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ABSTRACT
Limbal epithelial stem cells (LESCs) are adult stem cells in the eye responsible for
maintenance and repair of the corneal surface. Cultured LESC therapy aims to deliver
stem cells to patients with a deficiency of these LESCs due to injury or disease and has
been shown to be to be effective for restoring the corneal surface. The aim of this thesis
was to characterise the culture of LESCs and improve the current method used to
produce these LESCs for therapeutic use. Since human tissue for research is in very
short supply, models of human LESC culture and the human LESC niche are required to
identify mechanisms involved in LESC regulation. In this study rabbit limbal tissue and
cultured cells were evaluated for this purpose. At present the 3T3 co-culture system
seems to be optimal for the expansion of LESCs, and is approved for clinical use.
NIBSC 3T3 J2s have recently (2006) been banked under GMP and this study showed
that the GMP scale-up process had not affected the ability of these feeder cells to
support the expansion of LESCs. As human limbal epithelial cells typically only survive
for a few passages in vitro before they senesce, conditions in the in vivo stem cell niche
were mimicked in an attempt to improve the in vitro culture of LESCs. Sub-atmospheric
oxygen and ascorbic acid supplementation were investigated and found to be beneficial
for maintenance and expansion of LESC progenitors in vitro. Microfluidic technology
was investigated as a possible method for sorting LESCs, and was found to show
promise as a tool for the identification of LESCs when used in conjunction with
methods such as photoluminescence and fourier transform infrared spectroscopy.
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CHAPTER 1
LITERATURE REVIEW – PART 1
LIMBAL EPITHELIAL STEM CELLS
1.1 What are stem cells?
1.10 Stem cell characteristics
Stem cells are responsible for the repair and regeneration of tissues in the human body.
Stem cells are undifferentiated cells that have the potential to develop into specialised
cell types such as muscle, bone and blood. Upon receiving certain signals, stem cells
can start differentiating into a specific cell type whilst at the same time self-renewing to
ensure that the ‘stem cell pool’ is maintained. Stem cells are capable of dividing and
self-renewing for the entire lifetime of the organism in which they reside.

1.11. Adult and embryonic stem cells
There are two main types of stem cells, embryonic and adult. Embryonic stem cells are
derived from isolated inner cell masses of mammalian blastocysts. A blastocyst is an
embryo in the early stage of development, more specifically an embryo that is about 6
days old and consists of about 120 cells. Adult stem cells (also known as somatic stem
cells) are found in many locations throughout the body e.g. the eye, bone marrow, skin,
brain and intestine (Bongso and Richards 2004). Adult stem cells are found in
extremely small numbers in the body and are difficult to isolate. Only 1 in 107-108 cells
are thought to be adult stem cells (Matikainen & Laine., 2005).

Although at present an embryonic stem cell can form many more tissues in the body
than an adult stem cell, there is great potential benefit in studying adult stem cells. A
major advantage of using adult stem cells is that these cells can be harvested from the
patient, expanded and reintroduced into the same patient thereby avoiding the risk of
rejection and the need for immunosuppression likely to be required with the use of
embryonic stem cells. Also, there are less ethical issues associated with the use of adult
rather than embryonic stem cells for research and possible clinical treatments. Some of
the differences between adult and embryonic stem cells are summarised in Table 1.1.
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ADULT STEM CELLS
Stem cells from organs are scarce and are
typically hard to access and purify
Some cell lines available e.g. neural cell
lines
Multipotent, limited plasticity
Telomerase levels low

EMBRYO IC STEM CELLS
Once derived and propagated, stem cells
exhibit prolific cell growth and are
abundant
Cell-lines available and easy to scale up

Pluripotent, high plasticity
Telomerase levels high and consistent;
unlimited self-renewal of cells
No risk of teratoma induction after
Risk of teratoma induction after
accidental transplantation
transplantation if not fully differentiated
Shortening of chromosome length with
No shortening of chromosome length
age
with serial passaging
Early apoptosis
Late apoptosis
More ethically acceptable than embryonic Some ethical issues
stem cells
Applications: transplantation therapy
Applications: transplantation therapy,
pharmaceutical screening, gamete and
embryo production, and studies on human
development, congenital abnormalities
and infant cancers
Table 1.1. Differences between human embryonic and adult stem cells.
Modified from Bongso & Richards, 2004 (Bongso and Richards 2004).

1.12. Totipotent, pluripotent, & multipotent stem cells
Stem cells can be described as multipotent, totipotent or pluripotent depending on their
potential to form various cell types of the body. Totipotent stem cells have the ability to
form a whole human being. They have the ability to form every type of cell in the body
including the embryo and placenta. A fertilised egg is a totipotent stem cell. Pluripotent
stem cells have the ability to develop into cell types of all three germ layers: endoderm,
mesoderm and ectoderm. All the cell types in the human body are derived from these
embryonic germ layers. However, although pluripotent stem cells can differentiate into
any specialised cell type in the body, they do not have the capacity to develop into a
human being. Multipotent stem cells are capable of forming a limited range of cell types
related to their tissue of origin e.g. haematopoietic stem cells which produce various
cells of the blood. Unipotent stem cells can only give rise to a single specialised cell
type.

1.13. Stem cell plasticity
Stem cell plasticity is a relatively recent phenomenon, describing the ability of adult
stem cells to form cell types not related to their tissue of origin. Haematopoietic stem
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cells normally give rise to the various cell types of the blood such as red blood cells and
platelets. However, these haematopoietic stem cells have also been shown to give rise to
non-blood cell types including liver cells (Peterson 1999), kidney cells (Kale 2003), and
heart muscle (Jackson 2001). Another example of plasticity is liver stem cells forming
insulin producing pancreatic cells (Dang, Bachman et al. 2000).

1.14. Tissue regeneration
Following injury, vertebrates can heal themselves by either repair or regeneration.
Repair results in the lost tissue being replaced with a fibrous scar, whereas in
regeneration the lost tissue is replaced. Stem cells can repair minor damage to tissues of
the human body. Human liver for example has the ability to regenerate itself after twothirds of it has been removed or damaged (Greenbaum L E 1995). However, humans do
not have the ability to regenerate new limbs after major damage such as amputation.
Some vertebrates can regenerate whole tissues or limbs following injury. These include
Urodele amphibians such as the newt and salamander, and also the Zebrafish. Newts are
capable of regenerating whole limbs such as their legs or tail following amputation (see
Figure 1.1). Newts and other Urodele ampibians are also capable of regenerating other
structures such as their upper and lower jaws (Ghosh 1994), and parts of the eye (lens
and retina) (Mitashov 1996; Tsonis 2004). The Zebrafish can regenerate optic nerve,
fins, heart and spinal cord (Kenneth D. Poss 2003). In response to injury in Urodele
amphibians, specialised differentiated cells near the wound dedifferentiate to form
unspecialised progenitor cells. These progenitor cells then redifferentiate to produce the
cells required for repair e.g. bone, muscle and blood vessels (Brockes, Kumar et al.
2001; Bongso and Richards 2004).

It has been suggested that extensive tissue regeneration (such as that found in the
Urodele amphibians) is not present in humans to enable better wound healing (Brockes,
Kumar et al. 2001). Scar tissue formed during wound healing protects against infection.
It is also possible that the human response to major injury is repair rather than
regeneration to prevent cancer. Amphibians are much more resistant to cancer than
humans. Tissue or limb regeneration requires uncontrollable cell proliferation which is a
characteristic of cancer. The human immune system may protect against cancer by
stopping rapidly dividing cells, but in doing so prevent regeneration. Tissue
regeneration in organisms such as the newt and Zebrafish is currently being investigated
in the hope that if we can understand its mechanism in these creatures we may be able
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to reproduce this extensive regeneration in humans in the future. The goal being to
replace or repair damaged organs or tissues.

Figure 1.1. Tissue regeneration in the newt.
A) North American red spotted newt. B) Limb regeneration in an adult newt (from
Brockes et al., 2002).

1.15. Tissue engineering and regenerative medicine
Regenerative medicine seeks to repair or replace damaged tissues and organs by
transplantation of living cells. Several stem cell therapies are currently used to treat
disease by regenerating new tissues to replace those that have been damaged. Bone
marrow transplantation for example is used to treat leukaemia, and some cancers and
blood disorders. Another example of a stem cell therapy utilises stem cells to regenerate
new tissue to repair damaged corneas. Stem cell therapies can also be used for
veterinary applications, and racehorses have had the tendons in their legs successfully
repaired using stem cells from cord blood or bone marrow (VetCell).

The term "tissue engineering" started out in 1987 at a National Science Foundation
(NSF) sponsored meeting. Tissue engineering has been defined as:

“an interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain, or improve
tissue function”(Langer 1993)
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and also as the:

“understanding the principles of tissue growth, and applying this to produce functional
replacement tissue for clinical use” (MacArthur 2005).

Tissue engineering can involve the use of scaffolds which act as a support on which to
grow cells for repairing various damaged organs or tissues. Ideally scaffolds should be
three-dimensional and highly porous with an interconnected pore network providing a
large surface area for cell growth, allowing nutrients to reach cells and waste products
to be removed. Scaffolds should also be biodegradable at a suitable rate to allow wound
healing, as well as being biocompatible. Scaffolds should also possess suitable
mechanical properties for their area of implantation and have suitable surface chemistry
to allow cell attachment, proliferation and differentiation (Hutmacher 2000).

There are several tissue engineered products on the market such as Apligraf® (produced
by Organogenesis) which is a living skin substitute for treating venous leg ulcers and
diabetic foot ulcers, and Carticel® a Genzyme Biosurgery therapy in which the patients
own cartilage cells are cultured and used to repair cartilage damage in the knee.
Recently, tissue engineered bladders have been successfully used to treat patients with
bladder disease (Atala, Bauer et al. 2006).

1.2 The cornea as a model system for studying adult stem cells
The cornea is a model system in which to study adult stem cells because unlike other
sources of adult stem cells in the human body e.g. the bone marrow, the cornea is easily
accessible. Stem cells can be easily harvested from the cornea and studied in vitro, but
can also be studied in vivo. It is thought that stem cells reside in a niche, a
microenvironment surrounded by tissue, cells and substrates which control the selfrenewal and differentiation of stem cells (Spradling et al., 2001). It is therefore
extremely useful to be able to study stem cells in vivo in their unique niche in order to
help understand how they are regulated, and the cornea provides an opportunity to be
able to do this due to its accessible nature. If we can understand the mechanisms by
which stem cells are regulated in vivo, this would allow us to manipulate them more
easily in vitro.
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1.21 Structure and function of the cornea
The cornea is the main structure for refraction of light entering the eye; hence its
transparency is essential for vision. The cornea is made up of five layers: the epithelium,
Bowman's membrane, stroma, Descemet's membrane and the endothelium (Figure 1.2).
The epithelium represents 10% of the total corneal thickness, and is responsible for
protecting the eye from foreign material as well as absorbing oxygen and nutrients. A
population of adult stem cells, known as limbal epithelial stem cells (LESC) are
responsible for regenerating the corneal epithelium throughout life in response to
normal wear and tear and following injury.

Epithelium
Basement membrane
Bowman’s layer

Stroma

Descemet’s membrane
Endothelium

Figure 1.2. Structure of the cornea in cross-section.
The epithelium is the outermost layer.

1.3. Limbal epithelial stem cells
Stem cells in the eye responsible for maintaining and repairing the cornea are thought to
reside in the limbus and are called limbal epithelial stem cells.

1.31 Location of limbal epithelial stem cells
LESC are located in the limbal region of the cornea at the junction between the corneal
and conjunctival epithelium (Figure 1.3).
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Conjunctival
epithelium
Limbus
Corneal
epithelium

Figure 1.3. Location of the limbus.
Limbal stem cells are located in the limbal region of the eye, along the dashed line.

LESC are not thought to be evenly distributed throughout the human limbus, being
more abundant in the inferior and superior regions than in the nasal and temporal
(Figure 1.4) (Wiley 1991; Lauweryns 1993). Interestingly, the location of corneal
epithelial stem cells may vary from species to species (Schlotzer-Schrehardt and Kruse
2005). There is evidence to suggest that corneal epithelial stem cells in mice are located
in the paracentral cornea in contrast to the limbus in humans (Moore 2002).

SUPERIOR
Cornea

NASAL

TEMPORAL

Conjunctiva

Limbus
INFERIOR

Figure 1.4. Regions of the limbus.
Stem cells are thought to be more abundant in the inferior and superior regions of the
limbus.
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1.311. The limbal epithelial stem cell niche
The idea that the corneal epithelium is maintained by cells located in the limbal region
of the eye was originally put forward by Davanger & Evensen in 1971 (Davanger
1971). Since then, further evidence to support the location of stem cells in the limbus
has been proposed (although a specific marker for limbal stem cells still remains
elusive). This evidence includes the following: limbal epithelial basal cells retain
tritiated thymidine for long periods thus indicating that they are slow cycling (Cotsarelis
1989); limbal basal cells have a much greater proliferative potential in vitro than central
and paracentral corneal epithelial cells (Pellegrini, Golisano et al. 1999); and wounding
or surgical removal of the limbus results in delayed healing with noncorneal epithelium
(Huang and Tseng 1991; de Paiva, Chen et al. 2005).

Within the limbus, the LESC are thought to reside in a stem cell niche, which maintains
them in their undifferentiated state. This stem cell niche is traditionally thought to be the
palisades of Vogt, radially oriented fibrovasular ridges located in the upper and lower
limbus (Goldberg and Bron 1982). Putative stem cells have been observed at the bottom
of the epithelial papillae forming these limbal palisades of Vogt (Schlotzer-Schrehardt
and Kruse 2005). The non-uniform junction between the limbal epithelium and stroma
protects the cells from shear forces, and the nearby blood vessels provide a source of
nutrition for the resident cells (Boulton and Albon 2004).

In 2005 Dua et al. described a novel anatomical structure extending from the palisades
of Vogt which the authors proposed to be a putative LESC stem cell niche. This
structure has been named a limbal epithelial crypt. CK14 staining showed that all the
cells in this LEC were epithelial in nature, and immunolocalisation of ABCG2
suggested that the cells within these crypts may be putative stem cells (Dua 2005).
However, the Daniels group have not found these LEC structures in the cornea. In 2007
Shortt et al. described the presence of two putative LESC niche structures – limbal
crypts (LCs) and focal stromal projections (FSPs) which contained cells with stem cell
characteristics (Shortt, Secker et al. 2007). The authors showed that the limbal palisades
of Vogt are only part of the niche architecture; they form the “lateral walls of the
stromal structures that encircle LCs”. LCs and FSPs are illustrated in chapter 3.

The widely accepted dogma that the limbus is the sole niche for corneal stem cells was
recently challenged by Majo et al. (2008) who showed that the central cornea of the
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mouse contains oligopotent stem cells (Majo, Rochat et al. 2008). In addition the
authors suggested that the mammalian cornea also contains stem cells, however their
human data did not appear to support this theory suggesting that there may be species
specific differences in the location of corneal stem cells.

1.32. Limbal stem cell characteristics
1.321. Slow cycling and high proliferative capacity
A characteristic of stem cells is that they are normally slow cycling, but have a high
proliferative potential (Lavker and Sun 2000). Basal limbal epithelial cells have been
shown to be slow cycling as they retain tritiated thymidine for long periods (Cotsarelis
1989). Clonal analysis has identified cells in the human limbus with a higher
proliferative capacity than those from the central or paracentral corneal regions of the
eye (Pellegrini, Golisano et al. 1999).

1.322. Morphology
Within the limbal basal cell population, the putative LESC appear smaller than basal
cells of the central and peripheral cornea and are cuboidal in shape (de Paiva, Chen et
al. 2005). They have a high nucleus/cytoplasm ratio, and heterochromatin rich nuclei
with no distinct nucleoli (de Paiva, Chen et al. 2005; Schlotzer-Schrehardt and Kruse
2005). Basal invaginations through the basement membrane allow limbal basal cells to
interact with the underlying matrix which contains dilated capillaries and some
macrophages (de Paiva, Chen et al. 2005). Another feature characteristic of limbal basal
cells is that they contain the pigment melanin, which protects against UV damage
(Cotsarelis 1989).

1.323. Cell size
Confocal microscopy has confirmed that the basal cells of the limbus are 10.1±0.8µm in
diameter, significantly smaller than the basal cells of the corneal epithelium which have
a diameter of 17.1±0.8µm (Romano 2003). A recent study by De Paiva et al. (2006)
showed that cell size correlates with proliferative capacity in human corneal epithelial
cells. In this study primary cultured human corneal epithelial cells were sorted by flow
cytometry into 4 factions of the following size: 10-16µm, 17-23µm, 24-30µm, and
≥31µm. An increase in cell size was found to be associated with an increase in
differentiation marker expression, a decrease in putative stem cell markers, and a
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decrease in colony forming efficiency and growth capacity. This indicates that the
smallest faction (10-16µm) contains putative stem cells (de Paiva, Chen et al. 2005).

1.324. Plasticity
There is currently no evidence to confirm that LESCs are pluripotent (Boulton and
Albon 2004). LESCs are derived from neural ectoderm (Seigel 2003) and it has been
proposed that human corneal stem cells may have the potential to differentiate into
neuronal cells. The cornea is a highly innervated tissue, and it has been found that a
subpopulation of human corneal stem cells exhibit functional neuronal properties in
vitro (Zhao 2002; Seigel 2003). It is therefore possible that human corneal stem cells
could be directed to differentiate into neurons and used to treat neurodegenerative
diseases.

Interestingly, Dravida et al. (2005) have shown that limbal fibroblast-like cells (LFLCs)
have multi lineage transdifferentiation potential. LFLCs differ in location and
morphology to LESC. They are SSEA-4 (stage-specific embryonic antigen-4) positive
and have been isolated from the stromal region of limbal biopsies using magnetic cell
sorting (Dravida 2005). In vitro LFLCs form aggregates similar to embryoid bodies
(formed from embryonic stem cells), and express molecular markers for all three cell
lineages: ectoderm, mesoderm and endoderm. When subjected to different culture
conditions these embroid like bodies differentiate into various cell types including
neurons, adipocytes, cardiomyocytes, pancreatic islet cells and hepatocytes (Dravida
2005). Interestingly, LFLCs have similar pattern of gene expression to embryonic stem
cells (Oct-4, nanog, sox-2, TDGF1) even though they are found in adult tissue. The
transdifferentiation potential of LFLCs along with their easily accessible location makes
them a promising therapeutic tool (Dravida 2005) and possible alternative to embryonic
stem cells.

1.325. Telomerase
Capacity for self-renewal is a characteristic of stem cells. When cells divide, part of the
chromosomal DNA is left unreplicated at the chromosome ends. Chromosome ends are
capped with hexanucleotide repeats called telomeres which progressively shorten with
each cell division in somatic cells. As the telomeres shorten, they approach the
‘Hayflick-limit’ a critical length (typically 4-6kb) at which senescence occurs and the
cell can no longer divide (Hayflick 1965; Krtolica 2005). For a cell to have unlimited
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proliferative capacity its telomeres must not reach this critically short limit. Embryonic
stem cells and cancer cells exhibit unlimited self-renewal due to the expression of
telomerase. Telomerase is an enzyme which replaces telomeric DNA lost during cell
division, thus maintaining the telomere length of embryonic stem cells at 8-12kb and
preventing cell senescence (Krtolica 2005).

Adult stem cells do not appear to have the same proliferative capacity as embryonic
stem cells and suffer telomere loss upon cell division (Zimmermann 2003; Krtolica
2005). Although telomerase is expressed in low levels in adult stem cells, it is thought
that it is not sufficient to prevent telomere loss (Bodnar 1998). It has been suggested
that unlimited self-renewal ability has been lost from adult stem cells in an evolutionary
trade-off in which senescence prevents cancer at the expense of accelerated aging
(Krtolica 2005). Telomerase activity has been shown to be induced by oncogenes such
as c-Myc and Bmi-1 (Wang, Xie et al. 1998; Dimri, Martinez et al. 2002) and is
considered to be a tumour marker as it has been detected in the majority of cancer cells
but is not present in most normal differentiated cells (Faraoni, Bonmassar et al. 2000).

It has been found that replicative senescence can be bypassed in human limbal and
conjunctival epithelial cells by increasing telomerase activity (Pellegrini, Golisano et al.
1999). However, this senescence cannot be bypassed in the more differentiated corneal
transient amplifying cells. It was therefore suggested by Pellegrini et al. (2004) that
“telomerase is sufficient to extend the lifespan of keratinocytes endowed with high
proliferative potential such as stem cells, but not of keratinocyte transient amplifying
cells”. Limbal epithelial side-population cells (putative LESC, described later) have no
telomerase activity, and exist in a quiescent state i.e. in the G0/G1 phase of the cell
cycle (Umemoto 2006). It is thought that telomerase expression is induced upon
differentiation of stem cells into transient-amplifying or progenitor cells, and that this
telomerase activity decreases once these cells have become fully differentiated (Fiorini
and Chiu 2005).

1.326. Asymmetric cell division
Stem cells are thought to divide asymmetrically forming a stem cell and a transient
amplifying (TA) cell (Morrison, Shah et al. 1997). In this way the stem cell population
is maintained and the TA cells can divide to form terminally differentiated cells which
can maintain or replace the tissue in which they reside. However, it must be noted that
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in mammalian systems there is evidence to suggest that stem cells can also divide
symmetrically (Morrison, Shah et al. 1997). In symmetric stem cell division, a stem cell
always divides to produce two identical daughters - thus stem cells either divide to
produce two stem cell daughters, or two TA daughters (Potten and Loeffler 1990).

1.327. Holoclone formation
Colony size and morphology can be used to characterise the growth potential of
keratinocytes. Single cells taken from an individual clone and inoculated onto a growth
arrested feeder layer give rise to colonies which after 12 days in culture can be
recognised as one of three types namely holoclones, meroclones, or paraclones
(Barrandon and Green 1987). Holoclones are derived from a single stem cell and are
large with a smooth nearly circular perimeter (Barrandon and Green 1987). These cells
can undergo 120-160 cell divisions (Pellegrini, Golisano et al. 1999). Paraclones are
formed from a TA cell and consist of only terminally differentiated cells as the founding
cell can only undergo a maximum of 15 cell divisions (Barrandon and Green 1987).
Paraclones have an irregular perimeter. Meroclones are formed by an intermediate type
of cell, have a wrinkled perimeter and contain TA cells (Barrandon and Green 1987).

1.4. Identification of limbal epithelial stem cells

1.41. Putative limbal stem cell markers
There is currently no single marker that can be used to definitively identify a LESC.
However there are stem cell associated markers that can be used in combination with
the absence of differentiation markers to identify putative LESC.

1.411. ABCG2
The ATP binding cassette transporter protein ABCG2 has been proposed as a possible
LESC marker (Watanabe 2004), and may in fact be a universal marker for stem cells
(Zhou 2001). Zhou et al. (2001) have found that ABCG2 is expressed in stem cells from
bone marrow and skeletal muscle, and also embryonic stem cells. ABCG2 is also
known as the breast cancer resistance protein 1 (BCRP1) (Zhou 2001), and mediates
drug resistance (Doyle 2003). ABCG2 expression is responsible for the efflux of many
different anticancer drugs from a stem cell, and also its ability to exclude Hoechst
33342 dye (Zhou 2001). ABCG2 has been found to be expressed in some of the limbal
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basal cell population but not in corneal epithelial cells thus suggesting that it is a
possible marker for LESC (Watanabe 2004; de Paiva, Chen et al. 2005).

1.412. p63
The transcription factor p63 was proposed as a LESC marker by Pellegrini et al. in 2001
(Pellegrini, Dellambra et al. 2001). p63 is structurally similar to the tumour suppressor
protein p53 (Lohrum 2000), and is involved in morphogenesis (Mills 1999). p63
knockout mice (p63-/-) have major defects in their epithelial development and lack
stratified epithelium (Dang, Bachman et al. 2000). This suggests that p63 may be
involved in maintaining the stem cell population (Dang, Bachman et al. 2000).
Pellegrini et al. (2001) showed that p63 is expressed in the nuclei of human limbal
epithelial basal cells but not in TA cells on the surface of the cornea. However, several
groups have since found that p63 is also expressed by most of the basal cells in the
central human cornea (Dua 2003; Chee 2006). Therefore although p63 is useful for
identifying putative LESC, it is not deemed specific enough to be a definitive marker
for these cells.

The alpha isoform of p63 (∆Np63α) has been shown to be more specific for LESCs than
other isoforms of this transcription factor (Di Iorio, Barbaro et al. 2005). Holoclones
derived from the limbus express high levels of p63α, meroclones express low levels,
and paraclones exhibit no expression. The alpha isoform of p63 is therefore a putative
marker for LESCs. Expression of p63α varies depending on the state of the corneal
tissue post mortem and this may explain the discrepancy in p63 staining previously
found between different research groups. Defects or abrasions on the central cornea,
often caused by incomplete closure of the eyelids after death, can result in the cornea
becoming ‘activated’. In these activated corneas p63α expressing cells from the limbus
migrate towards the central cornea and are found in the basal layer. ∆Np beta and
gamma isoforms of p63 appear in the suprabasal layers of the cornea and limbus in
response to this wounding and therefore indicate more differentiated cells (Di Iorio,
Barbaro et al. 2005).

1.413. C/EBPδ and Bmi1
CCAAT enhancer binding protein delta (C/EBPδ) is a transcription factor known to
induce G0/G1 cell cycle arrest in mammary gland epithelial cells, an effect which seems
to be specific to epithelial cells (O'Rourke, Newbound et al. 1999; Barbaro, Testa et al.
35

2007). Bmi1 is a Polycomb group repressor involved in the self-renewal of various
types of adult stem cell (Park, Morrison et al. 2004; Lili Takács 2009), and has been
shown to be expressed in the limbal epithelial side population (Umemoto, Yamato et al.
2006). Mitotically quiescent or “resting” LESCs co-express C/EBPδ, Bmi1, and
∆Np63α, and these C/EBPδ+/Bmi1+/ ∆Np63α+ cells make up about 10% of the limbal
epithelial basal layer (Barbaro, Testa et al. 2007). In response to corneal injury LESCs
become activated, C/EBPδ and Bmi1 expression is switched off, and these activated
∆Np63α+ stem cells proliferate and migrate to the central cornea to repair the wound.
During this process, they lose their ∆Np63α expression and become terminally
differentiated (Barbaro, Testa et al. 2007).

1.414. otch 1
Notch 1 is a transmembrane receptor involved in maintaining cells in an
undifferentiated state, and has recently been proposed as a limbal epithelial stem cell
marker (Thomas 2007). Thomas et al., (2007) found that Notch 1 expression was
localised to a small number of cells in the limbal epithelial basal layer, and all Notch 1
positive cells co-expressed ABCG2. Although all Notch 1 cells were ABCG2 positive,
not all ABCG2 positive cells expressed Notch 1, thus suggesting that Notch 1 shows
promise as a LESC marker (Thomas 2007).

1.415. Other markers
Other putative limbal stem cell associated markers include vimentin and integrin α9
(Schlotzer-Schrehardt and Kruse 2005). Differentiation markers which can be used to
identify which cells are not limbal stem cells include involucrin, connexin 43, and the
cytokeratins K3 and K12 (de Paiva, Chen et al. 2005; Schlotzer-Schrehardt and Kruse
2005).

