferation and differentiation of mice
corneal epithelial cells in-vitro (Ma and Liu 2011). While the role of each of these two
important reagents has been examined, their reciprocal role on cell behaviour has not

previously been explored.

This study showed that the combination of different glucose and calcium
concentrations can affect the metabolic activity, proliferative capacity, differentiation and
focal adhesion of a corneal epithelial cell line using typical cell culture media used in the
literature. The cell line suppliers recommended media appeared to be the best at
maintaining stem like characteristics while also promoting proliferation. LG-HC and HG-LC
media both had reduced expression of NP63 and enhanced expression of CK3 suggesting
that these media formulations may be useful for promoting differentiation towards a

mature epithelial phenotype. HG-HC media should be avoided when culturing these cells.
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Following these experiments, the supplier’s media was used for culturing the cell line and

HG-HC media was avoided for any primary cell culture.

The second objective of this thesis was to determine what stiffness was optimal for
growing this cell line on (Chapter 4). This study used PDMS and substrates were uncoated
unlike most other studies investigating cellular response to stiffness. This study
demonstrated that stiffness plays a major role on the differentiation, proliferation and
morphology of limbal derived epithelial cells using a corneal epithelial cell line as a model.
Culturing cells on a material with a Young’s modulus in the range of 10 kPa-105 kPa would
appear to be the most suitable for retaining the cells stem like characteristics. Limitations
with this study include use of a cell-line rather than primary cells, there was no air-liquid
interface when culturing the cells and the topography of the PDMS substrates will differ
from the corneas basement membrane. Despite this, these findings could be applied
when optimizing the design of biomaterials for limbal epithelial cell culture and

transplantation

Chapter 5 explored the effect of shear stress on human primary limbal stem cells.
This study showed that culturing corneal epithelial cells under either a low shear stress
(1.22 dyn/cm?) or high shear stress (2.42 dyn/cm?) significantly affects the corneal
epithelial cells stem cell marker expression, wound healing capability and barrier function.
This effect is enhanced over time with the cells adopting a more mature phenotype over
three days in addition to expressing pro migratory proteins while also expressing stem cell
markers, an attractive phenotypic profile for cells to be used in limbal stem cell
transplantation. This work has shown that rather than using typical static culture, a new

way of culturing these cells under shear stress produces a more conducive cellular
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phenotype. This may aid in higher success rates of transplantation while also aiding in our

knowledge of the corneal epithelial mechanobiology.

The regulatory mechanism of the shear stress response was investigated in Chapter
6 to determine if this could be therapeutically targeted. TRPV4 was selected as research
candidate based off previous work done in the literature which has targeted TRPV4
successfully. Additionally TRPV4 and its role in the corneal epithelium is becoming
increasingly important in how it relays mechanical cues and maintains the corneal
epithelium. This study concluded that use of 50nM TRPV4 antagonist resulted in a
significant increase in stem cell marker expression, successfully mimicking the shear stress

response observed in previous studies.

The final study (Chapter 7) combined both stiffness and shear stress to see if these
were synergistic or opposing in their expression of stem cell markers. This work showed
that a combination of softer substrates compared to the stiff TCP or amniotic membrane
used in cell culture of limbal stem cells and shear stress significantly enhances stem cell
markers and transient amplifying markers. This may serve as a novel way to culture these
cells to make them more suitable for limbal stem cell transplantation. This work can also
help to mimic a more in vivo environment that limbal stem cells experience and may be
used as an in vitro model of the corneal epithelium for research or drug toxicity testing

purposes.

8.2 Limitations and Further Remarks

In earlier Chapters 3 and 4, a human corneal epithelial cell line was used which has
been used as a model in previous studies and proven to be a good model of the corneal

epithelium (Robertson, Ho et al. 2008). For later chapters primary tissue was sourced and
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enabled multiple donors to be used. However, use of primary culture for these earlier
studies would have provided more conclusive results but for stiffness experiments this
would have been challenging without coating the cells. The results for stiffness
experiments using uncoated substrates was not done previously in the literature which

provided novel insight into how the corneal epithelial cells relay these mechanical cues.

Primary cell culture used a media that contained xenogeneic components
introduced by FBS which is not favourable for applications of these results in an in vivo
setting. Applying this work with a media not containing FBS may alter results observed in

this thesis and should be considered in future research.

The use of a monolayer culture throughout each study as well as lack of an air liquid
interface limits the results of this thesis as the corneal epithelium is a stratified layer which
is in an air liquid interface with the external environment. Culturing these cells to produce
a stratified layer before applying experimental techniques would provide a more valuable

insight into how the cells respond in a more in vivo environment.