1.42 Methods for enriching limbal epithelial stem cells

1.421. Side Population (SP) cells.
Hoechst 33342 dye can be used to purify stem cells from various organ-specific tissues
such as bone marrow. The cells which have the ability to efflux Hoechst 33342 dye are
known as the ‘side population’ (SP) and represent a population enriched for stem cells.
SP cells have been found in human limbal epithelium but not in the corneal epithelium,
thus suggesting that Hoechst dye can be used to partially purify LESC (Watanabe 2004;
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Umemoto 2006). SP cells make up 0.3-0.4% of the limbal epithelial cell population and
have been found to have stem cell-like properties such as quiescent state, positive
expression of stem cell markers e.g. ABCG2, and negative expression of markers for
differentiated corneal epithelial cells (Watanabe 2004; Umemoto 2006).

1.422. Rapid adhesion to collagen IV
Collagen IV can be used to partially purify limbal epithelial cells with stem cell like
properties (de Paiva, Chen et al. 2005). This selectivity is based on the interaction of β1
integrins expressed on the surface of putative LESC with collagen IV. β1 integrin
‘brightness’ has been proposed as a marker for putative stem cells (van Rossum 2002;
de Paiva, Chen et al. 2005). Li et al. (2005) found that cells from the limbal region that
rapidly adhere to collagen IV within 20 minutes possess greater stem cell properties
than cells that do not adhere to collagen IV in this time. Cells that do not adhere to
collagen IV within 2 hours were termed “non-adherent”, and those that adhered between
20 minutes and 2 hours were classed as slowly adherent cells. Figure 1.5 illustrates this
method of separation). Rapidly adherent cells were found to have higher proliferative
capacity, greater colony forming efficiency, expressed higher levels of integrin β1, p63
and ABCG2, and retained 5 times the level of BrdU label than non-adherent cells. The
rapidly adherent cells also lacked the differentiation markers involucrin and keratin 12.
10% of the cells isolated from the limbal region rapidly adhered to collagen IV. This
method of enrichment by attachment to collagen IV was based on a method developed
by Jones & Watt (1993) to isolate putative epidermal keratinocyte stem cells which
have a high level of β1 integrin expression and rapidly adhere to collagen IV (Jones and
Watt 1993).
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Figure 1.5. Use of collagen IV to partially purify LESC.
Cells which rapidly adhere to collagen IV within 20 minutes possess greater stem cell
properties than cells that adhere more slowly.

1.43. Distinguishing patient and donor cells
Sex-mismatching and DNA fingerprinting can be used to study the survival of allogenic
transplanted cells. Sex-mismatching whereby the patient and donor are of different
genders provides a means of distinguishing between the patient and donor cells. For
example, if a corneal graft from a female is transplanted onto a male patient, analysis of
the sex chromosomes by fluorescent in situ hybridisation (FISH) using X- and Ychromosome specific probes allows one to identify which cell nuclei are derived from
the patient or the donor (Egarth 2005). Egarth et al., 2005 have successfully used this
technique to study the survival of donor-derived cells in corneal grafts. DNA
fingerprinting is another method which can be used to identify which cells belong to the
donor or patient following corneal transplantation. This method makes use of short
tandem repeats (STRs) which are specific to each individual and allows their cells to be
accurately distinguished from one another (Henderson 2001). This method is
advantageous over sex-mismatching because the patient and donor do not have to be of
different genders in order for this technique to work. DNA fingerprinting has been
successfully carried out on single corneal cells (Williams 1995; Henderson 2001;
Henderson 2001).
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1.5. Limbal epithelial stem cell deficiency

1.51 Aetiology
Corneal blindness is a condition currently affecting about 10 million people worldwide
(Klenkler 2005). Corneal damage and disease can be a result of LESC deficiency, which
can be heritable or acquired. Aniridia is an example of a hereditary cause of LESC
deficiency. Alkali burn, Stevens Johnson syndrome and contact lens-induced
keratopathy are examples of acquired causes of LESC deficiency which result in
conjunctivalisation whereby the conjunctival epithelium migrates over the corneal
stroma. This results in the cornea becoming opaque thus affecting visual clarity (Shortt,
Secker et al. 2007). In addition to affecting the patient’s vision, LESC deficiency is
also very painful. Some examples of LESC deficient corneas are shown in Figure 1.6.

Figure 1.6. Examples of LESC deficient corneas before and after limbal stem cell
transplantation.
From Lavker et al., 2004 (Lavker, Tseng et al. 2004).

1.52 Treatment strategies
1.521 Corneal transplants
A current treatment of LESC deficiency is whole corneal transplantation from a
cadaveric donor. The first corneal transplant was carried out in 1905, and this procedure
is still performed today. About 3,000 corneal transplants were performed in the UK in
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2004, and Moorfields eye hospital carries out 300-400 transplants a year. About 40,000
corneal transplants are carried out in the US each year but about 20% of these
transplants are rejected (National Eye Institute).

1.522 Autologous limbal tissue
Autologous LESC therapy involves taking tissue from the patient. This offers an
advantage over corneal grafts because the immunosuppression associated with corneal
grafts would not be required. However autologous LESC therapy relies on the patient
having a unilateral injury so that LESCs can be obtained from the healthy eye and used
to repair the damaged eye.

1.523 Allogeneic limbal tissue
In bilateral LESC deficiency, limbal allografts can be performed using tissue from
either a cadaveric donor or a living relative (Shortt, Secker et al. 2007). A disadvantage
of using allogeneic tissue is that immunosuppression will be required in order to prevent
rejection. Limbal allografts require systemic immunosuppression even when they are
HLA (human leukocyte antigen) matched with the donor (Ozdemir, Tekeli et al. 2004).

1.6 Cultured limbal epithelial stem cell therapy
Previous strategies to correct LESC failure include transplantation of limbal autografts
(from the patient’s healthy eye if available) or limbal allografts (from a donor). Both
have drawbacks including the potential creation of LESC deficiency at the donor site
(autografts) or the requirement for long-term systemic immunosuppression (allografts).
Since LESCs are responsible for the regeneration and repair of damaged corneal
epithelium they have been used as a stem cell therapy for the treatment of damaged
corneas (Pellegrini, Traverso et al. 1997). This therapy involves the harvest of a small
biopsy (1-2mm2) from either the patient or donor followed by ex-vivo expansion of
LESC in culture to generate an epithelial sheet ready for grafting onto the damaged eye.
Cultured LESC therapy was first described by Pellegrini et al. in 1997 (Pellegrini,
Traverso et al. 1997). In the Pellegrini method, a 1mm2 limbal biopsy is taken from the
healthy eye of a patient with unilateral LESC deficiency. Cells from this biopsy are
cultured on lethally irradiated 3T3-J2 cells. Secondary cultures are allowed to reach
confluency thus generating an epithelial cell sheet for transplanting onto the damaged
eye of the patient. The epithelial cell sheet is detached from the tissue culture plastic
using Dispase II. The sheet is then mounted onto petrolatum gauze or a soft contact lens
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before transfer onto the prepared wound bed of the LESC deficient eye. If petrolatum
gauze is used, it is removed from the epithelial sheet immediately after grafting, and
replaced with a soft therapeutic contact lens. The contact lens is removed 2 weeks after
the grafting procedure. A number of strategies have been developed to aid the transfer
of the cultured LESC to the patient.

1.61. Amniotic membrane
An alternative method for the therapeutic culture of LESC involves human amniotic
membrane. Amniotic membrane is the innermost membrane which surrounds the
developing embryo and foetus, and can be harvested from the placenta for clinical use.
Amniotic membrane was first used to repair the ocular surface in the 1940s (De Roth
1940; Lavery 1946; Sorsby 1947). Amniotic membrane transplantation alone has also
been shown to restore the corneal surface in patients whose limbal region is only
partially damaged (Tsai, Sun et al. 1990; Meller 2000). Amniotic membrane is thought
to provide growth factors, which promote corneal regeneration from the patient’s own
LESCs (Matikainen and Laine 2005). It is possible to isolate placental derived stem
cells from the amniotic membrane (Strom 2003), but it is not thought that these cells
differentiate to form corneal tissue (Matikainen and Laine 2005). In addition to being
able to promote epithelialisation, amniotic membrane can reduce scarring, angiogenesis
and inflammation. It also has anti-microbial properties (Dua 2004). Since amniotic
membrane is non-immunogenic it is a good material to use in the eye for tissue
engineering applications as it negates the need for immunosuppressive therapy and
reduces the risk of rejection usually associated with transplants.

Amniotic membrane is currently used as a substrate for therapeutic ex-vivo expansion
and transplantation of LESCs for the repair of damaged corneas in patients (Tsai, Sun et
al. 1990; Koizumi 2001). Tsai et al. (2000) reported success with this procedure in
patients with unilateral LESC deficiency. LESCs were isolated from a 1 by 2mm biopsy
taken from the limbal region of the healthy eye and cultured on amniotic membrane to
form an epithelial sheet. After 2-3 weeks the LECs had formed an epithelial sheet 23cm in diameter. The LEC sheet together with the amniotic membrane substrate was
then ready to be sutured onto the patient’s eye with the epithelial layer facing upwards.
Prior to transplantation onto the ocular surface of the damaged eye, fibrovascular
corneal tissue was removed by superficial keratectomy. The corneal surface was quickly
re-epithelialised only 2-4 days after transplantation, and after one month corneal clarity
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had improved. Visual acuity was also significantly improved in all patients. The Daniels
group has also experienced similar clinical success, and a summary of the cultured
LESC therapy used is shown in Figure 1.7.

1-2mm
biopsy from
limbal
region of
healthy eye

Cells cultured
for 2-3 weeks
on amniotic
membrane

Cells ready for
transfer to patient
(2-3cm diameter
sheet of cells)

Amniotic
membrane + cells
stitched onto
damaged eye

Before operation

After operation

Figure 1.7. Limbal stem cell therapy for the repair of damaged corneas in patients
with unilateral damage.
Limbal epithelial stem cells are taken from the patient’s healthy eye, expanded on
amniotic membrane, and the amniotic membrane with the limbal epithelial cell layer
transplanted onto the damaged ocular surface of the ‘bad’ eye. Before and after photos
taken from Lavker et al., 2004 (Lavker, Tseng et al. 2004).

1.62. Fibrin
LESCs for therapeutic use can be cultured on fibrin sealants which are made by mixing
thrombin and fibrinogen solutions. Fibrin is naturally occurring, non-toxic, semitransparent and typically biodegrades within 2 weeks (Gosain and Lyon 2002). These
properties make fibrin a suitable substrate for tissue engineering applications. In a study
by Rama et al. (2001) fibrin cultured LESCs successfully restored the corneal surface in
14 out of 18 patients with total LESC deficiency. In this procedure LESCs were isolated
from a 1mm2 biopsy taken from the contralateral eye of each patient and co-cultured
with a feeder layer on fibrin-sealant to generate an epithelial sheet 3cm in diameter. The
wound bed was prepared by removing fibrovascular tissue from the surface of the eye
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before application of the graft epithelium side up. Re-epithelialisation of the corneal
surface occurred within a week, and within the first month the corneal surface was clear,
smooth and covered by a transparent, normal looking epithelium. After 1-2 years, the
corneal surfaces were “clinically and cytologically stable” (Pellegrini, Golisano et al.
1999).

1.63. Temperature sensitive substrate
Tissue culture dishes coated with the temperature responsive polymer, poly(N-isopropylacrylamide) (PIPAAm) can be used for the non-enzymatic harvest of various cell
types (Nishida, Yamoto et al. 2004; Nishida, Yamoto et al. 2004; Ide 2006). Cells can
be cultured on this PIPAAm surface at 37˚C, and harvested as intact sheets by reducing
the temperature to below the critical solution temperature of PIPAAM. PIPAAm has a
critical solution temperature of 32˚C, below which it hydrates and swells causing
detachment of adherent cells from its surface (Nishida, Yamoto et al. 2004). This
method of harvesting cells is advantageous because it does not involve enzymatic
treatments such as trypsinisation which can alter the surface protein chemistry of cells
and remove deposited ECM (Ide 2006). 3D multilayered cell sheets can therefore be
removed intact retaining the cell-cell junctions and basal ECM that are required for
sheet integrity and function. These cell sheets are easily manipulated, can be
transplanted without the need for carriers, and because of the intact basal ECM are
readily adhesive to corneal stroma and do not require suturing (Nishida, Yamoto et al.
2004). Corneal epithelial cell sheets and autologous oral mucosal epithelial cell sheets
have both been successfully harvested from temperature responsive surfaces and used
for corneal reconstruction (Nishida, Yamoto et al. 2004; Nishida, Yamoto et al. 2004).

1.7 Challenges of limbal epithelial stem cell therapy
There are many challenges that need to be overcome if LESC therapy is to become a
widely used clinical procedure. For a start, the tissue biopsy from which the LESCs are
isolated is very small (only 1-2mm2). From this small piece of tissue the LESCs have to
be isolated and encouraged to grow into an epithelial sheet which can be transplanted
onto the patients damaged cornea. This procedure needs to be more defined and
reproducible as well as being made to be free from animal derived products such as
bovine serum. Other challenges will also be described in this section.

43

1.71 Culture reproducibility
The culture of LESCs needs to be made more reproducible. There is currently large
culture to culture variability. This may be due to a number of factors such as the age of
the donor eye, gender of the patient, how the tissue is stored, and how long it takes
before the biopsy is processed. The health of the donor may also be a cause of
variability as well as the type of condition/injury that is the cause of the LESC
deficiency. Some of these variables cannot be controlled, but others such as transport
and storage of biopsy material and defining culture conditions can. The procedure needs
to be made more defined and reproducible so that predictions can be accurately made as
to when the limbal epithelial tissue will be ready for transplant onto the patient.

1.72 Autologous tissue size
In autologous LESC therapy, a small biopsy of about 1-2mm2 is taken from the patient’s
healthy eye. This biopsy needs to be small so as not to damage the donor eye. It is also
important not to take a biopsy that contains all the donor’s LESCs as this may cause
problems in the donor eye i.e. that may become stem cell deficient as well. It is also
essential to be able to take a biopsy that contains some stem cells as you do not want to
have to take another biopsy from the patient unnecessarily. Since there is evidence that
stem cells are not evenly distributed throughout the limbus, the location of the biopsy is
also crucial. LESCs have to be isolated from this small piece of tissue which is a
challenge in itself and in addition the LESCs are difficult to identify due to the absence
of a specific marker.

1.73 Animal-derived products
Ideally the therapy needs to be free from animal products such as bovine serum. Also
the use of mouse 3T3 fibroblasts as a feeder layer is a potential problem as cells may be
transferred onto the patient. Alternatives may be to use serum from the patient or human
fibroblasts as a feeder layer. According to the Food and Drug Administration (FDA)
guidelines the use of non-human fibroblasts as a feeder layer for the co-culture of LECs
for therapeutic use classifies the product as a xenotransplant and as such this procedure
needs to adhere to the regulations regarding xenotransplantation which aim to prevent
the transfer of infectious agents of animal origin to humans. Human feeder cell lines
could be investigated as a possible alternative to mouse 3T3 fibroblasts. The use of a
feeder cell line offers advantages over isolating fibrolasts from humans for use in co-
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cultures because this reduces donor variability, is less time consuming, and means that
cells do not have to be screened for each donor.

1.74. Cholera toxin
Cholera toxin is currently used in LESC culture to promote the proliferation of these
cells by increasing cellular cyclic AMP levels (Marcelo 1979). However, it is not really
ideal to use toxins for the culture of cell sheets for transplanting onto patients because of
the risk of toxin transfer to the patient and therefore an alternative needs to be found. In
addition to this, there are also supply problems with this substance. Many checks are
required in order to purchase cholera toxin because of fears of it being used for
bioterrorism. Cholera is an infectious disease, which can cause death within hours if
treatment is not received. Fears about cholera being used in bioterrorism stem from the
fact that contaminating the water supply with the cholera-causing organism Vibrio
cholerae could easily spread this illness. If cholera toxin could not be used for LESC
culture, there are several cytokines and growth factors that may be possible alternatives
to help increase cell growth. However, further research would be required. Possible
alternatives to cholera toxin include various mitogens, growth factors and cytokines.

1.8 Optimisation of limbal epithelial stem cell therapy
The aim of this project is to address some of the challenges associated with the culture
of LESCs that have been described and thereby optimise the current procedure for
producing these cells for therapeutic use.
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LITERATURE REVIEW - PART 2
MICROFLUIDICS & CELL SORTI G
In this project the use of microfluidics was investigated as potential method for the
identification and separation of LESCs from a mixture of LECs in various stages of
differentiation.

1.9. Microfluidics
Microfluidics is the study of microlitre and nanolitre amounts of fluids and the design of
devices that can handle such small volumes. The fabrication and use of microfluidic
devices for cell sorting will be discussed in this review. In addition to microfluidics,
fluid dynamics and rheology will also be considered. Fluid dynamics is the study of
fluid flow, and rheology is the study of the deformation and flow of matter. When
manipulating cells in microchannels it is important to be able to characterise their flow
because shear forces may damage cells. The Reynolds number (Re) is a dimensionless
number that can be used to describe fluid flow. If the Reynolds number is less than 2100
in smooth pipes the flow will be laminar, but if the Reynolds number is greater than
4000 the flow will be turbulent. Reynolds numbers between 2000 and 4000 fall in the
transition region between laminar and turbulent flow (Doran 1995). The Reynolds
number of fluid flowing through a pipe can be determined from the following equation:

Re=ρuD/µ

Where ρ=density, µ=viscosity, u=average velocity of the flow, and D=pipe diameter.
For microchannels, D can be calculated as being 4A/P where A=cross sectional area of
the channel and P= wetted perimeter of the channel. Fluid flow in microchannels is
usually laminar due to the small dimensions of the channel.

Microfluidic devices can be used to culture cells, analyse their properties and even
separate different cell types. Some examples include the culture of osteoblastic cells
(Leclerc, David et al. 2006), the study of breast cancer chemotaxis in response to
growth factors (Saadi, Wang et al. 2006), the study of neurons (Taylor, Blurton-Jones et
al. 2005), and studying muscle cell differentiation (Tourovskaia, Figueroa-Masot et al.
2005).
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1.10. Cell sorting
There are many different ways in which cells can currently be sorted – these include
fluorescence activated cell sorting as well as magnetic and dielectrophoretic separation
methods.

1.10.1. Fluorescence activated cell sorting
A fluorescence activated cell sorting (FACS) machine can be used to separate cells that
have been tagged with different fluorescent markers such as fluorescein and acridine
orange. The mixture from which the cells are to be purified is directed into a stream
small enough to allow the cells to flow in single file. The stream passes through a laser
beam, which causes the tagged cells to fluoresce. After passing through the laser beam,
the stream is broken into droplets of liquid of uniform size. The fluorescence emitted
from each labelled cell is detected and if it is within certain limits, then an electrical
charge is given to the droplet containing the cell. The droplets pass between two parallel
charged plates. The charged droplets are deflected into a separate container to
uncharged droplets thereby separating the cells of interest from the mixture (Bonner,
Hulett et al. 1972). The process is illustrated in Figure 1.8.

Fu et al. (1999) have designed a disposable microfabricated fluorescence-activated cell
sorter (µFACS device) (Ferguson, Evron et al. 2000). They demonstrated that this
device can sort fluorescent E.coli cells from a mixture of fluorescent and nonfluorescent cells. Individual populations of micron-sized fluorescent beads can also be
separated from a mixture of assorted colours using this chip. The device is a silicon chip
with three channels joined at a T-shaped junction – see Figure 1.9. Three platinum
electrodes at the input and output wells enable the flow of the cells to be manipulated
electro-osmotically. Cells are introduced into the input well and flow along the channel
towards the sorting junction and into the waste channel unless the fluorescence of the
cell is above a threshold value in which case the cell is diverted into the collection
channel by a change in voltage. This device is interesting because it can utilise
reversible flow to keep throughput of cells high when separating ‘rare’ cells from a
mixture. In such a situation, cells continuously flow from the input to the waste channel.
Once a cell of interest is detected, the flow is stopped, and the flow is reversed to enable
the desired cells to travel back up the waste channel and be directed into the collection
channel. The flow is then returned to normal.
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This chip offers advantages over conventional fluorescence activated cell sorters
(FACS) namely lower cost, higher sensitivity, and because it is disposable there is no
chance of cross-contamination and no need for cleaning. Throughput of cells in this
device is lower than conventional FACS machines, with only 20 cells per second being
processed. However, this number could be significantly increased with the use of
parallel devices.

Figure 1.8. Diagram showing how the fluorescence activated cell sorting (FACS)
machine works.
From Bonner et al., 1972 (Bonner, Hulett et al. 1972).
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Sorting
junction

Figure 1.9. Optical micrograph of a µFACS device.
Channels are 100µm wide at the wells narrowing to 3µm at the sorting junction.
Channels are 4µm deep. From Fu et al., 1999 (Ferguson, Evron et al. 2000).

1.10.2. Cell separation using dielectrophoretic/gravitational field-flow fractionation
Cells can be separated using dielectrophoretic/gravitational field-flow (DEP/G-FFF).
Different cell types have different dielectric properties and can be separated based on
the different DEP forces that these cells generate when placed in a nonuniform
alternating electric field. When cells are polarised by the applied electric field, they
occupy different heights in a fluid filled channel based on the balance of their DEP and
gravitational forces (illustrated in Figure 1.10). The cell’s height in the channel
determines how quickly it will move through the channel because of the parabolic flow
profile whereby flow is slowest at the bottom of the channel. Different cell types will
have their own unique height in the channel and can therefore be separated based on
their relative velocities (Dang, Bachman et al. 2000).

Yang et al. (1999) have shown that breast cancer MDA-435 cells can be separated from
a mixture of breast cancer and normal blood cells using this technique. Sorting
frequencies of several thousand cells/minute were achieved with this separation method
Lee et al. (2005) have also shown that dielectrophoretic (DEP) forces can be used to sort
cells. They used micro-electrodes to generate DEP forces and direct red blood cells into
different outlet ports (Lee, Lin et al. 2005).
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Figure 1.10. DEP/G-FFF separation principle.
When subjected to a non-uniform alternating electric field, the balance of DEP and
gravitational forces of a cell will determine its equilibrium height in the fluid flow
profile. Different cell types will possess different dielectric properties and therefore
occupy different positions in the channel. The further away the cells are from the
electrodes on the bottom of the channel, the faster they will flow through the channel.
Different cell types can therefore be separated based on their differing velocities. From
Yang et al. (1999) (Dang, Bachman et al. 2000).

1.10.3. Magnetic cell sorting
Magnetic separation techniques can be used to isolate cells of interest from complex
mixtures such as blood and bone marrow. Magnetic separation has several advantages
over conventional separation techniques such as flow cytometry. It is simple, fast,
highly selective and causes minimal shear damage (Safarik and Safarikova 1999). Some
cells such as red blood cells have sufficient magnetic moment to enable them to be
separated without any modification. However, most cells require some sort of
modification in order for separation to be effective e.g. tagging with a magnetic label.
Magnetic labels typically contain particles of magnetite (Fe3O4) or maghemite (γ-Fe2O3)
which are responsible for their magnetic properties (Safarik and Safarikova 1999).

For separation of selected cells from a mixture, magnetic beads coated with a ligand e.g.
antibody or protein that will bind to a target on the cell of interest are incubated with the
cells to allow magnetic complexes to form. A magnetic separator is then used to
separate these complexes from the solution. The cells in complex with the magnetic
beads can be cultured, or used for whatever the desired application. The beads may be
removed if required or biodegradable beads used e.g. MACS Microbeads from Miltenyi
Biotec. Alternatively, the undesired cells can be targeted and removed to leave the cells
of interest.
50

1.10.4. Sorting cells in a lattice
Carlson et al. (1997) have shown that a lattice can be used to separate red blood cells
from white blood cells, and that white blood cells will fractionate into different cell
types on the lattice array (Carlson, Gabel et al. 1997). The lattice was constructed of
channels which were 5µm wide and 5µm deep and of varying lengths. The channels
were designed to be the same diameter as human capillaries which are smaller than the
diameter of a white blood cell nucleus (6µm). When a sample of blood is applied to the
lattice the red blood cells pass through the array, but the passage of the white blood cells
is impaired and they eventually stick to the channel surface. It was noted that the
passage of leukocytes through the channel was stick/slip in nature. The white blood
cells self-fractionated within the array with T-lymphocytes penetrating further into the
array than granulocytes and monocytes. The adhesion of the white blood cells is thought
to be primarily electrostatic in nature because they stick to the polar urethane coated
channel surface and do not require adhesive protein coating of the channel to facilitate
this interaction.

1.11. Silicon chip fabrication
Microfluidic devices can be made from a variety of materials including silicon, glass
and polymers (Fiorini and Chiu 2005). In this thesis the use of a microfluidic device for
LESC sorting was investigated. This device contained a microfluidic channel in a
silicon substrate. There are many methods which can be used to modify silicon
substrates to contain features such as channels. Photolithography, etching, and
micromachining will be described here although other techniques such as
micromoulding and laser micromachining can also be used.

1.11.1. Photolithography
Photolithography is the procedure by which a pattern is transferred from a photomask
onto a substrate such as silicon or glass (Betancourt and Brannon-Peppas 2006). The
substrate is coated with a photoresist or light sensitive polymer, and then exposed to UV
light through a photomask. Positive and negative photoresists behave differently upon
exposure to UV light. Regions of a positive photoresist break down when exposed to
UV light and become more soluble in a developing solution. Negative photoresists
become crosslinked upon exposure to UV light and become insoluble in developing
solution. Therefore only regions of a negative photoresist which have not been exposed
to UV light will be removed by the developing solution. The photoresist patterns protect
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the substrate from etching or other surface treatments, after which the photoresist can be
removed leaving the pattern of interest on the substrate (Betancourt and BrannonPeppas 2006). The photolithography process is illustrated in Figure 1.11.

Figure 1.11. Photolithography procedure.
This process uses a mask with opaque regions in the desired pattern to selectively
illuminate a light-sensitive photoresist. Upon UV exposure and subsequent
development, the pattern of interest is generated in the photoresist. From Betancourt et
al., 2006 (Betancourt and Brannon-Peppas 2006).

1.11.2. Etching
Etching is used to remove selected materials such as UV exposed photoresist that have
been deposited on a substrate, or to remove selected regions of the substrate itself. There
are two types of etching processes: wet etching and dry etching. Wet etching involves
immersing the substrate or wafer in a chemical solution which will dissolve the desired
material. Chemical etchants can be either anisotropic or isotropic. If making a channel
in a substrate, isotropic etchants will dissolve the material in question at the same rate in
all directions giving a channel with rounded walls due to undercutting of the mask (see
Figure 1.12). In contrast, anisotropic etchants will dissolve the substrate at different
rates in different directions giving straight channel walls which slope towards the centre
of the channel. Dry etching involves gaseous physico-chemical processes, and dry
anisotropic etching results in a channel with straight upright walls (Betancourt and
Brannon-Peppas 2006).
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Figure 1.12. Anisotropic and isotropic wet etch profiles.

1.11.3. Micromachining
Bulk- and surface- micromachining are both techniques by which microscale devices
can be fabricated. Surface micromachining involves building structures on top of a
substrate whereas in bulk micromachining structures are etched into a substrate. The
principle of surface micromachining is illustrated in Figure 1.13. A simple example of
this procedure starts with the deposition of a sacrificial layer such as silicon dioxide
onto the surface of the silicon wafer. This sacrificial layer is then patterned using
etching to expose specific regions of the silicon surface to act as anchor points for the
structural material. The structural layer is then laid down, and the sacrificial layer
removed to leave the desired structure on the silicon substrate. Multiple layers of
sacrificial and structural materials can be deposited on the surface of the silicon
substrate in order to create structures of complex geometries (Mehregany and Roy
1999). Bulk micromachining can be used to create structures inside a silicon wafer by
using selective etching along with etch masks and etch stops. Wet or dry etching can be
used, but the most common etching process for silicon wafers is the anisotrophic wet
etch (Mehregany and Roy 1999).
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Figure 1.13. Surface micromachining procedure.
a) deposition of a sacrificial layer onto the silicon wafer, b) patterning of the sacrificial
layer to create anchor regions on the silicon surface, c) deposition of the structural layer
(shown in red), and d) sacrificial layer removed to leave a free-standing microstructure.
From Mehregany et al., 1999 (Mehregany and Roy 1999).

1.12. Fouling of microfluidic devices
Fouling can be a big problem in microfluidic devices as substances stick to the surface
of channels and cause blockages, flow reduction, and a decrease in device performance.
Proteins are a particular problem because they readily adhere to and denature at
surfaces. Proteins generally have a greater attraction for hydrophobic surfaces, and
surface modification of microfluidic channels to make them hydrophilic can therefore
help alleviate this problem. Silicon substrates for example can be oxidised to make them
more hydrophilic and less prone to protein fouling (Chau, Osborn et al. 1999). It is not
just proteins that cause fouling problems, any substance flowing through a channel with
the opposite charge to the channel walls is likely to stick to the surface. Other causes of
fouling include the following: 1) Biological reactions occurring in the channel e.g.
platelets can become activated and sticky when flowing through a microfluidic channel
due to shear forces. These activated platelets can stick to the surface of the channel and
cause it to become blocked (Mukhopadhyay 2005). 2) Bacteria being cultured in a
microfluidic device can produce biofilms which cause fouling (Mukhopadhyay 2005).
3) Channel geometry. Static regions in a device can promote fouling as substances will
tend to accumulate in these areas (Mukhopadhyay 2005).
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As previously mentioned, fouling can be prevented by surface modification of the
microfluidic channels through which material passes, a process known as passivation
(Mukhopadhyay 2005). Some of the ways in which to passivate the surface of a channel
include pre-fouling and chemical modification. Glass surfaces can be pre-fouled by
coating with proteins such as serum albumin, or chemically modified with self
assembled monolayers (SAMS). Unless devices are disposable and only intended to be
single use, careful consideration needs to be given in the design of these devices in
order to minimise fouling and enable appropriate cleaning to be carried out. Disposable
devices may be required if handling clinical material in order to prevent patient to
patient contamination.

Pre-filtration of samples before they enter a microfluidic device could remove large
aggregates of cells and dust particles which could block narrow microfluidic channels.
Takahashi et al. (2004) have designed a pre-filter to remove dust particles from tissue
extracts that may block microfluidic channels. This filter contains micro-sized posts
spaced about 15µm apart, which trap dust particles (Takahashi, Hattori et al. 2004) as
illustrated in Figure 1.14.

Figure 1.14. Micro-filter to remove dust particles from samples prior to passage
through microfluidic channels.
From Takahashi et al. (2004) (Takahashi, Hattori et al. 2004).
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1.13. Cell rolling
Capillaries and arteries in the human body represent a natural microfluidic environment
through which blood cells can flow. Neutrophils and leukocytes exhibit an interesting
movement through capillaries by which they ‘roll’ along the walls in response to
inflammation (Tozeren and Ley 1992; Goetz, el-Sabban et al. 1994). This rolling is
achieved by a series of adhesions and detachments mediated by selectins. Rolling
allows the cell to slow down and attach to the endothelium. Selectins are membrane
glycoproteins that have been shown to play an important role in inflammation,
hemostatis, and wound repair. They also contribute to diseases such as atherosclerosis,
arthritis and sickle cell anemia (McEver 2002). There are 3 different types of selectin
that are involved in leukocyte/neutrophil rolling, the L-, P-, and E-selectins. L-Selectins
are located on the tips of microvilli on the leukocyte surface, and adhere to ligands on
the endothelial lining of blood vessels. E- and P-selectins in contrast are located on the
surface of endothelial cells and adhere to ligands on the leukocyte/neutrophil surface
(McEver 2002). Various glycoconjugates act as selectin ligands, the best characterised
of these being P-selectin glycoprotein ligand-1 (PGSL-1) (McEver and Cummings
1997; McEver 2002). During fluid flow, selectins must adhere quickly to their ligands,
and this binding must be reversible to allow rolling to occur. During rolling fluid shear
forces cause the selectin-ligand bonds at the rear of the leukocyte to break thus causing
the cell to be pushed forward and form new attachments at the front surface. This rolling
of the cell along the capillary wall slows the cell velocity down and allows integrins on
the leukocyte surface to interact with the capillary wall. This integrin mediated
attachment causes the cell to stop rolling and tightly adhere to the wall of the capillary.
Once the cell is firmly attached to the endothelial layer it can migrate into the infected
tissue. Leukocyte and neutrophil rolling through arteries has been widely studied, with
many models proposed to describe this rolling phenomenon (Zhao, Chien et al. 1995;
Chang, Tees et al. 2000; Mefti, Haussy et al. 2006).

1.14. AFM to measure cell properties
Atomic force microscopy (AFM) can be used to measure adhesive forces between a cell
and its substrate (see Figure 1.15). Cells can be immobilised on the end of a cantilever
and then lowered on to a surface coated with a substrate of interest. Once the cell has
attached to the substrate the cantilever is raised causing the cell to be separated from the
substrate. In this way the force required for cell detachment from a substrate can be
determined. This gives a measure of the strength of cell attachment to the substrate
56

(Wojcikiewicz, Zhang et al. 2003). 3A9 cells (murine T-cell hybridomas) can be
immobilised on a cantilever by Concavalin A mediated linkages (Wojcikiewicz, Zhang
et al. 2003; Stojkovic, Lako et al. 2005). In this process, the cantilever is functionalised
with Concavalin A and then lowered onto a 3A9 cell for 1 second. The force required to
separate a cell that has been immobilised to the cantilever in this way is >2nN. The
adhesion of the leukocyte integrin LFA-1 (leukocyte function-associated antigen-1 and
its ligand ICAM (intercellular adhesion molecule-1) has been studied using this AFM
technique (Wojcikiewicz, Zhang et al. 2003; Stojkovic, Lako et al. 2005). The force of
detachment of the LFA-1/ICAM-1 bond was about 200pN for a resting 3A9 cell.

Figure 1.15. AFM measurement of adhesive forces.
A cell is immobilised on the cantilever. Then the cantilever is lowered towards an
ICAM-1 coated surface enabling the cell to attach. The cantilever is then raised and the
force required for separation of the cell from the substrate measured. From
Wojcikiewicz et al. (2003) (Wojcikiewicz, Zhang et al. 2003).

Cell adhesive forces to various surfaces including glass, polystyrene, and collagencoated polystyrene have also been measured using an AFM cantilever (Yamamoto,
Mishima et al. 2000). The energies required for cell deformation, and cell-substrate
detachment were measured for L929 murine fibroblasts. AFM can also be used to
measure cell elasticity. In this case the cantilever is lowered onto the cell surface at a
speed of 2µm/second. Once in contact with the cell, the force of the AFM tip pushing
against the cell gives a measure of its elasticity. Wojcikiewicz et al. (2003) have
measured the elasticity of 3A9 cells in this way. The cells can be damaged by forces
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greater than 2nN, so the cells were indented with the cantilever by <1µm and with a
force of < 1nN in order to prevent damaging the cell. Leukocyte adhesion was enhanced
by stimulating 3A9 cells with Mg2+ and PMA (phorbol myristate acetate), and the
effect on the elasticity of the cells with these different treatments was investigated. The
Young’s modulus of resting 3A9 cells was about 1.4kPa, and this value increased with
Mg2+ treatment, and decreased when activated with PMA. Cell elasticity changed when
the cells were activated with PMA or Mg2+. AFM measurements can therefore be
useful for studying the change in cell properties when subjected to different conditions.

1.15. anoscale/microscale substrate topology and cell adhesion
The topography of the substrate on which a cell is grown has been shown to influence
cell behaviour. When grown on grooved substrates with features in the micron size
range, many cells align in the direction of these grooves (Flemming, Murphy et al.
1999). The basal membrane of the human corneal epithelium has a complex topography
consisting of pores, fibres and ridges of nanoscale proportions as illustrated in Figure
1.16. The fibres and pores in this basal membrane are 22-191nm in diameter (Abrams,
Schaus et al. 2000). Human corneal epithelial cells have been shown to display
different morphologies when grown on substrates with different surface topography.
Cells are mainly round when allowed to attach to smooth substrates, but become
elongated when placed on nanoscale patterned surfaces with uniform grooves and ridges
(Teixeira, Abrams et al. 2003). These differing morphologies are shown in Figure 1.17.
Substrate topography has also been shown to affect the strength of human corneal
epithelial cell attachment. Human corneal epithelial cells adhere more strongly to
nanoscale patterned surfaces with uniform grooves and ridges than to both microscale
patterned and smooth substrates of the same material (Karuri, Liliensiek et al. 2004).
This was demonstrated by subjecting the attached cells to fluid shear forces and
observing cell detachment. Karuri et al. (2004) showed that cells on patterned substrates
with a pitch of 400nm or 800nm were more resilient to shear than substrates with larger
features in the microscale range.

Human corneal epithelial cells have been observed to display different orientations
along patterned substrates when cultured in different media. Cells cultured in
DMEM/F12 aligned in a parallel orientation to both nanoscale and microscale grooved
substrates (Teixeira, Abrams et al. 2003). However, when human corneal epithelial cells
were cultured in Epilife medium, they aligned parallel to nanoscale features but
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perpendicular to microscale grooves (Teixeira, McKie et al. 2006). This suggests that
components in culture media can cooperate with the topography of the cellular
substrates to alter cell behaviour (Teixeira, McKie et al. 2006). Topography clearly has
an effect on cellular behaviour and therefore by mimicking the natural topography of
cellular substrates better cellular attachment and growth may be encouraged.

Figure 1.16. Scanning electron micrograph image of the epithelial basement
membrane of the human cornea.
From Abrams et al. (2000) (Abrams, Schaus et al. 2000).

Figure 1.17. Scanning electron micrographs of human corneal epithelial cells on
substrates with different surface topology.
A) patterned silicon oxide substrate with ridges 70nm wide and a pitch of 400nm, B)
smooth silicon dioxide substrate. From Teixeira et al. (2003) (Teixeira, Abrams et al.
2003).
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1.16. Thesis aim and brief overview
The aim of this thesis was to characterise the culture of LESCs and improve the current
method used to produce these LESCs for therapeutic use. This thesis describes the
location of LESCs in corneal limbus and discusses the rabbit cornea as a model for the
human LESC niche as human corneas for research are not always available. A mouse
3T3 fibroblast cell line which has recently been banked under Good Manufacturing
Practice (GMP) was assessed for its ability to act as a feeder layer to support the
expansion of LESCs, and these results are reported. Physiological oxygen and vitamin
C levels in the in vivo LESC niche were mimicked to try and promote the maintenance
and expansion of LESCs in vitro, and these experiments are described. The use of
microfluidic technology was investigated as a tool for LESC identification and sorting
and this is also described.

1.17 Experimental design
One of the major objectives of this research was to optimise the maintenance and
expansion of LESCs in in vitro culture. There are no definite markers for LESCs, so in
order to determine whether stem cells were present in LEC cultures a number of
experiments were performed in combination. These included assessing the presence of
putative stem cell markers such as ABCG2 and CK15, the absence of differentiation
markers such as CK3, and determining the colony forming efficiency (CFE). The CFE
assay measures the percentage of holoclone forming cells and therefore putative stem
cells in a LEC culture. Proliferation, cell cycle, cell senescence, telomere length, and
telomerase activity assays were used to further characterise the cultured LECs.

Due to the shortage of human tissue available for research during this study, many of
the experiments were performed using rabbit tissue and repeated with human cells
where possible. The stem cell niche plays an important role in stem cell maintenance
and self renewal and the suitability of the rabbit limbus as a model of the human LESC
niche was therefore investigated. Whole mount immunohistochemistry was used to
compare the limbal structure of the rabbit with that of the human limbus.

Since published data showed that oxygen levels in the in vivo cornea are below
atmospheric it was hypothesised that sub-atmospheric oxygen tensions would promote
the maintenance and expansion of LESCs in vitro by providing a more physiological
environment. A range of oxygen levels were investigated in this study: 14%, 8% and
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2% oxygen were compared to atmospheric controls (21% oxygen) and assessed for their
effect on the maintenance and expansion of LESCs in culture using the methods
previously described. Tissue culture flasks were gassed with the appropriate oxygen
mixtures and the gassing procedure was verified using the Presens Oxy-4 system with
Sp-pst3-NAU-D5-NOP oxygen sensor spots. Since the actual oxygen tension in the
human limbus had not previously been reported, this was measured by Dr James
Bainbridge using a fibre optic oxygen probe. Low oxygen (2%) corneal storage was
also investigated as it is not known if the current eye bank storage conditions are
optimal for LESC preservation and subsequent culture.

Since the cornea contains very high levels of Vitamin C (ascorbic acid) it was
hypothesised that ascorbic acid supplementation would extend the maintenance and
expansion of LESCs cultured in vitro. The methods previously described were used to
assess the presence of putative LESCs in ascorbic acid supplemented versus control
cultures. Initial experiments were performed to see if ascorbic acid had an effect on
LESC culture. CFE and proliferation were measured for a range of ascorbic acid
concentrations to determine the optimum concentration for further investigation. Since
ascorbic acid is an antioxidant the reactive oxygen species assay was used to determine
whether this vitamin was protecting against oxidative damage at the concentrations
studied.

Microfluidic technology was investigated as a potential method for the identification
and sorting of LESCs. This part of the project was done in collaboration with the
London Centre for Nanotechnology (UCL) who had designed and fabricated a prototype
microfluidic chip. The first aim of this part of the project was to observe the movement
of cells and beads through silicon channels in this microfluidic device. Flourier
transform infrared spectroscopy and photoluminescence were studied for their potential
to distinguish stem cells from their more differentiated progeny. These methods could
potentially be incorporated into a microfluidic system. Cell interactions with charged
beads were also studied to determine whether stem cells could be identified based on
their charge, and the motion of beads and cells through channels coated with a positive
charge (by silanisation) observed. The collagen IV rapid adhesion assay was used to
partially purify LECs with stem cell like properties for comparison with more
differentiated LECs for these experiments.
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CHAPTER 2
MATERIALS A D METHODS
2.1 Cell culture
2.11 Tissue for research
Human limbal epithelial cells were isolated from the limbal region of corneas and
limbal rims obtained from the eye bank at Moorfields Eye Hospital, or from US eye
banks. The tissue used had research consent given by the donor’s next of kin, and this
project had the appropriate ethics approval to use such tissue. Rabbit LECs were
isolated from whole rabbit eyes obtained from Woldsway Foods Ltd, UK.

2.12 Isolation of limbal epithelial stem cells from donor tissue
For corneas or limbal rims, the tissue was cut into 4 segments, immersed in Dispase II
(2mg/ml) (Roche Diagnostics) for either 1-2 hours at 37ºC or overnight at 4ºC. Tissue
was removed from the Dispase II and placed in a 35mm Petri dish containing 0.5ml 1x
trypsin: ethylenediaminetetraacetic acid (EDTA) (Invitrogen). The epithelial cells were
then scraped from the limbal region of the tissue. Once removed, the epithelial cells
were dispersed by pipetting. A cell pellet was obtained by centrifuging for 5 mins at 80100g. Cells were then resuspended in culture media and ready for seeding into a tissue
culture flask.

2.13 Limbal epithelial cell expansion on a feeder layer
LECs were cultured on a layer of 3T3 fibroblasts referred to as a ‘feeder layer’. LECs
were isolated from donor tissue and plated onto a growth arrested feeder layer of 3T3
fibroblasts in Corneal Epithelial Culture Medium (CECM). Growth arrested fibroblasts
were seeded a density of 2.7x104 cells/cm2. CECM is the medium used to culture LECs
and consists of the following: 2:1 Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM:F12) (Invitrogen) with 10% Fetal Calf Serum (FCS)
(Invitrogen), 0.4µg/ml hydrocortisone (Sigma), 0.1nmol cholera toxin (Sigma), 5µg/ml
insulin (Sigma), 1x antibiotic/antimycotic (Invitrogen), 0.18mmol adenine (Sigma),
2nmol triiodothyronine (T3) (Sigma), 5µg/ml transferrin (Sigma), and 10ng/ml
Epidermal Growth Factor (EGF) (Invitrogen). Cells isolated from one cornea were
seeded into a T25 flask unless otherwise indicated. Culture media was changed every
other day and LECs were passaged upon reaching 70-80% confluence. When ready for
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passaging, feeders were removed from the culture using 1x trypsin:EDTA
(approximately 1-2 minutes at room temperature), the epithelial cells remained attached
to the tissue culture surface and were subsequently detached using 10x trypsin:EDTA
(approximately 2-5 minutes at 37ºC) . The harvested epithelial cells were quenched with
CECM, centrifuged at 80-100g for 5 minutes, and the cell pellet resuspended in CECM.
The epithelial cells were then ready to be seeded onto a growth arrested feeder layer at a
density of 1.5x104/cm2. LESCs were cultured in the presence of 5% CO2 in air at 37ºC
unless otherwise indicated.

2.14 Serum-free feeder free culture
Two types of serum-free feeder-free culture media were used in this study: Keratinocyte
Serum-free Media (KSFM) from Invitrogen (UK) and CnT-20 from CELLnTEC
Advanced Cell Systems, Switzerland.

2.15 Culture of 3T3 feeder fibroblasts
Feeder fibroblasts used were either from Fiona Watt, and are referred to as Institute of
Ophthalmology (IoO) 3T3 J2s, or those which had been banked and screened at the
National Institute for Biological Standards and Control (NIBSC), and are referred to as
NIBSC 3T3 J2s. These fibroblasts were cultured in fibroblast culture media consisting
of DMEM + 10% FCS + 1% Antibiotic/Antimycotic. 3T3 fibroblasts were cultured in
the presence of 5% CO2 in air at 37ºC, and passaged at a ratio of 1:4 – 1:8 upon
reaching 80% confluency.

2.16 Growth arrest of 3T3 fibroblasts
3T3 fibroblasts were ready to be growth arrested when they reached 70-80%
confluency. Fibroblasts were incubated with 4µg/ml Mitomycin C (MMC) (Sigma) in
fibroblast culture media for 2 hours at 37ºC with 5% CO2. They were then washed 3
times with Phosphate-Buffered Saline (PBS), and detached from the tissue culture flask
using 1xtrypsin:EDTA. The growth arrested fibroblasts were then centrifuged at 80100g for 5 minutes, and the supernatant removed. Cells were then resuspended in
fibroblast culture media, and centrifuged at 80-100g for another 5 minutes. The cell
pellet was resuspended in culture media, cells counted and plated at the desired density
(2.7x104 cells/cm2 for limbal epithelial cell expansion). Cells were allowed to attach for
at least 2 hours, and the culture media replaced with CECM before seeding epithelial
cells on top.
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2.17 Culture of the HCE-T cell line
The human corneal epithelial cell line (HCE-T) was cultured in the following media:
DMEM:F12 (1:1), 5% FBS, 5µg/ml insulin, 0.1nmol cholera toxin, and 10ng/ml EGF.
The HCE-T cell line was cultured in the presence of 5% CO2 in air at 37ºC.

2.18 Cell cryopreservation
Cells were cryopreserved at a density of 1x106 cells/ml in 2ml cryovials. Growth
arrested fibroblasts were frozen down in 90% FCS + 10% Dimethyl Sulfoxide (DMSO)
(Sigma), and non-growth arrested fibroblasts in 10% DMSO + 20% FCS + 70%
fibroblast culture media. LECs were cryopreserved in 20% FBS, 70% DMEM:F12, and
10% DMSO, and the HCE-T cell line in 20% FBS, 10% DMSO, and 70% HCE-T
media. Cells were gradually frozen at a cooling rate of 1ºC/min, optimal for successful
cell cryopreservation, by placing the vials in a freezing container (“Mr Frosty”,
Nalgene) containing isopropyl alcohol in a minus 80ºC freezer for 24 hours before
transferring the frozen vials to liquid nitrogen for storage.

2.2 General methods
2.2.1 Colony forming efficiency
The colony forming efficiency (CFE) assay is used to give a measure of the proliferative
ability of a cell population as described in section 1.327. For the CFE assay 100-1000
LECs were seeded per well of a six well plate (or into 12.5cm2 tissue culture flasks for
gassed oxygen experiments) containing 4x105 growth arrested 3T3s per well. This range
of LEC seeding densities was used to ensure that enough cells were seeded to generate
colonies, but that not too many cells were seeded as colonies would merge in such
cultures and make quantification difficult. Colonies need to be distinct from one another
in this assay to enable the diameter of each colony to be measured. For low oxygen
experiments 12.5cm2 tissue culture flasks were used instead of 6 well plates. Cells were
cultured for 7 to 12 days in CECM (changing media every Monday, Wednesday and
Friday), and topping-up feeders if necessary. Colony formation was closely observed,
and if they started to touch, the culture was fixed even if it had been incubated for less
than 7 days. When ready for fixation, CECM was removed and the cultures washed
gently with PBS. 2% paraformaldehyde (PFA) was then added and incubated at 4ºC for
10 minutes. Paraformaldehyde was then removed, cultures washed gently with PBS and
incubated with 2% rhodamine B (Sigma) in PBS, or 1:1 2% rhodamine B:2% toluidine
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blue (Sigma) for 30 minutes at 37ºC. Cultures were then washed with PBS or water, and
the diameter of colonies measured and counted using Image J software. The following
equation was then used to calculate the colony forming efficiency.

CFE (%)

=

Number of colonies > 2mm diameter x 100
Number of cells seeded

Please note that for all colony forming efficiencies in this thesis, colonies greater than
2mm diameter, and with a smooth perimeter indicative of holoclones were counted and
used in the colony forming efficiency calculation. Therefore this is not a total CFE
value, but more indicative of the number of limbal progenitors in the culture.

2.2.2 MTT assay
The Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay is a colourimetric assay
that can be used to measure cell proliferation and also the cytotoxicity of chemicals
(Mosmann 1983). In the assay, the yellow tetrazolium salt MTT is reduced to a water
insoluble purple formazan in living cells. This formazan is solubilised to give a
coloured solution, the absorbance of which can be used as an indicator of the number of
living cells (Mosmann 1983).

LECs were cultured in CECM with 3T3 J2s, in 48 well or 96 well plates. After LECs
had been treated as desired for the appropriate number of days, and were ready for
quantification using the MTT assay, feeders were removed with EDTA. The culture
media was then replaced with media containing 0.5mg/ml MTT (100µl for 96 well
plates, 200µl for 48 well plates) and incubated for 4 hours at 37˚C. Media was then
carefully removed, and 200µl of solvent solution (1:1 DMSO:ethanol) added and
formazan crystals solubilised with continuous agitation. The OD was then taken at
550nm with a reference of 630nm within an hour using a platereader (Safire). This MTT
assay method was taken from Vengellur and LaPres, 2004 (Vengellur and LaPres
2004).

2.2.3 Telomerase activity assay
Telomerase activity was determined using the TeloTAGGG Telomerase PCR
ELISAPLUS kit (Roche Applied Science), according to manufacturer’s instructions.
2x105 cells were analysed per sample.
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2.2.4 Telomere length assay
Telomere length was determined using the TeloTAGGG Telomere Length Assay kit
(Roche Applied Science), according to manufacturer’s instructions. DNA was extracted
from 3.3x105 cells per sample using the QIAamp Mini Kit (Qiagen). This resulted in
DNA suspended in too large a volume for the telomere length assay, so DNA was
precipitated as described in the following section 2.2.5.

2.2.5 D A precipitation
DNA was isolated from cells using the QIAamp Mini Kit to give DNA samples in
solution. To precipitate DNA from this solution, the following were added to each
sample: 2-3 volumes of ethanol and 1/10 volume 3M sodium actetate, pH 5.2. The
resulting solution was mixed and stored overnight at -20ºC. The solution was then spun
at full speed in a microcentrifuge for 15-30 minutes (preferably at 4ºC). The supernatant
was removed, and the pellet washed with 70% ethanol, centrifuged for 5 minutes and
the supernatant removed. The resulting pellet was then air dried for 15minutes before
adding the desired volume of water for resuspension.

2.2.6 Cell cycle analysis
LECs were removed from the tissue culture surface using 10x trypsin:EDTA, trypsin
was quenched with CECM, cells centrifuged at 80-100g for 5 minutes, supernatant
removed, and 1x106cells resuspended in 1ml 2% FBS in PBS. Cold absolute ethanol
(3ml) was then added and cells stored at -20ºC until ready for propidium iodide staining
and FACS. Prior to staining, cells were washed twice with PBS and resuspended in 1ml
staining solution: 50µg/ml propidium iodide (Invitrogen, Eugene, Oregon, USA),
3.8mM sodium citrate (Sigma-Aldrich Chemie GmbH), and 100µg/ml RNase A (boiled
for 5 minutes to inactivate DNase) (Roche Diagnostics GmbH, Mannheim, Germany)
for 30-45minutes at 37ºC. Cells were then analysed by flow cytometry at an excitation
wavelength of 488nm.

2.2.7 Cell senescence assay
Cell senescence was detected using a cellular senescence assay kit (Chemicon
International) according to manufacturer’s instructions. This kit detects senescenceassociated β-galactosidase (SA-β-gal) activity.
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2.2.8 Reverse transcription polymerase chain reaction (RT-PCR)
RNA was isolated from cells using the RNeasy Plus Mini Kit (Qiagen GmbH, Hilden,
Germany). RNA was quantified using an Eppendorf Biophotometer, and equal amounts
used to synthesise cDNA using the Roche AMV reverse transcriptase kit (Roche
Diagnostics GmbH, Mannheim, Germany). Polymerase chain reactions (PCRs) were
performed on equal amounts of cDNA using the primers listed in Table 2.1. The
following thermocycling program was used: 94ºC for 2 minutes, followed by 35 cycles
of the following: 94ºC for 30 seconds, annealing temperature for 30 seconds, 72ºC for 1
minute. The final step was 72ºC for 7 minutes. Products were visualised by agarose gel
electrophoresis.