While the shear stress results were promising, use of an iBidi pump to perform these
experiments in the lab can be cumbersome and for scaling up in a lab to replace traditional
culturing methods may not be feasible due to cost and labour. However, elucidating
mechanisms of how these cells relayed these shear stress responses allowed for the
removal of the shear stress setup which offers alternative cell culture media

supplementation rather than using a shear stress bioreactor setup.

The use of a static control group in the shear stress experiments is commonly used
throughout the literature. However, a better control may be an extremely low shear stress
so that cells are experiencing similar nutritional diffusion and replenished media. Growth
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factors and other molecules may also be secreted into circulating media in the cells
undergoing shear stress which will affect their response to shear stress. In this study
however, the lowest shear stress rate possible was used as an experimental group and
the goal was to compare to static cultures. It would however be an important

consideration in future experimentation on shear stress and the corneal epithelium.

Using a TRPV4 antagonist as a supplement in cell culture medium to promote
expression of stem cell markers may be suitable for culturing these cells to allow for more
successful transplantation rates. However, as this study was only 2 days of cell culture,
longer cell culture time may be more advantageous and the feasibility of using this long
term and how this aids in transplantation success rates needs to be explored with further

research.

For stiffness and shear stress in combination, limitations of this study included the
use of one donor for proof of concept and the coating of substrates for cellular adhesion.
This coating may alter their response to the substrate but it is required for primary cell

culture adhesion in limbal stem cells.

8.3 Future Work

To look at how the stiffness ranges in this study affects primary cell culture rather
than the use of a cell line would require the ability to use PDMS without a coating similar
to the cell line study design. PDMS may be plasma treated to enhance cell adhesion,
however this treatment is known to change the mechanical characteristics of the
substrate (Bartalena, Loosli et al. 2012). How stiffness affects the migration of corneal
epithelial cells would be advantageous to determine for biomaterial or scaffold design.

During the course of this PhD, a PDMS gradient was created using a syringe pump to
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achieve a PDMS material, which achieved stiffness ranging from 12 kPa to 1.5 MPa.
However, due to the thickness of this material it was not possible to observe live cellular

migration.

Mechanical memory of the corneal epithelium has not been researched in depth
with regards to stiffness or shear stress. There has been work done on this in MSCs and
adipose-derived stem cells with implications for biomaterial design and stem cell-based
therapies (Dunham, Havlioglu et al. 2020, Wei, Liu et al. 2020). Growing cells on different
stiffnesses or under different shear stress rates and determining if these cells remember
their past mechanical environments may be of interest to determine how the cells will
behave in a new mechanical environment (such as the eye). This work would help to
determine whether the corneal epithelial cells may be ‘primed’ using mechanical stimuli
that enhance stem cell marker or migratory expression to aid in repopulating the stem

cell niche in the eye.

For TRPV4 experimentation, the early cellular response was determined with
promising results showing this channel as a candidate for drug targeting using media
supplementation. However, longer incubation times and a lower cell density would be
advantageous to determine how the cells adapt to these altered TRPV4 signals as well as

how this affects barrier function in the cells.

8.4 Conclusions

This thesis has explored in depth two mechanical stimuli that the corneal
epithelium experiences in vivo — stiffness and shear stress. This work has provided several
different optimisations of the culturing environments for corneal epithelial cells before

transplantation.
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The media used for a corneal epithelial cell line was optimised focusing on glucose
and calcium combinations. This provided insight into how the use of a typical media used

for isolation of primary cells effects these cell lines.

An optimum stiffness range was determined using uncoated substrates. This may
aid in biomaterial design and improving culture environments of human corneal epithelial

cells.

Culturing human limbal stem cells under defined shear stresses demonstrated a
more conducive cellular phenotype. This may facilitate higher success rates of

transplantation and aid in our knowledge of the corneal epithelial mechanobiology.

Insight into the regulatory mechanism of the corneal epithelium in its shear stress
response was elucidated. This response was successfully mimicked while also presenting
a drug target for the corneal epithelium removing the need for the shear stress setup and
also improving cell culture techniques for the ex vivo expansion of these cells before

transplantation.

The final study was able to combine both of these mechanical stimuli to show a
synergistic effect of mechanical stimuli when culturing corneal epithelial cells. This may
be used to improve cell culture environments or mimic in vivo environments of the

corneal epithelium.

To conclude, the data presented herein provides novel insights into corneal
mechanobiology, highlighting the crucial role of the mechanical environment on limbal

and corneal epithelial cell behaviour. It is hoped that these insights will actuate
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development of improved corneal tissue culturing techniques as a method to address the

global shortage of donated corneal tissue.
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