The following mouse primers were purchased from Santa Cruz, and PCR reactions
performed according to manufacturers instructions: sodium vitamin C transporter 1
(SVCT1) (Cat #: SC-41007-PR) and sodium vitamin C transporter 2 (SVCT2) (Cat #:
SC-41009-PR). All other primers were made by Invitrogen.
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Primer sequence
ABCG2 (mouse)
(Budak, Alpdogan et al. 2005)
Beta 1 integrin (human)
(Zarbin 2003)
CK3 (human)
(Stojkovic, Lako et al. 2005)
CK12 (mouse)
(Kao, Liu et al. 1996)
CK19 (mouse)
(Dang, Bachman et al. 2000)
CK19 (human)
(Burchill, Bradbury et al. 1995)
GAPDH (human)
(de Paiva, Chen et al. 2005)
Ki67 (human)
(Park, Lim et al. 2006)
∆Np63α (human)
(Pellegrini, Dellambra et al. 2001)
∆Np63α/β (mouse)(King,
Ponnamperuma et al. 2006)
SVCT1 (human)
(Maulen, Henriquez et al. 2003)
SVCT2 (human)
(Maulen, Henriquez et al. 2003)
Wnt1 (human)
(Okoye, Malbon et al. 2008)
14-3-3σ (human)
(Ferguson, Evron et al. 2000)

Forward: GGAATTCCAGGTTATGTGGTTCAAGATCAC
Reverse: CGCGATCCCGAATCCGCAGGGTTCTTGTAG
Forward: GTTACACGGCTGCTGGTGTT
Reverse: CTACTGCTGACTTAGGGATC
Forward: CGTACAGCTGCTGAGAATGA
Reverse: CTGAGCGATATCCTCATACT
Forward: CAATCTCTAGGTTCTGCA
Reverse: GAGTGGATCTCACCAAGG
Forward: GGGTTCAGTACGCATTGGG
Reverse: CTCCACGCTCAGACGCAAG
Forward: GCGGGACAAGATTCTTGGTG
Reverse: CTTCAGGCCTTCGATCTGCAT
Forward: GCCAAGGTCATCCATGACAAC
Reverse: GTCCACCACCCTGTTGCTGTA
Forward: ACTTGCCTCCTAATACGCC
Reverse: TTACTACATCTGCCCATGA
Forward: GGAAAACAATGCCCAGACTC
Reverse: ATGATGAACAGCCCAACCTC
Forward: CCAGACTCAATTTAGTGAGCCAC
Reverse: ATTGCGCTGCTGTGGGTTGATAAG
Forward: ACTCTCCTCCGCATCCAGAT
Reverse: CCAGGCGGGCACAGGCGTAG
Forward: TTGACCATTACACCCACGGT
Reverse: CATAGAAGCCATACTTTGTG
Forward: GCGTCTGATACGCCAAAATC
Reverse: GGATTCGATGGAACCTTCTG
Forward: GTGTGTCCCCAGAGCCATGG
Reverse: GTCTCGGTCTTGCACTGGCG

Annealing temp
(ºC)
60

Product size
(bp)
533

45

265

55

145

44

201

55

490

55

214

55

498

45

437

45

1388

55

1147

55

304

55

307

55

252

60

1195

Table 2.1. Primer sequences used for PCR.
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2.2.9 Immunohistochemistry
2.2.9.1 Cell culture and fixation
Prior to fixation cells were washed 3 times with PBS, and incubated in 2%
paraformaldehyde for 15 minutes at room temperature. Paraformaldehyde was removed
and cells washed with PBS before the immunostaining procedure. If plates were to be
immunostained at a later date, cells were incubated with 20% sucrose at room
temperature for 15 minutes. Sucrose was then discarded and cells thoroughly air dried
in the tissue culture hood for several hours. Flasks or chamber slides were sealed with
parafilm and stored at -20ºC until ready for staining.

2.2.9.2 Immunostaining protocol
Frozen plates which had been previously fixed with paraformaldehyde (2%), and treated
with sucrose were defrosted for 15mins. Fixed cultures to be stained were then washed
3 times with PBST (PBS + 0.5% Tween20) for 5 mins, and once with PBS (1x) for 5
mins. A Dako pen was used to draw round areas of interest if required. Cells were
blocked at room temperature for 1 hour with 5% goat serum and 0.3% triton in PBS
prior to incubation with the primary antibody of interest (in blocking solution) for either
2 hours at room temperature or overnight at 4ºC. Cells were then washed 3 times with
PBST for 5 mins, and once with PBS for 5mins before incubation with the secondary
antibody for 2 hours. A further 3 wash steps were performed with PBST for 5 mins.
Vectashield mounting medium with 4'-6-Diamidino-2-phenylindole (DAPI) was then
added, a coverslip placed on top, and the edges sealed with nail varnish. Slides were
stored at 4ºC until viewed under the confocal microscope. The primary antibodies used
are shown in Table 2.2. The following secondary antibodies were used from Statech:
donkey anti-goat FITC, donkey anti-goat TRITC, and donkey anti-mouse FITC. Goat
anti-mouse FITC and goat anti-rabbit TRITC were also used. All secondary antibodies
were used at a dilution of 1:200. FITC-phalloidin, and TRITC-phalloidin were used at
1:1000 dilution.
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Primary antibody

Details

Dilution used

ABCG2 (mouse)

MAB4146 Chemicon

1:50

CK19 (rabbit)

AB15463-1 (Abcam)

1:100

CK19 (mouse)

CBL198 (Chemicon)

1:100

Hes1

SC-13844 (Santa Cruz)

1:50

β1 integrin (mouse)

AB35724 (Abcam) now discontinued

1:1000

Notch 1

SC-9170 (Santa Cruz)

1:50

SVCT2

SC-31991 (Santa Cruz)

-

SVCT1

SC-30113 (Santa Cruz)

1:50-1:100

p63α (rabbit)

4892 (Cell Signalling Technology)

1:50

p63α

SC-7255 (Santa Cruz)

1:50

CK3, clone AE5

69143 (MP Biomedicals)

1:500

14-3-3sigma

SC-7683 (Santa Cruz)

1:100

C/EBPdelta

SC-151 (Santa Cruz)

1:100

Cytokeratin 15

SC-47697 (Santa Cruz)

1:100

SVCT2

SC-9926 (Santa Cruz)

-

Ki-67

Dako

1:50

Wnt1

SC-6266 (Santa Cruz)

1:50

HIF1alpha

SC-8711 (Santa Cruz)

1:50

(raised in)

Table 2.2. Primary antibodies used.

2.2.9.3. Whole mount immunohistochemistry
For whole mount immunohistochemistry, corneas were fixed in 4% PFA for 1 hour and
stored in PBS at 4ºC until ready for immunostaining. Tissue was blocked with 20% FCS
for 1 hour before immunostaining as described in 2.2.9.2.

2.2.10 Western blotting
LECs were lysed using RIPA buffer (Pierce), and centrifuged at 14,000g for 5 minutes
before supernatant collection. Protein was quantified using a BCA protein assay kit
(Pierce Biotechnology), and 40µg protein used per sample. Reducing agent (3µl)
(Invitrogen) and 7.5µl loading buffer (4x, Invitrogen) were added to 19.5µl of each
protein sample. The loading samples were boiled at 70ºC for 10 minutes to denature the
protein before running on a 10% bis-tris gel (Invitrogen) in MOPS SDS running buffer
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(Invitrogen) at 200V for 50 minutes. Protein ladder (5µl) (2:1 Magic Mark (Invitrogen):
SeeBlue Plus2 (Invitrogen)) was also loaded onto the gel. Proteins were transferred to a
polyvinylidene difluoride (PVDF) membrane (Invitrogen) using Novex transfer
apparatus and transfer buffer (Invitrogen) at 35V for 90 minutes. The membrane was
blocked for 30 minutes at room temperature in blocking solution: 5% dried milk (nonfat), 2% FBS in tris-buffered saline (TBS) + 0.1% Tween20 (TBST). The membrane
was then incubated with primary antibody diluted in blocking buffer at 4ºC overnight,
or for 2 hours at room temperature on a shaker. The membrane was then washed for 3x
20 minutes with TBST, before incubating with the secondary antibody diluted in
blocking buffer for 1 hour at room temperature. The membrane was again washed for
3x 20 minutes with TBST before visualisation with either Pierce ECL western blotting
substrate and an X-ray developer, or enhanced chemiluminescence reagent (Amersham
Biosciences) and a Fuji image reader (LAS-1000 Pro version 2.1). Image J software was
used for densitometric analysis.

The following primary antibodies were used: ABCG2 1:200 (mouse, Sigma), CK19
1:250 (rabbit, Abcam), β1 integrin 1:200 (goat, Santa Cruz), CK3 1:500 (mouse, clone
AE5, MP biomedicals), and GAPDH 1:400 (mouse, Chemicon). Secondary antibodies
used were goat anti-mouse HRP (Dako), goat anti-rabbit HRP (Dako), and donkey antigoat HRP (Chemicon). Secondaries were used at 1:5,000 to 1:10,000.

2.2.11 Cell counting using a hemocytometer
Cell numbers were counted using a hemocytometer. This is a glass microscope slide
with 2 rectangular chambers, which are covered with a coverslip. Each chamber
contains a grid of defined size as illustrated in Figure 2.1. This grid consists of nine 1 x
1mm squares which are subdivided into a number of smaller sections. Each chamber is
0.1mm deep and therefore each square has a defined volume. Each cell sample to be
counted was well mixed, and a 10µl aliquot placed in a hemocytometer chamber. All
cells in the central 1 x 1mm square of the grid (shown in yellow in Figure 2.1) were
counted, and the total number of cells per ml calculated by multiplying this cell number
by 104. When counting cells, those which overlapped the top or right hand outer grid
lines were counted but not those which overlapped the bottom or left lines. The original
sample was diluted if necessary to ensure the cell count was around 100. If diluted this
was factored into the calculation. Cell counts were repeated to ensure that the sample
aliquot counted was representative of the original cell suspension.
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Figure 2.1. Hemocytometer grid for cell counting.
This grid contains nine 1 x 1mm squares which are divided into smaller sections.
Counting the number of cells (of an undiluted sample) in the central square indicated in
yellow and multiplying by 104 gives the number of cells/ml in the original sample.

2.2.12 Cell viability
If the viability of a sample was required, trypan blue was mixed with the cell sample at
a ratio of 1:1 and 10µl loaded onto the hemocytometer. Dead cells were stained blue by
the trypan blue dye and the number of live and dead cells used to determine the viability
using the following equation:

Viability = Number of unstained cells x100
Total cell number

2.2.13 Collagen IV rapid adhesion assay
LECs with stem cell like properties can be partially purified based on their adhesiveness
to collagen IV as described in 1.422. Cells that adhered to the collagen IV coated
surface after 20 minutes were termed ‘rapidly-adherent’ and those which did not attach
in this time referred to as ‘non-adherent’. Rapidly-adherent cells represent a population
of partially purified LESCs (de Paiva, Chen et al. 2005). Tissue culture plates were
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coated with 100µg/ml collagen IV (Sigma) dissolved in 0.25% acetic acid (Sigma).
Sufficient collagen IV solution was used to cover the surface of the plates, and
subsequently incubated at 37ºC for 2 hours to overnight. Excess collagen IV was then
aspirated, and plates washed twice with PBS before incubation with 0.5mg/ml heat
denatured BSA (Sigma) at 37ºC for 1 hour prior to use. Incubation with BSA was
performed to prevent non receptor mediated adhesion. After BSA incubation, plates
were washed with PBS before applying LECs on top of the collagen IV coated surface.
Cells suspended in DMEM:F12 containing 20% FCS were incubated at 37ºC in 5% CO2
in air for 20 minutes. After 20 minutes unbound cells were removed, and the collagen
IV coated dish washed gently with DMEM:F12 containing 20% FCS to remove any
cells weakly bound to the collagen IV – these cells were added to the non-adherent
population. Rapidly-adherent cells were detached from the collagen IV coated surface
using 1x trypsin:EDTA, the trypsin was then neutralised with DMEM:F12 + 20% FCS
and cells centrifuged at 80-100g for 5 minutes before resuspending in the desired
volume of media.

2.2.14 Population doubling calculations
Two population doubling calculations were used in this study. The calculation for cell
lines was:

Number of population doublings = log cells harvested/cells seeded
2

The calculation taking into account CFE (Pellegrini, Golisano et al. 1999) was:

Number of population doublings = 3.322log N
N0.
Where N = the total number of cells obtained at each passage and N0 = the number of
clonogenic cells.
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2.3 3T3 experiments
2.3.1 Comparing the morphology of IBSC and IoO 3T3 J2s
2.3.1.1 Comparing the morphology of untreated 3T3s
One vial of IoO 3T3 J2s (passage 3), and 1 vial of NIBSC 3T3 J2s (passage 10) were
thawed on day 1. Cells (1x106) of each type were seeded into separate 75cm2 tissue
culture flasks, and cultured in 3T3 media as described in section 2.15. Cells were
passaged at a ratio of 1:8 before they reached 70% confluence, and cell morphology was
observed for 2 weeks.

2.3.1.2 Comparison of 3T3 morphology after growth arrest
IoO 3T3 J2s (passage 6) and NIBSC 3T3 J2s (passage 15) were MMC treated, and
NIBSC 3T3s (passage 13) were gamma-irradiated. After growth arrest treatment, all
cells were cryopreserved. After thawing, cells were seeded at a density of
2.7x104cells/cm2 in fibroblast medium. Duplicate flasks were set up for MMC treated
feeders, and a single replicate for gamma irradiated feeders. Morphology was observed
for 5 weeks.

2.3.2 Comparing 3T3 feeder capacity to culture human limbal epithelial cells
2.3.2.1 IoO versus IBSC (MMC treated and γ-irradiated)
LECs were cultured in CECM on the following growth arrested feeder layers: IoO 3T3
J2 MMC, NIBSC 3T3 J2 MMC, and NIBSC 3T3 J2 γ-irradiated, and CFE and
proliferation were determined. CFE experiments (4) were performed using different
LEC donors, and with 3 replicates for each feeder type and treatment. One way
ANOVA was conducted on the results. Proliferation was quantified as the measurement
of the total LEC number obtained after 1 week in culture on the different feeder layers.
Cells were cultured in a 12 well plate with an initial seeding density of 1.5x104/cm2
LECs, and 2.7x104/cm2 3T3s. Cells were cultured with CECM and harvested before any
of the wells were confluent. LECs from 4 wells were harvested and pooled for each
feeder layer type and treatment, and counted using a hemocytometer. 3 experiments
were conducted, and one way ANOVA performed on the results.
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2.3.2.2 Fresh versus cryopreserved MMC growth arrested feeders
The proliferation of LECs from the same donor was compared on NIBSC 3T3 J2 MMC
freshly growth arrested feeders, and NIBSC 3T3 J2s that had been MMC treated and
cryopreserved. Cells were cultured in a 12 well plate with an initial seeding density of
1.5x104/cm2 LECs, and 2.7x104/cm2 3T3s. Cells were cultured with CECM and
passaged as described in 2.13. The total number of cells/well was counted at passage 1
after 5 days of culture, and passage 2 (12 days in culture). LECs from 4 wells were
harvested and pooled for each condition, and counted using a hemocytometer.

The CFE of LECs cultured on freshly MMC growth arrested 3T3s and those which had
been MMC treated and cryopreserved prior to use were determined. Two experiments
were conducted with LECs from different donors, and with 3 replicates per condition.

2.4 Oxygen experiments
2.4.1 Gassing regimen and optimisation
2.4.1.1 Gassing equipment
Gas cylinders containing 21%, 14%, 8% and 2% oxygen mixed with 5% carbon dioxide
and the balance nitrogen were purchased from BOC. Other equipment required for
gassing included the following: 1ml pipette tips (Starlab, UK), 0.20µm Sartorius
MiniSart filter units (Fisher Scientific) suitable for gassing as they withstand a
maximum pressure of 3 bar, 6mm and 10mm silicone tubing (Fisher Scientific), tapered
tubing connectors (Catalogue number: ADF-642-070E, Fisher Scientific), gas regulators
(2 stage regulator, L200-BSE-hose-end, 0-1.7bar, BOC). For gassing, the gas cylinder
was attached to the gas regulator, and gas directed via tubing through a 0.2micron filter
and pipette tip into the tissue culture flask (see Figure 2.2). The gassing regime used
was 0.5 bar for 20 seconds, after which the flask was quickly sealed with a plugseal cap.
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Figure 2.2. Photo of gassing equipment.
Please note that for gassing the cylinder was placed in a safely secured position – it is
shown upright here for illustration purposes only.

2.4.1.2 Calculation of gassing time required
The method used to estimate the gassing time required is shown in Figure 2.3. A
measuring cylinder was submerged in water and gas directed into the bottom of the
cylinder for 10 seconds at a pressure of 0.5 bar using the gassing equipment as
described in 2.4.1.1. The amount of water displaced by the air was measured, and this
was repeated 3 times. The average amount of water excluded was used to determine the
flow rate of the gas, and this was used to calculate the time required to fill 25cm2 and
12.5cm2 tissue culture flasks.
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Measuring
cylinder

Gassed for 10
seconds at 0.5bar

Measured
volume
excluded
from cylinder

Gas here

water
Figure 2.3. Method for calculating gas flow being delivered to flasks.

2.4.1.3 Checking airtightness of plugseal caps
DMEM (5ml, phenol red free) was pipetted into two 25cm2 tissue culture flasks and 2
drops of Universal indicator added. One flask had a filter cap which allowed gas
exchange with atmospheric air. The other flask, which had a plugseal cap, was gassed
with 5% carbon dioxide. The flasks were left at room temperature for 16 days and any
change in pH noted.

2.4.1.4 Measurements of actual oxygen tension in gassed flasks
Measurements of oxygen tensions were performed using the Presens Oxy-4 system with
Sp-pst3-NAU-D5-NOP oxygen sensor spots (both Presens, Regensburg, Germany) to
measure the actual oxygen tension in the liquid phase at the bottom of tissue culture
flasks after 20 seconds of gassing with 2% oxygen. Two 12.5cm2 and 25cm2 tissue
culture flasks were gassed to confirm findings. Flasks were placed in a standard tissue
culture incubator at 37ºC after gassing and plugseal cap application.

2.4.2 Effect of oxygen tension on 3T3s
All 3T3s in this section were cultured in the following medium: DMEM + 10%ABS +
1%AA unless otherwise specified. Cultures were gassed every day for 10 seconds (apart
from the weekend – gassed late Friday afternoon and early Monday morning).
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2.4.3 Measurement of the oxygen tension in the human limbus
This was performed by Dr James Bainbridge at Moorfields Eye Hospital. The oxygen
tension in the limbus of a normal living patient (research consented) was measured
using a fibre optic oxygen probe from Oxford Optronix.

2.4.4 Effect of low oxygen on corneal storage
The aim of this experiment was to determine if low oxygen would aid in the
preservation of LESCs. Six rabbit corneas were stored for 5 days at 4ºC in gassed (2%
oxygen) and ungassed storage solutions. Each rabbit cornea was placed in a 25cm2
tissue culture flask in 5ml of the following: normal storage media (Optisol-GS, Bausch
and Lomb), or one of two different types of culture media, CECM (containing serum,
see 2.13 for recipe), or Cnt-20 (serum-free, feeder free culture media). One cornea in
each media type was gassed with 2% oxygen (5% carbon dioxide, and balance
nitrogen), and one in ungassed media. All flasks were sealed with plugseal caps, and
placed upright (with the cap on the uppermost surface) so that the cornea was
completely covered with medium. Following storage, the CFE and endothelial viability
were determined.

2.4.5 Endothelial viability
Prior to isolating LECs from the rabbit corneas after storage for 5 days, the endothelial
cell viability was determined using trypan blue. The rabbit corneas were placed
endothelial side up, and a drop of trypan blue placed in the centre of the cornea on the
endothelium, and left for 30 seconds. Each cornea was then washed with D-PBS, and
the corneal endothelium observed under the microscope.

2.5. Antioxidant experiments
2.5.1. Ascorbic acid
L-ascorbic acid (Sigma) was used for experiments. Stock solutions were dissolved in DPBS.

2.5.2. Ascorbic acid quantification
Measurements of the actual amount of ascorbic acid in supplemented media, and also
un-supplemented media were performed using an ascorbic acid assay kit (BioVision,
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catalogue number K661-100) according to manufacturer’s instructions. This is a
colourimetric assay and absorbance of the products was detected using a platereader
(Safire). The ascorbate content of 3 aliquots of CECM, 3 aliquots of CnT-20, and 2
aliquots of KSFM were measured. For ascorbic acid stability experiments separate
100µM L-ascorbic acid solutions (dissolved in D-PBS) were used for each data point,
so that all measurements required for each graph could be made on the same day. A new
standard curve was generated, and 2-3 aliquots of each sample were analysed.

2.5.3. Reactive oxygen species assay
CM-H2DCFDA (Invitrogen) was used to detect intracellular reactive oxygen species
generated in response to exposure with tert-butyl hydrogen peroxide (tBHP) (Sigma)
following treatment with 100µM L-ascorbic acid, and 150µM Deferoxamine mesylate
(Sigma). Deferoxamine was used as a positive control as it is has been shown to protect
against oxidative damage in rat renal epithelial cells (Paller and Neumann 1991). Cells
were treated with antioxidants for 1 hour at 37ºC, media was then removed and 200µM
or 1mM tBHP added for 30 minutes. Cells were washed, and 10µM CM-H2DCFDA
added for 30 minutes. The dye was removed, cells washed with PBS, and the
fluorescence in PBS measured using a Safire platereader: excitation 493nm, and
emission 520nm.

2.5.4 L-ascorbic acid supplementation of cells cultured until senescence
LECs were isolated from 5 different donor corneal rims and cultured both with 100µM
L-ascorbic acid and without L-ascorbic supplementation until senescence. Table 2.3
shows the passage number at which L-ascorbic acid supplementation was commenced,
and the age of the donor from which the cells were isolated.
Donor

L-ascorbic acid treatment started

Age of donor

12455

Passage 4

NA

6827

Passage 1

65

6844

Passage 0

63

6846

Passage 0

43

6854

Passage 0

46

Table 2.3. Details of donor cells cultured until senescence with 100µM L-ascorbic
acid.
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2.6 Microfluidics experiments

2.6.1 Microfluidic chip design and fabrication
The current prototype chip is illustrated in Figure 2.4. Fabrication and dimensions of
the chip are described in this section. The size of the channel will promote laminar flow
and therefore there should not be any problems with turbulent flow and mixing.

Microscope objective

Silicon chip containing
channel and reservoirs
Connector
Outlet
Capillary tubing
connected to syringe
pump - inlet

Figure 2.4. Photograph of the microfluidic chip.
2.6.1.1 Dimensions of microfluidic channel and reservoirs
The dimensions of the microfluidic channel and reservoirs are shown in Figure 2.5.
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Figure 2.5. Dimensions of the microfluidic channel and reservoirs.

2.6.1.2 Sawn and etched channels
Chips with sawn channels rather than etched channels were used for initial experiments
because it was quicker to make sawn channels, and therefore quicker to get preliminary
data. Ideally the final chip would have etched channels as they would be smoother and
therefore less likely to cause damage to cells flowing through them. A table comparing
etched and sawn channels is shown below (Table 2.4). The procedure for making a chip
with a sawn channel is shown in Figure 2.6. To make a chip with an etched channel,
photolithography and etching would replace Step 2. Photolithography and etching are
described in the microfluidics literature review section, and the photolithography
procedure used is shown in Figure 2.7.

81

SAW CHA

EL

ETCHED CHA

EL

Rougher

Smoother

Quicker (especially if done in-house)

Time-consuming

No optimisation required unless brittle

Process needs developing and optimising

material

for each application

Cannot create gently sloping grooves

Can create gently sloping curved grooves

No chemicals required

Chemicals required

Table 2.4. Comparison of etched versus sawn channels.

Silicon wafer
STEP 1: Saw groove in wafer

STEP 2: Drill holes at each end of channel

STEP 3: Attach glass to silicon by anodic bonding
Glass

STEP 4: Attach connectors
Chip ready for fluid to be
pumped through channel

Figure 2.6. Procedure for making chip with sawn groove
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DEHYDRATION BAKE
140ºC for 15 minutes, cool to room temp. Adhesion promoter (HDMS) –
optional.

PHOTORESIST
Drop photoresist (51818) onto wafer and spin at 4000rpm

SOFTBAKE
Place wafer on hotplate for 1 minute at 100ºC

PATTERN
Transfer pattern from mask onto photoresist

EXPOSURE
2 seconds (can vary)

DEVELOP
Place wafer into petri dish with 1:2 mix of developer:water for 35
seconds. Then rinse with DI water and dry with nitrogen

HARDBAKE
Fixing step. Place wafer onto 110ºC hotplate for 60 seconds.

Figure 2.7. Photolithography procedure
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2.6.1.3 Outsourced chip fabrication
Some of the microfluidic chip fabrication was outsourced, mainly sawn grooves and
drilling of reservoirs. Table 2.5 gives details of companies involved and their
contribution.
CHIP

FABRICATIO COMPA Y

CIP-A
Centre of Integrated Proteomics (CIP)
CIP-B
CIP-C
CIP-1
Centre of Integrated Proteomics (CIP)
CIP-2
CIP-3
CIP-4
CIP-5
CIP-6
CIP-7
CIP-8
CIP-9
CIPT-1
Centre of Integrated Proteomics (CIP)
CIPT-2
CIPT-3
CIPT-4
CIPT-5
CIPT-6
CIPT-7
Advanced Dicing Technology (ADT)
IMP-1
IMP-2
IMP-3
DRILL-1
Advanced Dicing Technology (ADT)
DRILL-2
DRILL-3
DRILL-4
DRILL-5
DRILL-6
DRILL-7
DRILL-8
DRILL-9
DISCO Corp.
DISCO-1
DISCO-2
DISCO-3
DISCO-4
DISCO-5
DISCO-6
DISCO-7
DISCO-8
DISCO-9
Table 2.5. Details of outsourced chip fabrication.

ADDITIO AL
I FORMATIO
Pigtailed by manufacturer

Non-pigtailed

Test chips

Sawn grooves

Holes drilled by Loadpoint

Sawn grooves
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2.6.1.4 Piranha clean
Sulphuric acid (98%) and 30% hydrogen peroxide were mixed at a ratio of 4:1. Samples
were immersed in this mixture and heated to 100ºC. After 10 minutes, samples were
transferred to a beaker of deionised (DI) water. Samples were removed and placed into
a clean beaker of DI water, and this was repeated 5 times. Samples were then dried with
Nitrogen gas.

2.6.1.5 Silanisation
Silanisation was used to give the silicon channels a positively charged surface at neutral
pH. Gas phase aminosilanisation was carried out as described by Riener et al., 2003
(Riener, Stroh et al. 2003). Silicon wafers and a Teflon block were piranha cleaned,
rinsed 5 times with DI water, and dried with Nitrogen gas. The silicon samples and
Teflon block were then placed into a dessicator, the silicon being placed onto glass
slides. Air was vacuum pumped out of the dessicator for 10 minutes, then the dessicator
was filled with argon gas. 30µl 3-Aminopropyltriethoxysilane (APTES) (Sigma) and
10µl triethylamine (TEA) (Sigma) were placed into separate wells in the Teflon block,
and the dessicator topped up with argon gas. The dessicator was placed in the dark, and
the Teflon block removed after 2 hours. The dessicator was then topped up with argon
and left in the dark for a further 2 days after which the silanisation procedure was
complete.

2.6.2 Beads used for charge probing experiments
Details of the beads used in the charge probing experiments are shown in Table 2.6.
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Size (µm)

Charge

Further details

3

Positive

Polybead amino polystyrene microspheres. Polysciences,
cat #: 17145

3

Negative

Fluoresbrite carboxylate YG polystyrene microspheres.
Polysciences, cat #: 17147

3

Neutral

Fluoresbrite plain YG polystyrene microspheres.
Polysciences, cat #: 17155

6

Positive

Polybead amino polystyrene microspheres. Polysciences,
cat #: 19118

6

Negative

Fluoresbrite carboxylate YG polystyrene microspheres.
Polysciences, cat #: 18141

6

Neutral

Fluoresbrite plain YG polystyrene microspheres.
Polysciences, cat #: 17156

20

Positive

Amino silica particles. Kisker Biotech, PSI-20.0NH2

20

Negative

Carboxy silica particles. Kisker Biotech, PSI-20.0COOH

20

Neutral

Plain silica particles. Kisker Biotech, PSI-20.0

Table 2.6. Details of beads used for charge probing experiments
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CHAPTER 3
THE RABBIT COR EA AS A MODEL FOR THE HUMA
LIMBAL STEM CELL ICHE
3.1 Introduction
As human tissue for research is in very short supply, models of human LESC culture
and the human LESC niche are required to identify mechanisms involved in LESC
regulation. This chapter evaluated rabbit limbal tissue and cultured cells for this
purpose.

In vivo adult stem cells are resident in a unique microenvironment referred to as a stem
cell ‘niche’ which regulates the self-renewal and differentiation of these cells. This
niche concept was originally proposed in 1978 by Schofield (Schofield 1978). The stem
cell niche comprises all cellular and non-cellular components that interact with and
control the stem cells (Walker, Patel et al. 2009). Secreted factors, direct cell-cell
interactions, integrins and extracellular matrix have all been shown to play an important
role in the regulation of stem cells within the niche (Watt and Hogan 2000). Stem cell
niches vary in structure depending on the tissue in which they are located (de Paiva,
Chen et al. 2005; Raymond, Deugnier et al. 2009), and species-specific differences are
also observed (Lapidot, Dar et al. 2005).

Like human LESCs, rabbit LESCs have been shown to be localised in the limbus
(Huang and Tseng 1991; Budak, Alpdogan et al. 2005; Park, Lim et al. 2006). In the
human cornea, stem cells have been shown to reside in the limbus in niche structures
called limbal crypts and focal stromal projections (Shortt, Secker et al. 2007). In this
study the rabbit limbus was observed using whole mount immunohistochemistry to see
if similar niche structures were present in this species.

Aim: To determine if the rabbit cornea is a suitable model of the human LESC niche.

3.2 Results
The limbal regions of rabbit and human corneas were studied using whole mount
immunohistochemistry, and were observed to be very different. The previously
described limbal crypts and focal stromal projections were observed in the human
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limbus (Figure 3.3, Figure 3.4 and Figure 3.5), but were not present in the rabbit
limbus. Limbal crypts can be seen by the naked eye in some individuals, or may be
observed under the dissecting microscope (Figure 3.2). Finger-like projections about
50µm in diameter were observed near the rabbit limbus, on the scleral side (Figure 3.6).
These structures were acellular but appeared to have cells located between them as
indicated by propidium iodide staining (Figure 3.6C), and were not observed in the
human cornea.

LECs were isolated from the rabbit and human limbus, and successfully cultured in
vitro. These cells were morphologically very similar as illustrated in Figure 3.7, and
both formed colonies with features of a holoclone. Occasionally two distinct
populations of cells were observed in some of the rabbit LEC cultures. The first was
very similar to that of human LECs, but the second population was made up of much
larger cells.

Figure 3.1. Rabbit eye.
No crypt-like structures were visible by eye or under the dissecting microscope.
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Figure 3.2. Human limbus.
*Crypt-rich regions which contain LESCs can be seen by eye. These limbal crypt
regions are located at the 6 and 12 o’clock. Non-crypt regions are located at the 3 and 9
o’clock positions.
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Figure 3.3. Wholemount of the human limbus.
Crypt-rich regions are located at 6 and 12 0’clock, and higher power magnifications of
these regions are shown. Phalloidin staining showing the actin cytoskeleton is shown in
green and propidium iodide indicating the nuclei is shown in red.
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Figure 3.4. The location of putative stem cells within human limbal crypts.
Small cells with a high nuclear:cytoplasmic ratio are located at the edges of the limbal
crypts (LC) along the dotted lines. These are thought to be stem cells, and stain positive
for putative LESC markers. Phalloidin staining showing the actin cytoskeleton is shown
in green and propidium iodide indicating the nuclei is shown in red.
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Figure 3.5. Focal stromal projections.
See following page for full legend.
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Figure 3.5. Focal stromal projections. Focal stromal projections present in the human
limbus visualised by whole mount immunohistochemistry with phalloidin staining
showing the actin cytoskeleton (green) and propidium iodide showing the nuclei (red).
A) Sections of focal stromal projections (indicated by white arrows) from superficial
layers of the limbus (0.0µm) down 24.3µm towards the basal layer. The scale bar is
50µm. B) Focal stromal projections visualised from the limbal surface. C) Higher power
magnification of two focal stromal projections indicated by the dashed lines, the arrow
shows the blood vessel present in the centre of a focal stromal projection.
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Figure 3.6. Unique structures observed in the rabbit eye that are not seen in
humans.
Finger-like projections about 50µm diameter were observed near the rabbit limbus and
were visualised with phallodin staining in whole mount preparations. A) Phalloidin
staining is shown in white. B) and C) show higher power magnification images of these
acellular projections which appear to have cells located between them. Phalloidin
staining is shown in green. C) Finger-like projections are shown in green (phalloidin
staining, examples marked with an asterix) and nuclei labelled with propidium iodide
are shown in red (examples indicated with white arrows).
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Figure 3.7. Cultured rabbit and human limbal epithelial stem cells.
A) Cultured human LECs, B) cultured rabbit LECs, C) some rabbit LEC cultures have 2
distinct cell populations, one larger in size (1) than the other (2). This is not seen in
human limbal epithelial cultures. D) Colony forming efficiency (CFE) analysis shows
that holoclone colonies are observed in both human and rabbit LEC cultures. Scale bar
= 400µm.

3.3. Discussion
Rabbit LECs are widely used for research, and as the amount of human tissue available
was limited rabbit eyes were used as an alternative source of LESCs for my studies.
Cultured rabbit and human LECs were very similar morphologically, and both had the
ability to form colonies with holoclone features suggesting that stem cells were being
isolated from both of these limbal tissues. Rabbit LECs seemed to behave similarly to
their human counterparts as demonstrated in the oxygen studies described later in this
thesis (chapter 5). They therefore seem to be suitable for research, but results would still
need to be verified with human cells. There are some limitations with using rabbit tissue
for research as the rabbit genome has not yet been fully sequenced and accurate PCR
primers cannot therefore be designed. Since we do not know how homologous the
rabbit genome is to the mouse and human the accuracy of using mouse and human
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primers cannot be guaranteed. Although rabbit tissue is commonly used in research,
there are a limited number of antibodies available that are specific to this species.

Corneal epithelial stem cells are located in the human limbus in niche structures called
limbal crypts and focal stromal projections (Shortt, Secker et al. 2007). Studies have
shown that corneal epithelial stem cells are also located in the rabbit limbus (Tsai, Sun
et al. 1990), but niche structures such as those present in the human limbus were not
observed in this study. Differences between the rabbit and human cornea have been
reported and these include differences in the collagen arrangement in the Descemet’s
membrane (Ojeda, Ventosa et al. 2001), and that a Bowman’s membrane is observed in
humans but not in the adult rabbit (Wilson and Hong 2000). In this study unique
acellular finger-like projections close to the rabbit limbus were observed that were not
seen in the human eye. This further highlights the differences between the rabbit and
human eye.

Rabbit tissue provided a good source of LECs for this study when human tissue was
unavailable. However, in terms of a model for the in vivo niche, the rabbit does not
appear to be suitable as a model for the human as it does not have limbal crypts. Other
tissues such as pig have a similar limbal structure to the human (Notara et al.,
manuscript in preparation) and may be a better model than the rabbit for this purpose.

Understanding of the LESC niche and the in vivo regulation of LESCs may provide
insights into how to improve the ex vivo culture of these cells. Human LECs typically
only survive for a few passages in vitro before they senesce. In this thesis conditions in
the in vivo niche will be mimicked in an attempt to improve in vitro culture of LESCs.
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CHAPTER 4
SUITABILITY OF THE IBSC 3T3 CELL LI E TO ACT
AS A FEEDER LAYER FOR LESC CULTURE.
4.1 Introduction
3T3 cells are a fibroblast cell line established from a Swiss mouse embryo using the
3T3 protocol of Todaro and Green (Todaro and Green 1963). In this method mouse
embryonic fibroblast cells were isolated and passaged every 3 days at a density of
3x105cells/plate. 3T3 mouse fibroblasts are used as a feeder layer for the culture of
LECs, a method originally developed by Rheinwald and Green in 1975 for epidermal
keratinocytes (Rheinwald and Green 1975). In this co-culture system, 3T3s are growth
arrested to prevent them from outcompeting the epithelial cells. It is not known exactly
how the feeders contribute to the expansion of LECs in this co-culture system, but
possible explanations include the following: the fibroblasts produce extracellular matrix
that promotes epithelial expansion; the fibroblasts release growth factors into the culture
media; or direct cell-to-cell contact between the fibroblasts and epithelial cells could be
responsible (Hayflick 1965; Osei-Bempong, Henein et al. 2009).

NIBSC 3T3 J2s have recently (2006) been banked under Good Manufacturing Practice
(GMP) and have been screened for all known human and murine viruses. They may
therefore be used in the clinic until a non-animal replacement is found. In this chapter
this banked cell line was compared to the 3T3 J2 line that is currently used at the
Institute of Ophthamology (IoO) for research. The IoO 3T3 J2 cell line was supplied by
Fiona Watt, and is genetically the same as the NIBSC line. Extensive research has been
conducted with the IoO 3T3 J2s, and the aim of these experiments was to see if the
GMP scale-up process had affected the ability of the NIBSC 3T3 J2s to support the
maintenance and expansion of LESCs. The NIBSC 3T3 J2s were released for clinical
use based on a dossier of information provided by NIBSC and the 3T3 users group
which included data obtained in this chapter.

3T3s can be growth arrested by either Mitomycin C (MMC) treatment, or gammairradiation (Shortt, Secker et al. 2007). In this chapter these two different types of
growth arrest treatment were investigated for their ability to support the expansion of
LESCs in culture.
97

Aim: To compare the ability of the banked IBSC 3T3 J2, and the IoO 3T3 J2 cell
lines to act as a suitable feeder layer for the maintenance and expansion of LESCs.

€4.2 Results
4.2.1 Comparing the morphology of IBSC and IoO 3T3 J2s

4.2.1.1 Untreated 3T3s
IoO 3T3 J2s and NIBSC 3T3s were a similar size and shape as shown in Error!
Reference source not found. and Figure 4.1. These cell types also displayed comparable
times to passage, both required passaging approximately every 6-7 days at a ratio of 1:8.

Figure 4.1. Morphology of IoO 3T3 J2s (passage 4) and IBSC 3T3 J2s (passage
11).
Both cell lines are a similar shape and size.
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4.2.1.2 Growth arrested 3T3s
The morphology of IoO 3T3 J2 MMC treated and NIBSC 3T3 MMC treated cells was
very similar, as shown in Figure 4.2. Gamma irradiated cells also looked like the MMC
treated feeders after 14 days in culture, but did not survive as long in culture as the
MMC treated cells. After 27 days in culture, significantly fewer gamma-irradiated cells
were still attached to the tissue culture surface compared to the MMC treated cells (see
Figure 4.3). All of the gamma-irradiated cells, apart from 2, had become unattached
from the tissue culture surface by day 30. On day 35, patches of NIBSC 3T3s which
displayed the morphology of untreated proliferating 3T3s were observed in one of the
flasks (see Figure 4.4). This suggests that these cells may have recovered from the
growth arrest treatment although further repeats and tests such as Ki67 staining would
need to be done to confirm this finding. Although IoO 3T3s were still fairly densely
packed, they retained growth arrested morphology.
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Figure 4.2. Phase contrast images of MMC growth arrested, and gammairradiated IoO and IBSC 3T3s after 14 days in culture.
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Figure 4.3. MMC growth arrested IoO and IBSC 3T3 J2s, after 27 days in
culture.
MMC growth arrested feeders survived better than those which had been gammairradiated, with more cells remaining attached to the tissue culture plastic after this
extended culture period.

Figure 4.4. Proliferating MMC treated 3T3s.
After 35 days in culture small, tightly packed patches of cells with normal 3T3
morphology such as those indicated by * were observed amongst the NIBSC MMC
treated 3T3s.
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4.2.2 Comparing 3T3 feeder capacity to culture human limbal epithelial cells
IoO and NIBSC 3T3 J2s were compared for their ability to support the expansion of
LECs. Different methods of growth arrest (MMC treatment and γ-irradiation) were also
compared for their ability to act as a suitable feeder layer for the culture of LECs.
Cryopreserved MMC growth arrested 3T3s were also evaluated as a possible alternative
to freshly MMC treated feeders.

4.2.2.1 IoO versus IBSC (MMC treated and γ-irradiated)
NIBSC and IoO 3T3 J2s were both found to support the expansion of human LECs.
Colonies of epithelial cells were observed on both feeder layers as shown in Figure 4.5.
MMC and gamma-irradiated 3T3 J2s were also found to be suitable feeder layers for the
expansion of LECs. CFE and cell proliferation (total LEC number obtained at passage
2) varied with different donors as shown in Figure 4.6 and Figure 4.7. CFE data
indicated that stem cell progenitors were maintained in LESC cultures with IoO 3T3 J2
MMC growth arrested, NIBSC 3T3 J2 MMC growth arrested, and NIBSC 3T3 J2
gamma irradiated feeder layers, and none could be considered to be significantly better
than the others. Although the greatest LEC number was consistently higher for cells
cultured on NIBSC MMC growth arrested feeder layers, there was no significant
difference in LEC number obtained with the different feeder layers.
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Figure 4.5. Human limbal epithelial cell expansion was supported using IoO 3T3
J2 MMC treated, IBSC 3T3 J2 MMC growth arrested, and IBSC gammairradiated feeder layers.
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Figure 4.6. Colony forming efficiencies of human limbal epithelial cells expanded
on IoO 3T3 J2 MMC treated,

ISBC 3T3 J2 MMC, and

IBSC 3T3 J2 γ-

irradiated feeder layers.
Data is an average of 4 experiments using different LEC donors, and with 3 replicates
for each condition. Standard error bars are shown. One way ANOVA revealed no
significant difference between the 3 different feeder layers (p>0.05).
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Figure 4.7. Human limbal epithelial cell numbers (passage 2) obtained on different
feeder layers.
Cell numbers shown are those obtained per well of a 12 well plate when seeded at the
same initial density onto MMC-growth arrested and gamma-irradiated feeder layers.
Three experiments were conducted with different limbal epithelial donors, and with 4
replicates per condition. Cell numbers were counted using a hemocytometer, and one
way ANOVA showed no significant difference between the LEC numbers obtained on
the different feeder layers (p>0.05).

4.2.2.2 Fresh versus cryopreserved MMC growth arrested feeders
MMC growth arrested feeder layers which had been freshly treated or treated and then
cryopreserved prior to use were compared for their ability to culture LESCs. Freshly
MMC treated feeders were found to be a better feeder layer for the maintenance and
expansion of LESCs than those which had been cryopreserved. This was demonstrated
by the higher colony forming efficiency (see Figure 4.8) and the greater number of
LECs obtained using these freshly treated rather than the treated and cryopreserved
3T3s (see Figure 4.9).
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Figure 4.8. Colony forming efficiencies of human LECs cultured on freshly treated
MMC growth arrested 3T3 J2s versus MMC treated 3T3 J2s that have been
cryopreserved.
A and B show data from LECs obtained from different donors, and indicate that freshly
MMC growth arrested 3T3 J2 feeder layers are better for supporting the expansion of
LESC progenitors than those which have been growth arrested and cryopreserved prior
to use although these values were not statistically significant (t-test). Standard error bars
are shown, n=1.
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Figure 4.9. Total human limbal epithelial cell numbers when cultured on different
feeder layers.
The proliferation of LECs from the same donor was compared on NIBSC 3T3 J2 MMC
freshly growth arrested feeders and NIBSC 3T3 J2s that had been MMC treated and
cryopreserved. Cells were cultured in a 12 well plate with an initial seeding density of
1.5x104/cm2 LECs, and 2.7x104/cm2 3T3s. The total number of cells/well was counted
at passage 1 after 5 days of culture, and passage 2 (12 days in culture). Each value is an
average of at least 4 wells which were pooled and then counted using a hemocytometer.
Data shown is from a single LEC donor (n=1).

4.3 Discussion
This study shows that NIBSC 3T3 J2s are equivalent to IoO 3T3 J2s for use as a feeder
layer for producing LECs for both research and clinical use, and can be used without
any changes to the culture process. It is important to use a cell line for clinical use that
has been screened for adventitious agents and that has had been confirmed as safe for
patient use. These two cell types have similar morphology, and both have the ability to
support the growth of LECs in vitro as indicated by CFE data.
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NIBSC 3T3s growth arrested with MMC survived better in culture than gamma
irradiated 3T3s. After 27 days in culture, very few gamma-irradiated cells were still
attached to the tissue culture surface compared to the MMC treated cells. A possible
reason for this difference could be that the 3T3s were gamma irradiated off-site,
whereas the MMC treatment was carried out on-site. The transportation of the cells to
and from the gamma irradiator could have had a detrimental effect on them, especially
since they were in suspension for the duration of transport and gamma irradiation
treatment and this time detached from tissue culture plastic may have altered gene
expression. Other explanations are that the gamma irradiation treatment may need to be
optimised slightly, or the different mode of action of gamma irradiation may not allow
3T3s to survive in this state as long as MMC growth arrested 3T3s. Gamma irradiation
causes DNA scission whereas MMC causes DNA-DNA crosslinking (Woods and Byrne
1986). However, it must be noted that growth arrested 3T3 fibroblasts would not need to
be able to survive for extended periods of time greater than 27 days since LECs cocultured with fibroblasts typically reach confluence in less than 10 days.

Results suggested that after 35 days in culture MMC growth arrested NIBSC 3T3 J2s in
one of the two flasks had recovered from the growth arrest treatment and begun
proliferating. In the co-culture system it is required that the 3T3s do not proliferate and
out-compete the LECs. However, as already mentioned, LECs co-cultured with feeders
would have reached confluence long before the feeders had begun replicating, and
therefore this recovery from growth arrest treatment after 35 days should not present a
problem. Also, the survival of MMC treated feeders was carried out using fibroblast
media which may be a more favourable environment than CECM which would be used
for co-cultures of epithelial cells with fibroblasts and is designed to favour the growth of
the epithelial cells.

CFE and proliferation data from this study suggest that freshly MMC growth arrested
feeder layers are better for expanding limbal epithelial progenitors in culture than MMC
treated feeders which have been cryopreserved. In this study a greater number of LECs
were obtained on freshly MMC growth arrested feeders compared to cryopreserved
MMC treated feeders, and the CFE was also higher. Higher CFE indicates a greater
number of stem cell progenitors in the culture. However, these experiments were only
done twice, and one further repeat would be required to confirm that the freshly MMC
treated feeders are indeed better than those which have been treated with MMC and then
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cryopreserved. The decreased proliferation of LESCs on cryopreserved growth arrested
3T3s could be due to the cryopreserved cells needing longer to recover from the
freezing process, and the combination of growth arrest treatment immediately followed
by cryopreservation may have affected the quality of these cells. However, although
these results show that it is preferable to use a freshly MMC treated feeder layer for
expanding LESCs, cryopreserved MMC treated 3T3s can support the growth of LECs in
vitro.

Gamma irradiation represents an alternative to the use of MMC for growth arresting
feeders. Although Mitomycin C and gamma irradiation induced 3T3 growth arrest are
thought to be equivalent, some studies have found differences in the ability of 3T3s
treated with these different methods of growth arrest to act as a suitable feeder layer
(Roy, Krzykwa et al. 2001). In this study MMC and gamma irradiated NIBSC 3T3s
were compared for their ability to support the culture of LECs. Both these methods of
growth arrest were suitable for culturing LECs as shown by proliferation and CFE data,
and no significant difference was found between them.

Cryopreserved MMC growth arrested 3T3s were evaluated for their ability to support
the maintenance and expansion of LESCs. Having a bank of cryopreserved growth
arrested feeder cells would be advantageous as these cells would be immediately
available for co-culture when required. This would be particularly useful due to the
variable proliferation rates of LECs which make it difficult to predict when cultures will
be ready for passaging, or will need topping up. Manufactured growth arrested cell lots
would allow cells to be tested prior to use and would be a source of more reproducible
feeder layers than growth arresting when required. However, this study showed that
although cryopreserved MMC growth arrest feeders could be used as an alternative to
growth arrest when required, they were not as good at preserving the limbal epithelial
progenitor phenotype as demonstrated by the lower CFE obtained with these cells.

To conclude, the NIBSC 3T3 J2s that have been banked under GMP are equivalent to
the IoO 3T3 J2s that have been used extensively for research in terms of providing a
suitable feeder layer for the expansion of LECs.
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CHAPTER 5
EFFECT OF LOW OXYGE O STEM CELL MAI TE A CE

5.1 Introduction:
Human LESCs are routinely cultured in vitro in atmospheric oxygen i.e. 21% oxygen.
However, physiological oxygen levels are lower in the body ranging from 1-13% in
different organs (D'Ippolito, Diabira et al. 2006). It has been suggested that the stem cell
niche is a hypoxic environment, and upon leaving this niche stem cells are exposed to a
higher oxygen concentration and triggered to differentiate (Cipolleschi, Dello Sbarba et
al. 1993; D'Ippolito, Diabira et al. 2006). It has been shown that mesenchymal stem
cells exhibit greater self-renewal when cultured in vitro in low oxygen (3%) compared
to ambient air (D'Ippolito, Diabira et al. 2006). LESCs may also be prevented from
differentiating at low oxygen tensions. Although the front surface of the cornea has only
the tear film to separate it from atmospheric oxygen, LESCs are located deeper in the
limbus and may therefore experience different oxygen levels. Indeed it has been shown
that there is an oxygen gradient between the differentiated cells at the front surface of
the corneal epithelium and the epithelio-stromal junction (Fatt and Bieber 1968; Kwan,
Niinikoski et al. 1972). Several studies have recorded the oxygen tension in the rabbit
corneal epithelium to be about 10% (Freeman 1972; Freeman and Fatt 1972), and Kwan
et al., (1972) found that the oxygen tension at the surface of the rabbit corneal
epithelium is 16.7%, decreasing to 8.8% at the epithelio-stromal junction (Kwan,
Niinikoski et al. 1972). Although to date no direct measurements of the oxygen tension
in the LESC niche have been reported, measurements of the oxygen tension in the
corneal epithelium are sub-atmospheric. This raises the question of whether 21%
oxygen is an optimal environment for the maintenance and expansion of LESCs in vitro,
or whether a more physiological oxygen tension would be better.

Cell cycle analysis was performed on LECs cultured in different oxygen tensions
between 21% and 2% to see if low oxygen had an effect on the cell cycle. The cell cycle
is the sequence of stages which a eukaryotic cell undergoes in the process of cell
division. After a cell has divided (M-phase), it enters G1 phase (first gap) which is a
resting phase before DNA synthesis (S-phase) commences (Lodish, Baltimore et al.
1995). Some cells can exit the cell cycle after G1- and before S-phase and these resting
or quiescent cells are said to be in G0 phase (Lodish, Baltimore et al. 1995). After Sphase, cells enter G2-phase (second gap) prior to division (Lodish, Baltimore et al.
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1995). FACs analysis can be used to distinguish between cells in different phases of the
cell cycle by measuring their relative DNA content. Cells in G1/0 phase have X amount
of DNA, cells in S-phase contain between X and 2X DNA, and cells in G2/M phase
have 2X DNA (Lodish, Baltimore et al. 1995).

The effect of sub-atmospheric oxygen levels between 21% and 2% on the culture of
rabbit and human LECs was investigated in this study. Low oxygen (2%) corneal
storage was also investigated as it is not known if the current eye bank storage
conditions are optimal for LESC preservation and subsequent culture.

Hypothesis: Sub-atmospheric oxygen tensions promote the maintenance and
expansion of LESCs in vitro by providing a more physiological environment.

5.2 Results
5.2.1 Gassing regimen and optimisation
5.2.1.1 Checking airtightness of plugseal caps
Upon gassing with 5% CO2 the pH of the media did not change. The starting pH in both
flasks was 7/8. After 1 day the pH of the DMEM exposed to atmospheric air via a filter
cap had increased from pH7/8 to pH9. The pH of the DMEM which had been gassed
with 5% CO2 and sealed with a plugseal cap remained at pH7/8 for the duration of the
experiment (16 days) as shown in Figure 5.1.
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A

B

Figure 5.1. Checking the airtightness of plugseal capped tissue culture flasks.
The pH of DMEM in A) gassed and B) non-gassed flasks after 16 days at room
temperature. The pH remained at 7/8 in the gassed flask (5% carbon dioxide) for the
duration of the experiment (16 days), but increased to pH9 in the non-gassed flask after
only 1 day suggesting that the plugseal cap was airtight.

5.2.1.2 Calculation of gassing time required
The flowrate of the gas was 56.7ml/second at 0.5bar. The time required to fill a 25cm2
tissue culture flask and a 12.5cm2 tissue culture flask with gas was therefore 1.4 seconds
and 0.8 seconds respectively. Gassing for 20seconds at 0.5bar was thus considered to be
sufficient.

5.2.1.3 Measuring actual oxygen tension in gassed flasks
After gassing with 2% oxygen (plus 5% carbon dioxide, balance nitrogen), the oxygen
tension equilibrated after about 1 hour at 37ºC, then remained constant for the duration
of the experiment (11 hours) as shown in Error! Reference source not found.. The actual
oxygen tension was found to be 1.5-2% and 4% in 12.5cm2 and 25cm2 tissue culture
flasks respectively.
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Figure 5.2. See following page for full legend.
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Figure 5.2. Actual oxygen tension in tissue culture flasks gassed with 2% oxygen.
The actual oxygen tension in 25cm2 (T25) and 12.5cm2 (T12.5) tissue culture flasks (liquidphase) at 37ºC was measured after gassing with 2% oxygen for 20 seconds. After equilibration,
the actual oxygen tension was 1.5-2% and 4% in T12.5 and T25 flasks respectively. A, B, C and
D are results from separate experiments. A) Oxygen tension recorded for 2 hours following
gassing of T25 flask. B) Oxygen tension recorded for 11 hours following gassing of T25 flask.
C) Oxygen tension recorded for 2 hours following gassing of T12.5 flask.D) Oxygen tension
recorded for 11 hours following gassing of T12.5 flask.

5.2.2 Effect of oxygen tension on 3T3s
LECs are commonly cultured on a feeder layer. The aim of this experiment was to
ensure that 3T3 J2 feeder cells can survive in low oxygen and therefore provide a
suitable feeder layer in experiments investigating the culture of LESCs in low oxygen.

5.2.2.1 3T3 proliferation in low oxygen – late passage cells.
Late passage 3T3 J2s (IoO, passage 27) were found to proliferate more quickly in 2%
oxygen compared to normoxic conditions. However, this experiment needs to be
repeated to confirm this finding as repeats were done with lower passage cells (p16 –
see following section 5.2.2.2). After 7 days in culture in 2% oxygen, the 3T3s had
increased by 3.6 population doublings, compared to an increase of less than 2.3
population doublings in both the gassed 21% oxygen condition, and the flask exposed to
atmospheric oxygen (21%) (see Figure 5.3). Proliferation was lower in the control than
in the 21% oxygen condition. Cell morphology did not differ in 2% and 21% oxygen
(see Figure 5.4).
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Figure 5.3. Proliferation of late passage 3T3 J2s in 2% and 21% oxygen tensions.
The number of 3T3 J2s (IoO, passage 27) after 7 days in culture in 21% and 2% oxygen
(gassed flasks), and also atmospheric oxygen (21%, control) are shown (seeding density
2.5x104 cells per 25cm2 tissue culture flask). Cells were counted with a haemocytometer
(3 times for each sample). There are no error bars as n=1 for each condition.
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Figure 5.4. Morphology of 3T3 J2s (IoO) after 7 days culture (after
cryopreservation) in 2% and 21% oxygen (gassed flasks).
The control flask was exposed to atmospheric air (21% oxygen).

5.2.2.2 3T3 proliferation in low oxygen – intermediate passage cells.
The total cell numbers after 6 days in culture were not statistically different for passage
13 3T3s cultured in 2% or 21% oxygen (see Figure 5.5) compared to atmospheric
controls.
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Figure 5.5. Expansion of intermediate passage 3T3s (passage 13) in 2% and 21%
oxygen.
This graph shows the total number of 3T3 J2s (IoO passage 13) obtained after 6 days in
culture in 21% and 2% oxygen (gassed flasks), and also atmospheric oxygen (21%).
Cells were counted with a haemocytometer (3 times for each sample). Standard error
bars are shown, and n=3. No significant difference (p>0.05) was observed between 2%
or 21% oxygen cultured cells (gassed) and atmospheric controls (t-test, comparison of
each data point with atmospheric control).

5.2.2.3 Effect of 2% oxygen on MMC treated 3T3s
The aim of this experiment was to ensure that MMC treated 3T3s would provide a
suitable feeder layer in low oxygen experiments with LESCs. 3T3s (IoO 3T3 J2,
passage 14, MMC treated, cryopreserved) were seeded into four 25cm2 tissue culture
flasks at a total density of 5x105 per flask. Flasks 1 and 2 were gassed with 2% oxygen,
and sealed with plugseal caps. Flasks 3 and 4 were control flasks which had filter caps
allowing exposure to normal air (21% oxygen). Flasks 1 and 3 were fed with DMEM +
10%FCS + 1% AA, and flasks 3 and 4 were fed with CECM. All flasks were placed in
the same incubator at 37ºC, and with 5% CO2 in air. Cell morphology and survival was
observed for 2 weeks.

Cell loss was much less for cells cultured in CECM with 2% oxygen after 9 days
compared to the control with 21% oxygen (see Figure 5.6). 3T3s were maintained in
culture with 3T3 media (for 9 days) equally well whether in 2% or 21% oxygen (see
Figure 5.7).
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Figure 5.6. Comparison of MMC growth arrested 3T3 J2s maintained in CECM
for 9 days in 2% and 21% oxygen.
Phase contrast images are shown of MMC treated IoO 3T3s (p14) cultured in CECM for
9 days in the presence of 2% oxygen and 21% oxygen (filter capped flask). More cells
remained attached to the tissue culture surface in 2% oxygen. The scale bar is 250µm.
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Figure 5.7. Comparison of MMC growth arrested 3T3 J2s maintained in 3T3
medium for 9 days in 2% and 21% oxygen.
Phase contrast images of MMC treated IoO 3T3s (p14) cultured in 3T3 media for 9 days
in 2% and 21% oxygen (filter capped flask) are shown. A similar feeder layer was
maintained in 2% and 21% oxygen. The scale bar is 250µm.
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5.2.3 Effect of 2% oxygen on the culture of human LESCs
The aim of this experiment was to investigate the effect of low oxygen tension (2%) on
the maintenance of human LESCs.

5.2.3.1 Colony forming efficiency
The CFE of LECs cultured in 2% oxygen was found to be significantly lower (p<0.05)
than control cells in 21% oxygen (see Figure 5.8).

120

Figure 5.8. Colony forming efficiencies of human limbal epithelial cells in 2% and
21% oxygen.
A) CFEs of human LECs in 2% and 21% oxygen (passage 1). Cells were isolated from
the limbal region of a donor corneal rim, and split equally between 2% and 21% oxygen
cultures. CFE assays were performed in the same oxygen tension as the primary
cultures. Four experiments were performed with cells from different tissue donors, and
with 3 CFE repeats per condition. The CFE was significantly lower in 2% oxygen than
the atmospheric controls for each set of donor cells (t-test). B) The average CFEs of the
results in A are shown, p<0.05 (t-test, n=4). C) Representative colonies obtained in 2%
(1000 cells seeded per well) and 21% oxygen (500 cells seeded per well).
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5.2.3.2 Proliferation crossover experiment
Proliferation crossover experiments were carried out as indicated in Figure 5.9A. Cells
were isolated from the limbal region of a donor corneal rim and half cultured in 2%, and
half in 21% oxygen (two 25cm2 tissue culture flasks for each). LECs from these primary
cultures were seeded into 12.5cm2 tissue culture flasks (5 for each crossover condition),
and cultured with CECM on a feeder layer. LECs were harvested and counted with a
hemocytometer on days 1, 3, 5, 7, and 9 after seeding, and viability determined using
trypan blue.

LECs proliferated more quickly in 21% oxygen than in 2% oxygen as shown in Figure
5.9. Crossover experiments showed that this lower proliferation was found in 2%
oxygen regardless of the oxygen tension used in the previous passage i.e. 21% or 2%
oxygen. Cell viability remained high (>80%) in both 21% and 2% cultures.
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Figure 5.9 A&B.
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Figure 5.9 C & D

Figure 5.9. Proliferation crossover experiment of human limbal epithelial cells
cultured in 2% and 21% oxygen tensions.
A) Experimental crossover scheme. Cells were isolated from the limbal region of a
donor corneal rim, and split equally between 2% and 21% oxygen cultures. Proliferation
assays were set up in 2% and 21% oxygen from both sets of primary cultures. B&C)
Proliferation of passage 1 human limbal LECs cultured in 2% and 21% oxygen. D) Cell
viability over time. Standard error bars are shown (n=1, 3 counts for each data point).
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5.2.3.3 Morphology
Passage 1 LECs cultured in 2% oxygen were observed to be larger than those cultured
in 21% oxygen, regardless of the primary culture oxygen tension (see Figure 5.10).

Figure 5.10. Phase contrast images of normoxic/hypoxic crossover cultures of
LESCs.
A) 21% oxygen passage 1 cells from 21% oxygen primary culture, B) 21% oxygen
passage 1 cells from 2% oxygen primary culture, C) 2% oxygen passage 1 cells from
21% oxygen primary culture, D) 2% oxygen passage 1 cells from 2% oxygen primary
culture. Passage 1 cells cultured in 2% oxygen were larger than 21% controls,
regardless of the primary culture oxygen tension. Examples of small cells found in 21%
oxgen cultures are indicated by arrows in A and B, and examples of large cells observed
in 2% oxygen are marked by arrows in C and D.
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5.2.3.4 Telomerase activity
The telomerase activity assay was carried out as described in 2.2.3. For each donor rim,
LECs were isolated and split equally between two 25cm2 tissue culture flasks. One flask
was cultured in 2% oxygen and the other in 21% oxygen. Cells were expanded in these
oxygen tensions, and passage 2 cells used for telomerase activity measurements. Four
human limbal rims were used for this experiment. The telomerase activity of human
LECs cultured in 2% oxygen was significantly lower than atmospheric controls (see
Figure 5.11) (p<0.05, paired t-test).
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Figure 5.11. Relative telomerase activity of human limbal epithelial cells isolated
and expanded in 2% and 21% oxygen.
A) Telomerase activities in 2% and 21% oxygen for the same limbal donors.
Telomerase activity was consistently lower in 2% oxygen for all individual donors. B)
Average telomerase activities of results shown in A. Telomerase activity was
significantly lower in 2% oxygen than atmospheric controls, p<0.05 (paired t-test).
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5.2.3.5 Telomere length
The telomere length assay was carried out as described in 2.2.4. For each donor rim,
LECs were isolated and split between two 25cm2 tissue culture flasks, and one cultured
in 2% oxygen and the other in 21% oxygen. Cells were expanded in these oxygen
tensions, and passage 2 cells used for telomerase activity measurements. Cells cultured
in 2% oxygen had a longer telomere length compared to 21% controls as illustrated in
Figure 5.12.

Figure 5.12. Telomere length of passage 2 human limbal epithelial cells expanded
in 2% and 21% oxygen.
Cells cultured in 2% oxygen had a longer telomere length compared to 21% controls.
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5.2.4 Effect of intermediate oxygen on the culture of LESCs
As work with human tissue suggested that 2% oxygen was not a suitable environment
for the maintenance and expansion of LESCs in co-culture with 3T3 fibroblasts,
intermediate oxygen tensions of 14% and 8% oxygen were investigated. Due to
shortages of human tissue, the majority of experiments were performed with rabbit
tissue.

5.2.4.1. Rabbit data
5.2.4.1.1 Phenotype at sub-atmospheric oxygen tensions
LECs cultured in 21%, 14%, 8%, and 2% oxygen were very different in size as shown
in Figure 5.13. Cells cultured in 21% and 14% oxygen were small and tightly packed.
Patches of large cells were observed in 8% cultures, and these large cells dominated the
2% cultures.
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Figure 5.13. Morphology of primary rabbit limbal epithelial cells cultured in 21%,
14%, 8% and 2% oxygen tensions.
Cells are small and tightly packed in 14% and 21% cultures. Patches of large cells
which are indicative of a more differentiated phenotype are observed in 8% oxygen
cultures (indicated by arrows), and these large cells dominate the 2% oxygen cultures.

5.2.4.1.2 Cell proliferation
Cell proliferation was found to be greatly reduced at oxygen tensions of 8% and under
as shown in Figure 5.14. The rate of cell proliferation was significantly lower at
passage 2 when cultured in oxygen tensions of 8% and under compared to atmospheric
oxygen. Results at 2% oxygen tensions are not shown as cultures had stopped
proliferating prior to passage 2. The total number of cells obtained in 21% and 14%
oxygen tensions was not significantly different, but slower proliferation was observed in
14% oxygen cultures. Cells in 8% oxygen displayed >96% viability for the duration of
the experiment but had limited proliferative ability. The population doubling time was
significantly higher for 14% and 8% cultures compared to atmospheric controls.

130

Figure 5.14. See next page for full legend.
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Figure 5.14. Cell proliferation of passage 2 rabbit limbal epithelial cells cultured in
21%, 14% and 8% oxygen tensions.
A) Following isolation, LECs were cultured in each oxygen condition for the duration
of the experiment (3 sets of different donor cells for each condition). LECs (1.88x105)
from passage 1 were seeded into 12.5cm2 tissue culture flasks and cultured with growth
arrested 3T3s at the desired oxygen tension. LECs were harvested by trypsinisation 1, 3,
5, 7, and 9 days after seeding and counted with a hemocytometer. Three replicates were
harvested and counted (3 times) for each time point, from each donor. The rate of cell
proliferation was significantly lower at passage 2 for cells cultured in oxygen tensions
of 8% and under compared to atmospheric oxygen. Standard error bars are shown.
*p<0.05 (one way ANOVA for each time point, compared to 21% oxygen). The
proliferation of 2% oxygen cultures is not shown as cells had stopped dividing prior to
passage 2 and insufficient cells were available for this proliferation assay. B) Population
doubling times calculated from the results shown in A. *p<0.05 (t-test, compared to
21% oxygen). Population doubling times were significantly higher for 14% oxygen
(p=0.015) and 8% oxygen cultures (p=0.26) compared to 21% controls.

5.2.4.1.3 Colony forming efficiency
Figure 5.15 shows CFEs for LECs cultured in 21%, 14%, 8% and 2% oxygen. The CFE
was highest for 14% oxygen cultures. Cells in 8% and 2% oxygen had significantly
reduced CFEs compared to atmospheric oxygen levels.

Crossover experiments were conducted to see if altering the oxygen tension could be
used to control the properties of LECs i.e. to “rescue” progenitor cells, or to induce
differentiation. Results of these crossover experiments are shown in Figure 5.16.
Culturing LECs in 14% oxygen gave the highest colony forming efficiency and this was
statistically higher than the atmospheric control (p<0.05). Cells isolated in 2% oxygen
had the lowest CFE (statistically significant, p<0.05), and this value was similar
regardless of subsequent CFE analysis in 2% or 21% oxygen.

LECs initially expanded in 21% oxygen (passage 0) and then transferred to 14%, 8%
and 2% oxygen conditions displayed a similar trend to those in Figure 5.15 which had
been cultured in these oxygen conditions for the duration of the experiment. Both 8%
and 2% oxygen cultured cells had lower CFEs when transferred to 21% oxygen
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(passage 1) rather than being maintained in the same oxygen tension used for the
primary culture.
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Figure 5.15. Colony forming efficiency data for rabbit limbal epithelial cells
cultured in 21%, 14%, 8% and 2% oxygen.
A) Passage 1 colonies seeded at 500 cells per flask. B) CFEs of LECs expanded in 21%,
14%, 8% and 2% oxygen. 12 rabbit eyes were used, 3 for each of the oxygen conditions.
Results shown are average CFEs of the 3 different donors for each oxygen tension, with
3 replicates per CFE. CFEs were obtained using the same oxygen tension as the primary
culture i.e. primary cells cultured in 2% oxygen were maintained in 2% oxygen at
passage 1 for the CFE assay. * p<0.05 (one way ANOVA, each data point was
compared to the 21% oxygen control).
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Figure 5.16. Colony forming efficiency oxygen crossover experiment for rabbit
limbal epithelial cells.
A) Experimental illustration of crossover experiments. B) and C) CFE of passage 1 (B)
and passage 2 (C) LECs cultured according to the scheme shown in A. Results shown
are an average of crossover data obtained from 3 different donors and with at least 3
replicates per condition. CFE was highest for cells continually expanded in 14%
oxygen, and lowest for 2% oxygen cultures. The CFE could be altered by changing the
oxygen tension e.g. cells initially cultured in 21% oxygen, and then transferred to 2%
oxygen had a greatly reduced CFE compared to those maintained in 21% oxygen.
*p<0.05 (one way ANOVA compared to atmospheric controls). Grey bars indicate
CFEs of LECs which were cultured in the same conditions from isolation, black bars
indicate crossover cultures.

5.2.4.1.4 Cell cycle analysis
Primary cells cultured in 21%, 14%, and 8% oxygen were harvested prior to confluency
(3 samples from different donors for each condition) and cell cycle analysis performed
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as described in 2.2.6. Cell cycle distribution was significantly different for cells cultured
in 14% and 8% oxygen compared to atmospheric controls. 14% and 8% oxygen had a
greater proportion of cells in S- and G2/M phases of the cell cycle, and less cells in
G1/G0 than 21% oxygen cultures, as shown in Figure 5.17. A similar proportion of
cells were in S- and G2/M phases in the 14% oxygen culture (~12%), and also in 21%
(~4%). Cells in the 8% oxygen culture had more cells dividing than were synthesising
DNA for the following round of division, 14% and 7% in G2/M and S-phase
respectively.

Figure 5.17. Cell cycle analysis of primary rabbit limbal epithelial cells cultured in
21%, 14% and 8% oxygen.
Sub-atmospheric cultures had a significantly greater proportion of cells in S- and G2/M
phases of the cell cycle.*p<0.05 (one way ANOVA compared to controls).

5.2.4.1.5 Reverse Transcription Polymerase Chain Reaction
Reverse Transcription Polymerase Chain Reaction (RT-PCR) showed that 21%, 14%,
8%, and 2% cultures all expressed the putative LESC markers ABCG2 and p63alpha,
although lower expression was observed in 8% oxygen. The differentiation marker
CK12 was also observed in all cultures, although expression was highest in the 2%
oxygen culture. Ki67 expression was higher in 14% and 21% cultures compared to 8%
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and 2% oxygen. β1 integrin was observed in all conditions, whereas CK19, another
putative LESC marker was highly expressed in 2% oxygen and only weakly in 21%,
14% and 8% oxygen. See Figure 5.18 for RT-PCR results.

Figure 5.18. Presence of putative LESC markers and differentiation markers in
sub-atmospheric rabbit limbal epithelial cell cultures detected by RT-PCR.

5.2.4.1.6 Western blotting
Western blotting data was not consistent with the PCR data for rabbit LECs cultured in
21%, 14%, 8%, and 2% oxygen. Although equal amounts of protein were loaded onto
the gels for each of the different oxygen conditions, the housekeeping gene GAPDH
was not expressed in equal amounts making it difficult to compare protein expression in
the different oxygen tensions (see Figure 5.19).
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Figure 5.19.
See next page
for full legend.
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Figure 5.19. Western blots of rabbit LECs cultured in 21%, 14%, 8% and 2%
oxygen.
A) Passage 1 cells cultured in the designated oxygen tensions following isolation
(different donor for each condition). B) Passage 1 cells cultured in the designated
oxygen tensions after 21% primary culture (all cells from the same donor). C) Same as
B, but with a different donor. Although it was aimed to load equal amounts of protein,
GAPDH expression varied between samples making it difficult to compare protein
expression.

5.2.4.1.7 Immunohistochemistry
The expression of the putative LESC markers ABCG2, p63α, CK19, β1 integrin, and
CK15 in rabbit LECs cultured in 21%, 14%, 8%, and 2% oxygen was investigated.
Expression of the differentiation marker CK3, and the proliferation marker Ki67 were
also studied along with HIF1α which is thought to be upregulated in hypoxic conditions.
Since antibodies against rabbit LESC markers are not available, antibodies raised
against other species were used. Unfortunately immunostaining with antibodies to these
proteins was inconsistent. A summary of the results is shown in Table 5.1. None of the
immunostaining was successful for the 2% oxygen cultures, and even the differentiation
marker CK3 was not expressed in these cells even though they displayed a
differentiated morphology. HIF1α, p63α, and β1 integrin antibodies did not successfully
bind to 21%, 14%, 8%, or 2% cultures.

Interestingly CK19 appeared to be localised to the nucleus in 14% oxygen, to the
cytoplasm in 8% oxygen, and was barely detectable in 21% oxygen (see Figure 5.19).
However, this finding was initially observed using a CK19 antibody that had been
raised in rabbit, so the experiment was repeated with a CK19 antibody that had been
raised in mouse to confirm that there was no unspecific binding. The same trends were
again observed.
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Table 5.1. Immunohistochemistry results summary for rabbit LECs.
Immunohistochemistry was performed on cultured LECs using various antibodies.
Postive staining is indicated by +, negative staining by -, and NA indicates results that
are not available.
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Figure 5.19. Expression of CK19 in rabbit limbal epithelial cells cultured in 21%,
14%, and 8% oxygen.
CK19 staining is shown in green, phalloidin staining of the actin cytoskeleton in red,
and DAPI staining of the nuclei in blue. A) Expression of CK19 (anti-rabbit antibody
from Abcam) in colonies greater than 2mm in diameter. The scale bar is 50µm. B)
Expression of CK19 (anti-mouse antibody from Chemicon) in sub-confluent cultures.
C, D, and E illustrate cytoplasmic, nuclear, and diffuse CK19 staining at higher
magnification.
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5.2.4.1.8 Cell senescence
LECs were isolated from each rabbit cornea and divided equally between four 12.5cm2
tissue culture flasks. These cells were cultured for 7 days for 21%, 14%, and 8%
cultures, and 10 days for 2% oxygen cultures and cell senescence analysis performed.
This experiment was repeated twice. None of the monolayer rabbit LECs cultured in
21%, 14%, 8% or 2% oxygen were senescent, as shown in Figure 5.20. A few of the
fibroblasts were found to be senescent, confirming that the assay had worked.
Interestingly, some of the “cell clusters” found in the LEC cultures were also found to
be senescent.
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Figure 5.20. Senescence associated β-galactosidase (SA-β-gal) activity in rabbit
LECs isolated and cultured in 21%, 14%, 8% and 2% oxygen.
Phase contrast images are shown of LECs in A) 21% oxygen, B) 14% oxygen, C) 8%
oxygen, and D) 2% oxygen. Senescent cells are identified by blue staining. Cellular
senescence of LECs was not observed in any of the oxygen tensions studied. E) Some of
the cell clusters stained positive for β-gal (indicated by white arrow). F) Some of the
3T3 fibroblasts were positive for β-gal (indicated by black arrows) confirming that the
assay worked.
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5.2.4.1.9 Telomerase activity
Telomerase activity was found to be significantly increased in 14% and 8% oxygen
cultures compared to atmospheric controls (see Figure 5.21). Unfortunately not enough
cells were obtained from 2% oxygen cultures for comparison.

Figure 5.21. Relative telomerase activity of rabbit LECs cultured in 21%, 14% and
8% oxygen.
Telomerase activities were calculated by comparing the signal from the sample with that
of a known amount of control template, so values shown are relative to the control
template. Each data point represents an average of 4 telomerase activities obtained from
primary, passage 1, and passage 2 cultures. T-tests were performed comparing 14% and
8% oxygen to the 21% control. The increased telomerase activities found in these
subatmospheric oxygen tensions was found to be statistically significant, *p<0.05.

5.2.4.1.10 Telomere length
The telomere length of passage 1 LECs cultured in 21%, 14% and 8% oxygen was very
similar as shown in Figure 5.22. In addition to the data shown in Figure 5.23, some
passage 2 cells were also analysed (data not shown), and their telomere lengths also
found to be similar.

144

Figure 5.22. Telomere length of rabbit LECs (passage 1).
All samples are from different donors. Telomere length was similar for all oxygen
tensions studied.

5.2.4.2 Human data
Experiments with rabbit tissue showed that subatmospheric oxygen tensions of around
14% were optimal for maintenance and expansion of the LESC progenitor phenotype. A
shortage of human tissue for research meant that this rabbit data could not be
extensively repeated with human LECs, but a few selected experiments such as CFE
assays were carried out to see if the trends were the same.

5.2.4.2.1 Colony forming efficiency
To ensure that gassing alone did not affect the CFE of LECs, assays were set up with
the same donor cells, and either gassed with 21% oxygen (plus 5% carbon dioxide,
balance nitrogen) and sealed with a plugseal cap or cultured as normal in a standard
tissue culture incubator (atmospheric oxygen, 5% carbon dioxide). Similar CFEs were
obtained for these 21% oxygen cultures regardless of whether or not they were
individually gassed (Figure 5.23), thus confirming that control cultures did not need to
be gassed with 21% oxygen and could be cultured as normal.

Human LECs from 2 different donors were cultured in 21%, 14%, 8% and 2% oxygen
and the CFE determined for each oxygen tension. When CFE assays were conducted in
the same oxygen tension used for culture from isolation, the highest CFEs were found
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for 14% and 8% oxygen cultures, and these values were very similar (see Figure 5.23
and Figure 5.25). In Figure 5.25 for example, CFEs for 14% and 8% oxygen (passage
1) cultures were 4.7% and 4.5% respectively, compared to 1.0 % obtained for the
atmospheric control and 0% for 2% oxygen. However, when CFE assays were
conducted in 21% oxygen on cells which had been cultured from isolation in subatmospheric oxygen, different results were obtained. Under these assay conditions the
CFE for 14% oxygen cells was much higher than that obtained for the atmospheric
control at both passages 1 and 2, and CFEs for 2% oxygen were much less than the
control value (see Figure 5.24). The oxygen tension used for the CFE assay is therefore
very important, and CFE crossover experiments were carried out in order to consider
results obtained from conducting CFE assays in 21% oxygen as well as the oxygen
tension used for initial expansion of the LECs.

Results of the crossover CFE experiment are shown in Figure 5.25. Interestingly, when
21% oxygen primary culture cells were used for CFE assays in 21%, 14%, 8% and 2%
oxygen the trends were the same as for cells that had been expanded from isolation in
these oxygen tensions and had the CFE assay performed in these same oxygen
conditions i.e. CFEs in 14% and 8% oxygen were higher than the control CFE, and 2%
oxygen CFEs were lower.

CFE was increased for 21% oxygen cultures by switching to 14% and 8% oxygen
compared to controls, and 14% and 8% oxygen CFEs were both decreased by switching
to 21% oxygen. Indeed, when switched from 8% to 21% oxygen the CFE was 0%
compared to 4.5% when maintained in 8% oxygen. Low oxygen cultures (2%) had
lower CFEs than controls, and switching to 21% oxygen did result in an increase in
CFE.
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Figure 5.23. Colony forming efficiency of human limbal epithelial cells cultured in
21%, 14%, 8% and 2% oxygen (passage 1).
All cells are from the same donor, and standard error bars are shown (n=1, 3 replicates
per condition). CFEs were performed in the indicated oxygen tensions. Similar CFEs
were obtained in 21% oxygen whether cells were gassed with 21% oxygen (plus 5%
carbon dioxide, balance nitrogen) and sealed with a plugseal cap, or whether they were
ungassed (filter cap). Increased CFEs were obtained in 14% and 8% oxygen, with lower
values in 2% oxygen. One way ANOVA was performed and no significant difference
was found when results were compared to the 21% gassed oxygen control.
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Figure 5.24. Colony forming efficiencies of human limbal epithelial cells cultured
in 21%, 14%, 8% and 2% oxygen (passage 1 and 2).
All cells are from the same donor, and standard error bars are shown (n=1, 3 replicates
per condition). No passage 2 CFE is shown for 2% oxygen as not enough cells were
obtained from this culture for CFE analysis. Higher CFEs were obtained from cells
cultured in 14% oxygen compared to the atmospheric control at both passage 1 and
passage 2. *p<0.05 (t-test compared to 21% control).
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Figure 5.25. Crossover
colony forming efficiency
oxygen experiment for
human limbal epithelial
cells.
See following page for full
legend.
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Figure 5.25. Colony forming efficiency oxygen experiment for human limbal
epithelial cells.
A) Experimental scheme for crossover experiment. B) Passage 1 CFEs. C) Passage 2
CFEs. No 2% oxygen data is shown after passage 1 as not enough cells were obtained
for analysis due to limited proliferation. All cells are from the same donor and standard
error bars are shown (n=1, 3 replicates per condition). *p<0.05 (one way ANOVA
compared to 21% controls (A for passage 1, and K for passage 2 data)).

5.2.4.2.2 Cell senescence
Cellular senescence of human LECs was not observed in 21%, 14%, 8% or 2% cultures
(see Figure 5.26), the same result as was found with the rabbit LECs.
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5.2.4.2.3 Immunohistochemistry
The putative LESC marker p63α was only found in the 14% oxygen culture, and not in
21%, 8% or 2% oxygen treated cells (Figure 5.27). However, this experiment was only
performed once with human cells, and would therefore need to be repeated to verify this
finding.

Figure 5.27 A&B. See next page for full legend.
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Figure 5.27 C&D

Figure 5.27. Expression of p63α in passage 1 human limbal epithelial cells cultured
in 21%, 14%, 8% and 2% oxygen.
All cells are from the same donor and cultured in the following oxygen tensions: A) 2%
oxygen, B) 8% oxygen, C) 14% oxygen and D) 21% oxygen. p63α shown in red was
only detected in the 14% oxygen culture, and was localised to the nucleus (labelled cells
are indicated with an arrow). Phalloidin staining of the actin cytoskeleton is shown in
green, and DAPI staining of nuclei in blue. Phase contrast images corresponding with
the immunostained cells are shown on the right.

5.2.4.2.4 Western blotting
Western blotting with human LECs cultured in 21%, 14%, 8% and 2% oxygen showed
that the putative LESC markers ABCG2 and CK19 were expressed in all oxygen
tensions studied, and that the differentiation marker CK3 was also expressed in all
oxygen tensions (Figure 5.28). Similar levels of GAPDH were expressed in 21%, 14%,
and 8% oxygen, but expression was much lower in 2% oxygen even though same
amounts of protein were loaded onto the gel for all oxygen tensions.
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Figure 5.28. Western blot of human limbal epithelial cells cultured in 21%, 14%,
8% and 2% oxygen (passage 1).
LECs from a single donor were isolated and expanded in 21% oxygen (primary culture)
and split equally between four 25cm2 tissue culture flasks. Cells were subsequently
cultured in 21%, 14%, 8% or 2% oxygen (passage 1) for 6 days before protein isolation
and western blotting. A) Western blots, B) Densitometric analysis of blots performed
using Image J software. * indicates inaccurate data point due to incomplete band on
blot.

5.2.5 Measurement of the oxygen tension in the limbus
Dr James Bainbridge kindly measured the oxygen tension of a normal human limbus
(living patient) and found that it was 6.2 mmHg which is approximately 0.8% oxygen.
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5.2.6 Effect of low oxygen on corneal storage
5.2.6.1 Colony forming efficiency
Interestingly, the only colonies greater than 2mm in diameter were obtained from the

Colony forming efficiency (%)

cornea stored in CECM in 2% oxygen as shown in Figure 5.29.
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Figure 5.29. Colony forming efficiencies of rabbit LECs after storage in low
oxygen (2%).
Results show CFEs of passage 1 rabbit LECs after storage in low oxygen in normal
storage media (Optisol-GS), and two different types of culture media, CECM
(containing serum), and CnT-20 (serum-free). Following storage, LECs cells were
isolated from the rabbit corneas and expanded in CnT-20 in either 2% (red) or 21%
oxygen (blue). Cells from these primary cultures were used for the CFE assay. The only
colonies greater than 2mm in diameter were obtained from the cornea stored in CECM
in 2% oxygen. n=1.

5.2.6.2 Phenotype of cultured cells following storage
Figure 5.30 shows phase contrast images of primary LECs cultured in 21% and 2%
oxygen following 5 days storage in gassed (2% oxygen) and ungassed media. Of note,
the 21% oxygen cell culture obtained from the Optisol-GS stored cornea (ungassed)
looked fibroblastic compared to the same cells that had been cultured in 2% oxygen.
The rabbit LECs grew very slowly in CnT-20, and these photos were taken after 30 days
of culture. This long culture time together with the very low CFEs obtained does not
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recommend CnT-20 as a suitable alternative to the gold standard culture method using
CECM and a 3T3 feeder layer to culture LECs.
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Figure 5.30A. See following page for legend.
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Figure 5.30B.

Figure 5.30. Phase contrast images of rabbit limbal epithelial cells cultured in
CnT-20 medium following storage in gassed and ungassed storage solutions.
LECs were cultured in either 2% or 21% oxygen following 5 days storage in A) gassed
(2% oxygen) and B) ungassed storage solutions: CECM, CnT-20, and Optisol-GS. The
scale bars are 200µm.
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5.2.6.3 Endothelial viability
The primary purpose of corneal storage by eye banks is the preservation of tissue for
full thickness corneal grafts (penetrating keratoplasty) (Georgiadis, Kardasopoulos et al.
1999) for which the condition of the corneal endothelium is very important for
maintaining corneal clarity (Wilson and Bourne 1989). It is therefore important to
evaluate the viability of the corneal endothelium in new storage media or methods. In
this study CECM with 2% oxygen was the only condition comparable to Optisol-GS in
terms of endothelial viability and cell number after 5 days storage (see Figure 5.31).
Both gassed and ungassed Optisol-GS stored corneas had a viable corneal endothelium
following storage, and had a high endothelial density. Control CnT-20 and CECM
stored corneas (ungassed) had a low density of endothelial cells remaining after storage
compared to Optisol-GS controls. The CnT-20 2% oxygen stored cornea had lots of
dead endothelial cells following storage. However, this experiment would need to be
repeated in order to confirm these results as only one cornea was included in each
condition.
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Figure 5.31. Endothelial viability of rabbit corneas stored for 5 days in gassed (2%
oxygen) and ungassed storage media.
Corneas were stored in gassed (2% oxygen) and ungassed Optisol-GS, CnT-20, and
CECM, and endothelial viability determined with trypan blue. Dead cells are shown in
blue. Endothelial viability and density was high for corneas stored in gassed and
ungassed Optisol-GS, and CECM with 2% oxygen. Cell viability was low for the gassed
CnT-20 stored cornea, and cell density was low for corneas stored in ungassed CECM
and CnT-20.
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5.3 Discussion
The aim of this study was to investigate the effect of sub-atmospheric oxygen levels on
the maintenance and expansion of LESCs in vitro. LECs are routinely cultured in
atmospheric oxygen, and it was hypothesised that a more physiological oxygen tension
may be better for culturing these cells. The effect of sub-atmopsheric oxygen tensions
on the culture of LECs was investigated in the 3T3 co-culture system.

Experiments were performed to verify that the gassing of individual tissue culture flasks
was a suitable method for exposing LECs to low oxygen tensions. Plugseal capped
flasks were confirmed to be airtight and therefore suitable for gassing experiments.
Calculations were conducted to estimate the gassing time required for 25cm2 and
12.5cm2 tissue culture flasks, and this gassing regime was verified by measuring the
actual oxygen tension in culture medium in gassed flasks. The actual oxygen tension
was found to be 1.5-2% and 4% in 12.5cm2 and 25cm2 tissue culture flasks respectively.
Thus gassing with 2% oxygen mixtures results in actual oxygen tensions of between 1.5
and 4%.oxygen

The effect of low oxygen (2%) on 3T3s was investigated to ensure that the feeders were
not adversely affected at low oxygen tensions, and would provide a suitable feeder layer
for the culture of LECs. MMC growth arrested 3T3s in 2% oxygen survived as well as
the controls suggesting that they would provide a suitable feeder layer at low oxygen
tensions. The effect of 2% oxygen on non-growth arrested 3T3s was also investigated,
and interestingly it was found that in late passage cells (passage 27) proliferation was
much greater in 2% oxygen compared to the atmospheric controls. This effect was not
observed with intermediate passage 3T3s (passage 13) in which the total cell number
after 6 days in culture was very similar for the 2% and 21% cultures. This suggests that
2% oxygen has no significant effect on 3T3 proliferation at relatively low passage
number compared to normoxic conditions. For later passage cells (passage 27), there
was very little proliferation in 21% oxygen or the control, but proliferation was
significantly greater in 2% oxygen, suggesting that low oxygen may inhibit senescence.
Culturing fetal bovine fibroblasts in 2% oxygen rather than 21% has been shown to
extend their replicative lifespan, a finding which may support this theory (Betts, Perrault
et al. 2008). However, the experiment with late passage cells would need to be repeated
to confirm this result as repeats were performed using intermediate passage cells.
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Proliferation of late passage 3T3s was lower in the ungassed flask exposed to
atmospheric oxygen than in the 21% gassed oxygen condition. A possible explanation
for this could be the fact that the ungassed flask had a filter cap and therefore the cells in
this flask may have been exposed to greater fluctuations in temperature and carbon
dioxide when the incubator was opened, whereas the carbon dioxide level would have
remained pretty constant in the 21% oxygen flask which had a plugseal cap. Also, only
one flask was set up for each condition so variability may arise from this, and the
experiment would need to be repeated two more times to confirm this result.

The CFE of human LECs cultured in 2% oxygen was found to be significantly lower
(p<0.05) than control cells in 21% oxygen. This suggests that 2% oxygen is not an
optimal environment for maintaining LESC progenitors in culture. Crossover
experiments showed that lower LEC proliferation was found in 2% oxygen cultures
regardless of the oxygen tension used in the previous passage i.e. 21% or 2% oxygen.
Since cell viability remained high (>80%) in both 21% and 2% cultures this suggests
that 2% oxygen impairs proliferation without killing these cells. LECs cultured in 2%
oxygen were observed to be larger than those cultured in 21% oxygen, regardless of the
primary culture oxygen tension. This larger cell size was indicative of a more
differentiated phenotype suggesting that 2% oxygen promoted differentiation.
Telomerase activity was consistently lower in 2% oxygen than 21% oxygen for LECs
from individual donors.

Miyashita et al. (2007) have shown that 2% oxygen enhances the proliferation of LECs
(Miyashita, Higa et al. 2007). However, they used a serum-free, feeder-free culture
system. This study shows that in a feeder co-culture system with serum LECs behave
very differently and that 2% oxygen is in fact a sub-optimal environment for their
maintenance and expansion. These contrasting results demonstrate the differences in
cell behaviour in different culture media and systems, and highlight the importance of
finding an in vitro LESC model which closely mimics in vivo stem cell behaviour and
regulation.

Since 2% oxygen was not found to be beneficial for the in vitro culture of human
LESCs, intermediate oxygen tensions of 14% and 8% oxygen were investigated as
oxygen measurements in the corneal epithelium suggested that oxygen tensions in this
range may be more physiological. Due to a shortage of human tissue for research at this
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point in the project these intermediate oxygen experiments were carried out using rabbit
LECs, and repeated with LECs from a limited number of human corneas.

Rabbit LECs cultured in 21%, 14%, 8%, and 2% oxygen were very different in size.
Cells cultured in 21% and 14% oxygen were small and tightly packed. Patches of large
cells were observed in 8% cultures, and these large cells dominated the 2% cultures.
Small cells with a high nuclear:cytoplasmic ratio are indicative of the LESC phenotype,
whereas differentiated cells found on the front surface of the cornea are much larger,
more squamous cells (de Paiva, Chen et al. 2005). Since large cell size is indicative of
differentiated cells, these results suggest that differentiation is promoted at oxygen
tensions of 8% and below in rabbit LECs.

Rabbit LEC proliferation was found to be greatly reduced at oxygen tensions of 8% and
under. The rate of cell proliferation was significantly lower at passage 2 when cultured
in oxygen tensions of 8% and under compared to atmospheric oxygen. Since LECs in
8% oxygen displayed >96% viability for the duration of the experiment, this suggests
that they were not dying, but had limited proliferative ability. Interestingly, 14% oxygen
cultures had slower proliferation than the controls although the total number of cells
obtained was not significantly different. Since stem cells are slow-cycling compared to
transient amplifying cells, the faster initial proliferation in 21% oxygen may be due to
an increased proportion of transient amplifying cells in this culture. Therefore the
slower proliferation observed in the 14% oxygen culture may be indicative of a culture
with more stem cells.

CFE, proliferation data, and cell phenotype all indicated that LEC differentiation was
promoted at oxygen tensions of 8% and below, and therefore that oxygen tensions
below 8% are sub-optimal for maintenance and expansion of LESCs in vitro in the 3T3
co-culture system. Interestingly, the minimum oxygen tension required to avoid corneal
swelling has been found to be around 10% (Holden, Sweeney et al. 1984; Brennan,
Efron et al. 1988), which correlates with these findings. Due to the large cell size
observed in 2% oxygen indicative of a differentiated phenotype, and the limited
proliferation in this condition, a cell senescence assay was performed. However, these
cells were not found to be senescent. Crossover experiments showed that LECs cultured
in 2% oxygen had a significantly lower CFE compared to atmospheric controls, and that
the CFE could not be increased by transferring these cells back to 21% oxygen. All this
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data suggested that 2% oxygen promoted differentiation rather than maintained stem
cells in a quiescent state.

Cell cycle analysis of 21%, 14% and 8% oxygen LEC cultures showed that 14% oxygen
had the greatest proportion of cells in S-phase, and that this was statistically significant
compared to the atmospheric controls. Since stem cells are known to have a longer cell
cycle time than transient amplifying cells and retain S-phase markers for longer periods
of time (Ahmad, Figueiredo et al. 2006), this data suggests that 14% oxygen cultures
may contain a greater proportion of stem cells than the atmospheric controls. Culturing
LECs in 14% oxygen may therefore be better than atmospheric oxygen for maintaining
the stem cell phenotype. A similar proportion of cells were present in S- and G2/M
phases in the 14% oxygen culture (~12%), and also in the 21% oxygen (~4%)
suggesting that these cultures have a similar proportion of the cell population dividing
(G2/M phase) and making DNA (S phase). Cells in the 8% oxygen culture had more
cells dividing than were synthesising DNA for the following round of division, 14% and
7% in G2/M and S-phase respectively.

CFE, proliferation, and cell cycle data suggested that 14% oxygen was better than
atmospheric oxygen for the maintenance and expansion of rabbit LESCs in vitro. 14%
oxygen cultures had a significantly higher CFE than atmospheric controls suggesting
that there were more stem cell progenitors in this condition. Cells in 8% and 2% oxygen
had significantly reduced CFEs compared to atmospheric oxygen levels suggesting that
less stem cell progenitors were present in these cultures. Crossover experiments were
performed to see if altering the oxygen tension could be used to control the properties of
LECs i.e. to “rescue” progenitor cells, or to induce differentiation. Rabbit LECs cultured
in 21% oxygen at passage 0 and then transferred to 21%, 14%, 8% and 2% oxygen
conditions displayed a similar trend to those which had been continuously expanded in
these oxygen conditions. This shows that the progenitor properties of LECs isolated in
atmospheric oxygen may be altered by changing the oxygen tension.

None of the monolayer rabbit LECs cultured in 21%, 14%, 8% or 2% oxygen were
senescent. Interestingly, some of the “cell clusters” found in the LEC cultures were
found to be senescent. These “cell clusters” have not been characterised, but may be
clumps of fibroblasts from the feeder layer that have been pushed out of the way by the
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proliferating epithelial cells. In any case, the fact that these cell clusters are senescent
suggests that they are unlikely to contain viable LESCs.

The telomerase activity of rabbit LECs was found to be significantly increased in 14%
and 8% oxygen compared to atmospheric controls. Unfortunately not enough cells were
obtained from 2% oxygen cultures for comparison. It has been suggested that
telomerase activity could be used as a marker of corneal limbal stem cells as Chen et al.,
2005 found that telomerase activity was positive in the corneal limbus, and negative in
the central cornea (de Paiva, Chen et al. 2005). Quiescent stem cells have no telomerase
activity, but telomerase activity has been shown to be upregulated in actively
proliferating TA or progenitor cells to help maintain telomere length (Umemoto,
Yamato et al. 2006). Therefore subatmospheric oxygen tensions of 14% and 8% oxygen
could be promoting telomerase activity, or the increased telomerase activity in these
oxygen tensions could be a result of more actively proliferating TA cells in these
cultures compared to atmospheric controls. The telomere length of rabbit LECs cultured
in 21%, 14% and 8% oxygen was very similar. The low passage number of cells used
for the telomere length assay was probably not high enough to reveal any differences in
telomere length. Also, rabbits have very long telomeres and do not exhibit the telomere
directed replicative senescence that is found in human cells (Forsyth, Elder et al. 2005).
If the increased telomerase activity found in rabbit LECs cultured in sub-atmospheric
oxygen is also displayed in human LECs, telomere shortening may be slowed in these
human LECs and replicative senescence therefore delayed.

RT-PCR of rabbit LECs showed that 21%, 14%, 8%, and 2% cultures all expressed the
putative LESC markers ABCG2 and p63alpha, although lower expression was observed
in 8% oxygen. The differentiation marker CK12 was also observed in all cultures
although expression was highest in 2% oxygen suggesting that more differentiated cells
existed in this condition. Ki67 expression suggested that more cell division was
occurring in 14% and 21% cultures compared to 8% and 2% oxygen. This correlates
with the proliferation data. The RT-PCR data for 21%, 14%, and 8% oxygen seem to
correlate with the proliferation, CFE, and morphology data that suggest that
differentiation is promoted at oxygen tensions of 8% and below. However, the 2%
oxygen RT-PCR results seem to be anomalous. Cells in 2% oxygen displayed a
differentiated phenotype, low proliferation, and low CFE suggesting that there are
reduced numbers of stem cells in this condition. It must be noted that since the rabbit
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genome has yet to be fully sequenced, mouse primers were used for this study and
specificity of these primers for the rabbit is unknown.

Western blotting data was not consistent with the RT-PCR data for rabbit LECs cultured
in 21%, 14%, 8%, and 2% oxygen. A possible explanation for this is that the primers
used were not specific for the rabbit, or alternatively that the mRNA was not translated
into protein in all the conditions studied. The mRNA level may therefore not be
representative of the protein expression in low oxygen cultures. Although equal
amounts of protein were loaded onto the gels for each of the different oxygen
conditions, the housekeeping gene GAPDH was not expressed in equal amounts making
it difficult to compare protein expression in the different oxygen tensions. Other studies
have shown that GAPDH expression is upregulated in hypoxic conditions (1%, and 0%
oxygen) (Escoubet, Planes et al. 1999; Esteban, Wang et al. 2010). Zhong et al. (1999)
found that GAPDH mRNA expression increased by 21.2-75.1% in different cell lines in
1% oxygen compared to the controls, and Escoubet et al. (1999) have shown that
GAPDH protein synthesis increased 4 fold after 18 hours in 0% oxygen compared with
normoxic controls in rat alveolar epithelial cells. GAPDH may therefore not be a
suitable housekeeping gene for low oxygen studies. The use of an alternative
housekeeping gene such as β-actin or cyclophilin also seems inadvisable as these have
also been shown to display hypoxia induced changes in expression (Esteban, Wang et
al. 2010).

The expression of the putative LESC markers ABCG2, p63α, CK19, β1 integrin, and
CK15 in rabbit LECs cultured in 21%, 14, 8%, and 2% oxygen was investigated using
antibodies to these markers. Expression of the differentiation marker CK3, and the
proliferation marker Ki67 were also studied along with HIF1α which is thought to be
upregulated in hypoxic conditions. Unfortunately immunostaining with antibodies to
these proteins was inconsistent. None of the immunostaining was successful for the 2%
oxygen cultured cells, and even the differentiation marker CK3 was not expressed in
these cells even though they displayed a differentiated phenotype. HIF1α, p63α, and β1
integrin antibodies did not successfully bind to cells in 21%, 14%, 8%, or 2% cultures
suggesting that they are not specific for the rabbit, or that they require further
optimisation.
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Interestingly CK19 appeared to be localised to the nucleus in rabbit LECs cultured
in14% oxygen, to the cytoplasm in 8% oxygen, and was barely detectable in 21%
oxygen. This finding was inititally observed using a CK19 antibody that had been raised
in rabbit, so the experiment was repeated with a CK19 antibody that had been raised in
mouse to confirm that there was no unspecific binding. The same trends were again
observed. Nuclear and cytoplasmic protein extraction, followed by western blotting
could be done to confirm the cellular location of CK19.

This study showed that marker expression was sensitive to changes in oxygen, but that
it could not be used as a reliable method of quantifying the number of LESCs in a low
oxygen culture. Although RT-PCR data showed that 2% oxygen had similar expression
of the putative stem cell markers ABCG2, p63α, CK19 and β1 integrin compared to the
atmospheric controls, western blotting data was inconsistent. The large cell size of
LECs cultured in 2% oxygen indicative of a differentiated corneal phenotype, together
with decreased CFE in this condition compared to atmospheric controls suggest that
LECs in 2% oxygen are differentiated cells rather than quiescent stem cells as may be
suggested by looking at the RT-PCR results in isolation.

Some of the intermediate oxygen tension experiments were repeated with human tissue
to see if human LECs behaved the same as rabbit LECs in vitro. Cell senescence data
was the same for both rabbit and human LECs. Immunohistochemistry showed that the
putative LESC marker p63α was only expressed in 14% oxygen culture, and not in
21%, 8% or 2% oxygen treated cells. This suggests that 14% oxygen is favourable for
the maintenance and expansion of LESCs in vitro. However, this experiment was only
performed once with human cells, and would therefore need to be repeated to verify this
finding. CFE crossover data showed that 14% oxygen cultures had a greater number of
human LESC progenitors compared to atmospheric controls. Although 14% oxygen was
found to be optimal for the in vitro culture of both rabbit and human LESCs, CFE
crossover data was slightly different for 8% oxygen suggesting that the physiological
oxygen tensions in the LESC niche of these species may not be exactly the same.

Interestingly, when 21% oxygen primary culture cells were used for CFE assays in
21%, 14%, 8% and 2% oxygen the trends were the same as for cells that had been
expanded from isolation in these oxygen tensions and had the CFE performed in these
same oxygen conditions i.e. CFEs in 14% and 8% oxygen were higher than the control
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CFE, and 2% oxygen CFEs were lower. Since all the CFE assays were performed using
the same donor cells that had been expanded in 21% oxygen, and the same number of
stem cells were seeded into each CFE assay in the different oxygen tensions, it would be
expected that the CFEs obtained in each oxygen tension would also be the same.
However, this was not the case. Possible explanations are that 14% and 8% oxygen are
somehow “rescuing” stem cells or progenitor cells, or enabling faster proliferation so
that a greater number of colonies are larger than 2mm diameter in these conditions in
the allocated culture time compared to the controls. However, proliferation data
obtained with rabbit LECs showed that faster proliferation was obtained in 21% oxygen
compared to 14% and 8% oxygen tensions. This suggests that if human LECs behave
similarly that this second explanation is less likely. In light of the significant variation in
CFE values from the same starting population, it seems that LECs are very sensitive to
oxygen, and that performing all CFE assays in 21% oxygen may provide more accurate
data regarding the number of progenitor cells preserved in different oxygen cultures.
This being the case, it seems that 14% oxygen may be better for preserving LESC
progenitors in culture than standard atmospheric oxygen culture conditions

CFE was increased for 21% oxygen cultures by switching to 14% and 8% oxygen
compared to controls, and 14% and 8% oxygen CFEs were both decreased by switching
to 21% oxygen. Indeed, when switched from 8% to 21% oxygen the CFE was 0%
compared to 4.5% when maintained in 8% oxygen. This shows that the behaviour of
LECs can be altered by changes in oxygen. Low oxygen cultures (2%) had lower CFEs
than controls, and switching to 21% oxygen did not result in an increase in CFE
suggesting that 2% oxygen promotes differentiation or reduces proliferation.

The oxygen tension in the human limbus was found to be 0.8% oxygen in this study
(6.2mmHg), but more repeats would need to be done to confirm this. No direct
measurements of oxygen tension in the limbus have previously been reported, however
this value is much lower than published values for the rabbit corneal epithelium. One
study has shown that there is an oxygen gradient across the cornea with oxygen tensions
ranging from 8.8% at the epithelio-stromal junction to 16.7% at the corneal epithelial
surface (Kwan, Niinikoski et al. 1972). Other measured values of the oxygen tension in
the corneal epithelium range from 9.6% to 11% (Freeman 1972; Freeman and Fatt
1972). Measurements of the oxygen tension in the limbus are not straightforward as
ideally you need a living patient, and do not want to damage the limbal niche when
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probing the oxygen tension. Also, the oxygen tension may vary around the limbus as the
limbal cypts are thought to be located at the superior and inferior regions which are
partially protected by the eyelids. The oxygen concentration under the closed eyelid is
known to be about 8% (Brennan, Efron et al. 1988). In the open eye the limbal regions
covered by the eyelids will likely experience lower oxygen tensions than the central
cornea which is exposed to atmospheric oxygen.

Corneal storage in low oxygen (2%) was investigated to see if it would help preserve
LESCs. The primary purpose of corneal storage by eye banks is the preservation of
tissue for full thickness corneal grafts (penetrating keratoplasty) (Georgiadis,
Kardasopoulos et al. 1999) for which the condition of the corneal endothelium is very
important for maintaining corneal clarity (Wilson and Bourne 1989). It is therefore
important to evaluate the viability of the corneal endothelium in new storage media or
methods. Two different types of culture media were used for corneal storage (CnT-20,
and CECM) in addition to the standard eye bank storage solution Optisol-GS. Rabbit
corneas were stored in both gassed (2% oxygen) and ungassed solutions and assessed
for corneal endothelial viability and density as well as CFE following storage.
Interestingly, the only colonies greater than 2mm in diameter were obtained from the
cornea stored in CECM in 2% oxygen, and this was the only condition comparable to
Optisol-GS in terms of endothelial viability and cell number after 5 days storage. This
suggests that CECM gassed with 2% oxygen could be a suitable alterative to OptisolGS for the preservation of LESCs during corneal storage. However, this experiment
would need to be repeated in order to confirm these results as only one cornea was
included in each condition. Both gassed and ungassed Optisol-GS stored corneas had a
viable corneal endothelium following storage, and also a high endothelial density.
Control CnT-20 and CECM stored corneas had a low density of endothelial cells
remaining after storage compared to Optisol-GS controls suggesting that these methods
are not suitable for eye bank storage. The CnT-20 2% oxygen stored cornea had lots of
dead endothelial cells following storage, and thus would not be recommended as a
suitable eye bank storage method. The results from this storage experiment suggest that
storage in low oxygen may be a promising method for improving corneal storage in
terms of LESC preservation. Zagorski et al. (1990) have shown that low oxygen (6%)
stimulates the proliferation of cultured corneal endothelium, and prevents epithelial
overgrowth of corneas in long-term organ culture storage (Zagorski, Gossler et al.
1989), findings that may support the results found in this study.
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This study showed that both rabbit and human LECs were sensitive to changes in
oxygen tension in vitro, and that their phenotype and behaviour could be changed by
altering the oxygen levels in their culture environment. 14% oxygen was found to be
beneficial for maintenance and expansion of LESC progenitors, and is recommended for
their culture. Low oxygen may also result in improved storage of limbal tissue.
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CHAPTER 6
THE EFFECT OF VITAMI C SUPPLEME TATIO O
THE I VITRO CULTURE OF LESCS
6.1 Introduction
The eye is particularly vulnerable to oxidative damage from exposure to light and the
high oxygen tension of atmospheric air (Shoham, Hadziahmetovic et al. 2008). The
antioxidant ascorbic acid (Vitamin C) is found in very high concentrations in the human
corneal epithelium, higher than that reported for any other tissue (Brubaker, Bourne et
al. 2000). There are many corneal disorders in which reactive oxygen and nitrogen
species have been implicated (reviewed by Shoham et al. 2008) and ascorbic acid
treatment has been used in the treatment of some of these conditions. Ascorbic acid
injections (500mg) have been shown to be successful for the treatment of corneal
conditions such as ulceration, superficial keratitis, and chronic corneal opacities, with a
dramatic improvement in most cases (Lyle and McLean 1941). Topical ascorbic acid
treatment following therapeutic keratectomy has also been found to decrease ROS tissue
damage, reduce the acute inflammatory reaction and possibly alleviate postoperative
stromal opacification (Kasetsuwan, Wu et al. 1999). Ascorbic acid has been shown to be
important for collagen production and has been observed to cause increased collagen
production by fibroblasts (Murad, Grove et al. 1981). Ascorbic acid plays an important
role in wound healing by stimulating collagen synthesis and administration of this
vitamin at a dose of 500-1000mg/day has been recommended for accelerating tissue
repair and regeneration (Naidu 2003).

Although ascorbic acid is abundant in the cornea and has been shown to be successful
for the treatment of corneal disorders the effect of this antioxidant on in vitro LEC
culture has not previously been studied. Adding L-ascorbic acid as a supplement to LEC
culture media was investigated in this study to see if this antioxidant would extend the
maintenance and expansion of LESCs in in vitro culture. Uptake of the reduced form of
ascorbic acid, L-ascorbic acid, into cells is via the sodium dependent transporters:
sodium vitamin C transporter 1 (SVCT1) and sodium vitamin C transporter 2 (SVCT2)
(Liang, Johnson et al. 2001). The location of these transporters in the limbus was
investigated in this study. All experiments in this chapter were performed with human
LECs unless otherwise indicated.
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Hypothesis: Ascorbic acid supplementation will extend the maintenance and
expansion of LESCs cultured in vitro.

6.2 Results
6.2.1. Effect of L-ascorbic acid supplementation on the colony forming efficiency of
limbal epithelial cells
The antioxidant L-ascorbic acid was tested for its effect on the CFE of LECs.
Concentrations between 50µM and 1mM were investigated to determine the optimal
amount required for supplementation, if any. L-ascorbic acid was observed to have a
dose-dependent effect on CFE compared to the controls. The CFE was found to be
slightly increased with 50µM and 100µM L-ascorbic acid supplementation (see Figure
6.1), and decreased at concentrations above these values. CFEs with L-ascorbic acid
have been repeated 3 times using different donor cells, and all experiments showed the
same trend demonstrated in Figure 6.1. Due to donor variability merged data is not
shown. Based on CFE data, 100µM L-ascorbic acid was selected for further
investigation.
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Figure 6.1. Colony forming efficiency of human limbal epithelial cells cultured in
CECM supplemented with different concentrations of L-ascorbic acid.
Standard error bars are shown with 3 replicates per data point, n=1. * indicates
statistically significant values (p<0.05, one way ANOVA compared to control).

6.2.2. Ascorbate quantification and stability in solution
The ascorbate concentration in the LEC culture media CECM prior to supplementation
with L-ascorbic acid was measured and found to be 7.2µM. Therefore supplementation
with 93µM L-ascorbic acid was required to result in a total concentration of 100µM
ascorbate in the media.

Stability experiments showed that L-ascorbic acid solutions remained at the same
ascorbate concentration for at least 2 weeks at 4ºC, and for at least 42 days at -20ºC
(Figure 6.2). L-ascorbic acid solutions could therefore be stored in the fridge for at least
2 weeks before fresh solutions needed to be made, or frozen aliquots stored for at least
42 days. At 37ºC the ascorbate concentration was greatly reduced after 2 days
highlighting the importance of adding freshly supplemented media every other day if a
relatively constant supply of L-ascorbic acid is to be maintained (Figure 6.2). The
measured ascorbic acid concentrtation was lower than expected possibly due to
degradation of the ascorbic acid powder during storage, or degradation upon dissolution
and exposure to light.
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Figure 6.2. Stability of 100µM L-ascorbic acid solutions.
A) 4ºC, B) 37ºC, and C) -20ºC. Each data point is an average of 2-3 aliquots from
individual samples. Standard error bars are shown but are not visible on all data points
as the errors were very small.
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6.2.3. Morphology of pre-and post-switch L-ascorbic acid treated cells
LECs cultured in 100µM L-ascorbic acid were found to undergo a change in behaviour
at passage 8 after which they could be cultured without further L-ascorbic acid
supplementation, and also without feeders. Cells before this change will be referred to
as “pre-switch”, and those after this change as “post-switch”. LECs treated with 100µM
L-ascorbic acid were small and tightly packed compared to control cultures which
contained larger cells indicative of a more differentiated phenotype (Figure 6.3). In
confluent post-switch feeder free cultures, patches of multilayered cells were observed.
Occasionally cells which appeared to contain multiple nuclei were present in postswitch feeder free cultures (Figure 6.3).
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Figure 6.3. Morphology of pre- and post-switch L-ascorbic acid treated human
limbal epithelial cells.
See following page for full legend.
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Figure 6.3. Morphology of pre- and post-switch L-ascorbic acid treated human
limbal epithelial cells. Panels A to D show LECs co-cultured with 3T3s, and E to H
show post-switch cells cultured without a feeder layer after switching had occurred.
Cultures treated with 100µM L-ascorbic acid are designated as 100AA, and the donor
number of cultures is shown in brackets. A) Passage 2 100AA pre-switch (6676) LECs.
B) Passage 5 control at senescence (6856). C) Passage 8 100AA at switch (6846). D)
Passage 12 100AA post-switch LECs. E) Post-switch passage 14 100AA without 3T3s
(6854). F) Post-switch passage 11 100AA without 3T3s (6872), G) Post-switch passage
23 without 3T3s and without 100AA (6827). Multilayer regions are indicated with a *.
H) Post-switch passage 22 100AA without 3T3s (6827). Occasionally cells which may
contain multiple nuclei were observed in post-switch cultures without 3T3s as indicated
with an arrow. Scale bars are 200µm.

6.2.4. LEC proliferation with L-ascorbic acid supplementation
LEC proliferation in the presence of 50µM to 1mM L-ascorbic acid was determined by
the total cell number obtained after 9 days in culture. The total cell number was dose
dependent, and was greater than the controls for 50µM to 250µM L-ascorbic acid
cultures, and lower than controls at concentrations of 500µM and 1mM L-ascorbic acid
(Figure 6.4A and B). Cell viability was high for all cultures (see Figure 6.4D), and
LECs cultured in 100µM L-ascorbic acid were smaller than control and 1mM Lascorbic acid cultures (Figure 6.4C) indicating a poorly differentiated phenotype.

For early passages (typically p0 and p1) proliferation was similar for LECs cultured
with and without 100µM L-ascorbic acid supplementation. From passage 2 onwards
fewer cells were obtained from controls than L-ascorbic acid supplemented cultures
(Figure 6.5).

LECs from five different donors were cultured both with 100µM L-ascorbic acid and
without L-ascorbic acid supplementation until senescence. L-ascorbic acid treatment
was commenced by passage 1 for 4 out of the 5 donor cultures, and at passage 4 for the
other donor. The culture treated with L-ascorbic acid from passage 4 senesced at
passage 16. However for cultures treated with L-ascorbic acid from isolation or p1, the
controls senesced by passage 5 but L-ascorbic acid cultures continued to proliferate and
had not yet senesced when experiments were stopped (after more than 6 months), but all
had reached at least passage 11, and one culture passage 23. The number of population
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doublings was calculated for the cultures treated with L-ascorbic acid from isolation
(passage 0) or passage 1, and was found to be 3-6 for control cultures and 26-33 for Lascorbic acid treated cultures using the cell line population doubling calculation (see
2.2.14). A more accurate population doubling calculation may be performed which
takes into account CFE (see 2.2.14 for formulae). However, complete CFE data was
only available for one set of donor cells, and therefore the number of population
doublings taking into account this data was only performed on a single data set. The
number of population doublings was calculated using this calculation for pre-switch
cells and the cell line calculation for all post-switch passages, and was found to be 19
for the control and >57 for L-ascorbic acid treated cultures. The number of population
doublings at the time of the switch was 15-17 when using the cell line calculation, but
when taking into account the CFE the number of population doublings was 43. It must
be noted that for all population doubling results the expansion during passage 0 was not
included as the number of cells isolated from the limbal donors was not counted prior to
seeding.
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Figure 6.4. Proliferation of
human limbal epithelial cells
in 50µM to 1mM L-ascorbic
acid supplemented culture
media (CECM).
See following page for full
legend.
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Figure 6.4. Proliferation of human limbal epithelial cells in 50µM to 1mM Lascorbic acid supplemented culture media (CECM).
A) Example of passage 1 LECs cultured for 9 days in CECM and relative quantification
using the MTT assay. * indicates statistically significant values (p<0.05, one way
ANOVA compared to control). B) Average MTT absorbances of 3 experiments with
different donor LECs relative to the controls. None of the data points were statistically
significant (p>0.05) compared to the control (one way ANOVA). C) Phase contrast
images of control, 100µM and 1mM L-ascorbic acid supplemented LEC cultures,
feeders were removed with trypsin:EDTA. D) Cell viability of control, 100µM and
1mM L-ascorbic acid supplemented LEC cultures showed that viability was high in all
conditions.
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Figure 6.5. Human limbal epithelial cell proliferation over time when
supplemented with 100µM L-ascorbic acid (L-AA) at passages 1 and 2.
A) Passage 1 proliferation, n=3 (average of 3 separate experiments from 3 different
donors). B) Passage 2 proliferation, n=1. Data points are averages of 3 replicates, and
standard error bars are shown. *p<0.05 (t-test, compared to control).
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Figure 6.6. Total passage numbers and population doublings obtained with 100µM
L-ascorbic acid supplementation.
See following page for full legend
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Figure 6.6. Total passage numbers and population doublings obtained with 100µM
L-ascorbic acid supplementation.
L-ascorbic acid supplemented human limbal epithelial cell cultures (100µM) are
labelled as 100AA. Arrows indicate cultures that have not yet senesced and are still
being passaged. A) Number of passages obtained from control and L-ascorbic acid
supplemented cultures before senescence. The time in culture was different for each set
of donor cells therefore the total number of passages is not the same. B) Population
doublings calculated using the standard population doubling formula (see 2.2.14). C)
Population doublings were calculated using CFE data for pre-switch cells, and the
standard formula for post-switch cells (see 2.2.14).

6.2.5. Colony forming efficiency versus passage number
12455 was the first line which was cultured until senescence with and without ascorbic
acid supplementation. The CFE at each passage number was determined for control and
100µM L-ascorbic acid supplemented LECs (donor 12455) until cells stopped
proliferating (Figure 6.7). Ascorbic acid supplementation was commenced at passage 4.
CFE rapidly decreased in control cultures which senesced by passage 8, but was
increased in ascorbic acid cultures relative to controls until passage 8 before decreasing
to 0 at passage 16. At passage 7 ascorbic acid cultures predominantly contained small
cells whereas in the controls larger cells indicative of a more differentiated phenotype
were present (Figure 6.8). At passage 16 the L-ascorbic acid culture did not have
enough cells for further passaging, only a few small colonies of epithelial cells were
produced. However, these epithelial cells did not display a differentiated phenotype,
were small and tightly packed, and exhibited some multilayering (Figure 6.8).

For other donor cultures, CFE was increased in 100µM L-ascorbic acid supplemented
LECs compared to controls. This CFE rapidly dropped at around passage 8
corresponding with switching. In post-switch cells the CFE was very low as colonies
rarely grew larger than 2mm in diameter when co-cultured with 3T3s (Figure 6.9A).
However, when cultured in the absence of 3T3s post-switch cells formed much larger
colonies. Interestingly this behaviour is the same as that exhibited by the HCE-T cell
line (Figure 6.9C).
.
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Figure 6.7. Colony forming efficiency versus passage number for control and
100µM L-ascorbic acid supplemented human limbal epithelial cells (donor 12455).
L-ascorbic acid (100µM) was observed to increase the CFE of LECs. L-ascorbic acid
(L-AA) supplementation was commenced at passage 4. CFE rapidly decreased in
control cultures, but was increased in ascorbic acid cultures before decreasing to 0 at
passage 16 when the cells stopped proliferating. The control cells senesced by passage 8
therefore no cfe data is shown for these cells after passage 7. Standard error bars are
shown (2-3 replicates per condition, where no error bars are shown there was only one
replicate). The colony forming efficiency was significantly higher for L-ascorbic acid
treated cultures than controls at passage 6 (t-test).
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Figure 6.8. Phase contrast images of control and 100µM L-ascorbic acid
supplemented human limbal epithelial cultures (donor 12455).
100µM L-ascorbic acid supplemented cultures are denoted as 100AA. At passage 7 Lascorbic acid cultures (B) contained smaller cells compared to the control (A). Limited
proliferation was observed in the L-ascorbic acid culture at passage 16 (C and D), but
the epithelial cells were still small and tightly packed and started to multilayer as
indicated by arrows.
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Figure 6.9. Pre- and post-switch colonies of human limbal epithelial cells.
A) Post-switch LECs co-cultured with 3T3s formed small colonies rarely greater than
2mm in diameter. However, when cultured without 3T3s, much larger colonies were
formed. B) Pre-switch LECs formed much larger colonies when co-cultured with 3T3s
than post-switch cells. A 100µM L-ascorbic acid treated LEC culture is shown with
2000 cells seeded in the well. C) The HCE-T cell line displays similar colony formation
behaviour as post-switch cells. A total of 100 HCE-T cells were seeded per well. All
wells shown are 35mm in diameter.
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6.2.6. Telomerase activity and telomere length
Low passage number LECs (p1 and p2) were found to have low telomerase activity
regardless of whether they were supplemented with L-ascorbic acid or not. Post-switch
cells all had much greater telomerase activities than pre-switch cells, and telomerase
activity seemed to increase with passage number (Figure 6.10). Post-switch cells had
high telomerase activity whether co-cultured with or without feeders. In general, Lascorbic acid supplemented cultures had longer telomeres. In 2/3 donor matched
samples, the telomere length was longer for cells supplemented with 100µM L-ascorbic
acid (Figure 6.11). Other samples were difficult to compare as they were from different
donors, and the starting telomere length may have been different as the donors were
different ages.

Figure 6.10. Relative telomerase activities of human limbal epithelial cells cultured
with 100µM L-ascorbic acid (100AA).
Donor numbers are shown in brackets. Low passage number cells (p1 and p2) have low
telomerase activity regardless of whether they are supplemented with L-ascorbic acid or
not. Post-switch cells (p12 and above) all showed much greater telomerase activities,
and the telomerase activity seemed to increase with passage number.
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Figure 6.11. Telomere length of human limbal epithelial cells cultured with 100µM
L-ascorbic acid (100AA).
Donor numbers are shown in brackets.

6.2.7. Cell cycle analysis
In cell cycle analysis it is important to analyse single cells and not cell aggregates as cell
doublets of cells in G1 phase recorded as a single event would be mistakenly counted as
a single cell in G2/M phase. Cell aggregates can be excluded from analysis by using
pulse processed data. The fluorescence of the DNA dye (FL2) generates a pulse. The
height, width and area of this pulse can be measured. The height (FL2-H) is a measure
of the maximum fluorescence intensity, the width (FL2-W) is indicative of the transit
time of the cell, and the area (FL2-A) is a measure of the total fluorescence. By plotting
FL2-W versus FL2-A, doublets can be distinguished from single cells in G2/M phase.
Cell aggregates will have a larger pulse width than single cells. By gating and analysing
only the single cell data, a more accurate cell cycle analysis is performed. Pre- and postswitch cells had different cell distributions when observed on FL2-W versus FL2-A
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plots (Figure 6.12). Although all cells had a similar pulse width, the total fluorescence
(FL2-A) was higher for post-switch cells than pre-switch cells. Cell cycle plots were
shifted to the right for post-switch cells compared to pre-switch cultures (Figure
6.13B). Forward scatter and side scatter peaks of post-switch cells were present to the
left of those obtained for pre-switch cells
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Figure 6.12. FL2-W versus FL2-A plots of
human limbal epithelial cells cultured with
100µm L-ascorbic acid.
See following page for full legend.
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Figure 6.12. FL2-W versus FL2-A plots of human limbal epithelial cells cultured
with 100µm L-ascorbic acid.
L-ascorbic acid is labeled as L-AA and donor numbers are shown in brackets. A)
Control passage 2 cells. B) Passage 2 cells cultured with 100µM L-ascorbic acid. C)
Post-switch passage 14 cells co-cultured with 3T3s and treated with L-ascorbic acid, D)
Post-switch passage 15 cells cultured with ascorbic acid but without 3T3s. E) Postswitch passage 15 cells cultured without 3T3s and without L-ascorbic acid
supplementation. Pre- and post- switch cells have different cell distributions. Although
all cells had a similar pulse width, the total fluorescence (FL2-A) was higher for postswitch cells. 10,000 events per graph are shown, and data is ungated.
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Figure 6.13. FACS analysis of pre- and post-switch L-ascorbic acid cultures.
A) Gated region for subsequent analysis. B) Cell cycle analysis with propidium iodide
staining shows a shift in peaks between pre- and post-switch cells. C) Side scatter (SSC)
of pre- and post-switch cells. D) Forward scatter (FSC) of pre- and post-switch cells.

6.2.8. Reactive oxygen species (ROS)
A ROS assay was performed on LECs treated with 100µM L-ascorbic acid and without
L-ascorbic acid supplementation to see if this concentration of the vitamin acted as an
antioxidant in these cells (Figure 6.14). The assay was initially optimised using the
HCE-T cell line as human tissue for research was in limited supply. Deferoxamine
mesylate was used as a positive control as it has been shown to protect against oxidative
damage in epithelial cells (Paller and Neumann 1991). CM-H2DCFDA dye was used to
detect intracellular ROS generated in response to exposure to tert-butyl hydrogen
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peroxide (tBHP) following treatment with 100µM L-ascorbic acid, and 150µM
deferoxamine mesylate. L-ascorbic acid (100µM) was observed to protect HCE-T cells
against 1mM tBHP, and intracellular ROS were significantly lower than controls (p =
0.0004, two tailed t test). LECs were more sensitive to tBHP treatment than the HCE-T
cell line, but 100µM L-ascorbic acid treatment was observed to protect against oxidative
damage caused by 200µM tBHP. The number of ROS generated in L-ascorbic acid
treated LECs in response to tBHP application was significantly lower than controls (p =
0.0176, two tailed t test).
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Figure 6.14. Reactive oxygen species assay.
CM-H2DCFDA dye was used to detect intracellular reactive oxygen species generated
in response to exposure with tert-butyl hydrogen peroxide (tBHP) following treatment
with 100µM L-ascorbic acid, and 150µM Deferoxamine mesylate. Upon oxidation CMH2DCFDA is converted to a fluorescent product, the fluorescence intensity therefore
gives a measure of the reactive oxygen species produced. Significantly less intracellular
reactive oxygen species were generated in L-ascorbic acid treated cells upon tBHP
exposure. *p<0.05 t-test comparing each data point to the control. n=1 (3 replicates per
condition).
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6.2.9. Marker expression
6.2.9.1. Feeder SVCT1 and SVCT2 expression
Nuclear SVCT1 expression was observed in 3T3 J2s, but no SVCT2 localisation was
detected using SVCT2 antibodies (Figure 6.15). PCR analysis showed that SVCT2
RNA was present in 3T3 J2s but SVCT1 was not detected (Figure 6.15). These
immunostaining and RT-PCR results are contradictory and require further investigation.
The SVCT2 antibody used may need optimising or the RT-PCR primers checking. The
primers were purchased from Santa Cruz Biotechnology and the sequences were not
provided.
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Figure 6.15. SVCT1 and SVCT2 expression in 3T3 J2s.
A) Nuclear SVCT1 expression was observed in 3T3 J2s, but no SVCT2 staining was
detected. B) RT-PCR analysis showed that SVCT2 mRNA was present in 3T3 J2s but
that SVCT1 was not.

6.2.9.2. Cultured limbal epithelial SVCT1 and SVCT2 expression pre-switch
SVCT1 was expressed in LECs cultured both with 100µM L-ascorbic acid, and without
L-ascorbic acid supplementation. Nuclear staining was observed in small cells with a
large nuclear to cytoplasmic ratio, and cytoplasmic staining in larger more differentiated
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cells (Figure 6.16). No SVCT2 expression was detected by immunohistochemistry but
PCR analysis showed that both SVCT1 and SVCT2 mRNA were present in both control
and L-ascorbic acid supplemented LEC cultures. Possible explanations are that the
SVCT2 protein was not expressed although the mRNA was present, or alternatively that
the SVCT2 antibody needs optimising.

Figure 6.16. SVCT1 and SVCT2 expression in human limbal epithelial cells.
See following page for full legend
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Figure 6.16. SVCT1 and SVCT2 expression in human limbal epithelial cells.
A) SVCT1 was expressed in LECs cultured both with 100µM L-ascorbic acid (100AA)
and without L-ascorbic acid supplementation (control). Nuclear staining was observed
in small cells with a large nuclear to cytoplasmic ratio (A1), and cytoplasmic staining in
larger more differentiated cells (A2). No SVCT2 expression was detected by
immunohistochemistry (data not shown). B) RT-PCR analysis showed that SVCT1 and
SVCT2 RNA was present in both control and L-ascorbic acid supplemented LEC
cultures.

6.2.9.3. Expression of putative limbal epithelial stem cell markers in post-switch
cells
The putative LESC markers ABCG2, CK15, Notch 1, Hes1, and C/EBPδ were
expressed in post-switch cells cultured without 3T3s both with and without L-ascorbic
acid supplementation (see Figure 6.17 and Figure 6.18 for post-switch cells cultured
without 3T3s and without L-ascorbic acid). The differentiation marker 14-3-3σ was also
expressed in these cells. Expression of p63α was not detected in post-switch cells by
immunohistochemistry (data not shown).
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SVCT1, phalloidin, DAPI

SVCT1

C/EBPδ, phalloidin, DAPI

C/EBPδ

ABCG2, phalloidin, DAPI

ABCG2

CK15, phalloidin, DAPI

CK15

Figure 6.17. Expression of SVCT1, C/EBPδ, ABCG2 and CK15 in post-switch
cells.
Cells shown are passage 15 human LECs cultured without 3T3s or L-ascorbic acid postswitch. Phalloidin staining shows the actin cytoskeleton, and DAPI the cell nuclei.
Phase contrast photos corresponding to the fluorescent images are shown on the right.
The scale bars are 80µm.
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14-3-3σ, phalloidin, DAPI

14-3-3σ

Notch1, phalloidin, DAPI

Notch1

Hes1, phalloidin, DAPI

Hes1

Figure 6.18. Expression of 14-3-3σ, otch1 and Hes1 in post switch cells.
Cells shown are passage 15 human LECs cultured without 3T3s or L-ascorbic acid postswitch. Phalloidin staining shows the actin cytoskeleton, and DAPI the cell nuclei.
Phase contrast photos corresponding to the fluorescent images are shown on the right.
The scale bars are 80µm.

6.2.9.4 Change in marker expression pre- and post-switch (polymerase chain
reaction)
RT-PCR showed that the putative LESC markers CK19, and β1 integrin were expressed
in both pre- and post- switch cells as were the differentiation markers CK3 and 14-3-3σ.
The vitamin C transporters SVCT1 and SVCT2 were also present in both pre- and postswitch cells. Interestingly p63α was expressed in pre-switch but not in post-switch cells,
and was not present from passage 8 onwards. RT-PCR results are shown in Figure 6.19.
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Figure 6.19. Change in expression with passage number (RT-PCR).
See following page for full legend
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Figure 6.19. Change in expression with passage number (RT-PCR).
A and B show human LECs from different donors: A) 6854, B) 6844. 100AA denotes
cultures supplemented with 100µm L-ascorbic acid. SVCT1, SVCT2, Wnt1, CK19, β1
integrin, CK3 and 14-3-3sigma were expressed in both pre- and post-switch cells.
However, p63α was expressed only in pre-switch but not post-switch cultures.

6.2.9.5. SVCT1 and SVCT2 expression in the limbus
SVCT1 was found to be expressed in the human limbus, but no SVCT2 was detected by
immunohistochemistry. Sections through the limbus showed that SVCT1 was expressed
in the limbal basal layer (Figure 6.20). Whole mount immunohistochemistry showed
that SVCT1 was not expressed in the central cornea, but that it was localized to small
cells with a high nuclear:cytoplasmic ratio in the limbus (Figure 6.21). These SVCT1
positive cells were located at the edges of the limbal crypts and in focal stromal
projections.

202

Figure 6.20. Expression of SVCT1 and SVCT2 in the human limbus – tangential sections.
A) SVCT2 (green) was not expressed in the limbal epithelial basal layer. B) SVCT1 (red) was expressed in the basal limbal epithelium. Scale bars are
100µm.
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Figure 6.21 A,B & C.
See following page for full legend
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Figure 6.21 D & E.

Figure 6.21. SVCT1 localisation in the human limbus (whole mount
immunohistochemistry).
SVCT1 is shown in red, and phalloidin (actin cytokeleton staining) in green. A) Inner
cells of focal stromal projections are positive for SVCT1 as indicated by arrows. B) and
C) show that small tightly packed cells at the edges of limbal crypts (LCs) are SVCT1
positive (membrane staining) as indicated by arrows. D) Sections going downwards into
the limbus from the corneal surface (from 0µm at the limbal surface down 72µm
towards the basal layer) showing SVCT1 positive cells inside focal stromal projections
(FSPs, as indicated in D2) and surrounding blood vessels (blood vessel indicated by
arrows in D5, green phalloidin staining of vessel). E) The central cornea is negative for
SVCT1.
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6.3. Discussion
Ascorbic acid is an essential nutrient that cannot be synthesised by humans, and must
therefore be included in the diet, or in the case of ex vivo expansion of human cells
supplied in the culture media. L-ascorbic acid was found to have a dose dependent
effect on the proliferation and CFE of LECs in in vitro culture. Cell viability was high
for all doses of L-ascorbic acid tested from 0-1mM, showing that although L-ascorbic
acid caused reduced proliferation at 1mM concentrations it had not killed these cells.
CFE was highest with 100µM L-ascorbic acid supplementation and this concentration
was therefore selected for further investigation. LECs cultured in 100µM L-ascorbic
acid were smaller than controls which contained larger cells indicative of a more
differentiated phenotype (de Paiva, Chen et al. 2005).

A concentration of 100µM L-ascorbic acid was found to greatly increase the passage
number of LECs in vitro for all donor cultures in this study. Control cultures typically
senesced by passage 5, but cells that were constantly treated with 100µm L-ascorbic
acid from isolation or passage 1 continued to grow until experiments were stopped at
passages between 11 and 23. L-ascorbic acid treated LECs were found to undergo a
change at passage 8. It is proposed that this “switch” may correspond to a change from a
primary cell strain to a continuous cell line. Pre- and post-switch cells had different
characteristics. Pre-switch cells required co-culture with feeders for their expansion
whereas post-switch cells could be cultured without a feeder layer, and no longer
required L-ascorbic acid supplementation. RT-PCR analysis revealed that the putative
LESC marker p63α was expressed in all pre-switch cultures, but was not present after
the switch (passage 8 onwards). Post switch cells were also observed to contain high
levels of telomerase activity compared to pre-switch cells. FACS analysis showed that
cell cycle peaks were shifted to the right for post-switch cells indicating that these cells
are no longer diploid and may contain more chromosomal DNA. Forward scatter and
side scatter peaks of post-switch cells were present to the left of those obtained for preswitch cells indicating differences in these cell populations. Since forward scatter is an
indirect measure of cell size, and side scatter a measure of the cells granularity
(Romano, Espana et al. 2003), this suggests that post-switch cells are smaller and have a
lower cytosolic granularity than pre-switch cells.

Hayflick and Moorhead (1961) defined a cell line as being:
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“a population of cells derived from animal tissue and grown in vitro by serial
subcultivations for indefinite periods of time with a departure from the chromosome
number characterising its source” (Hayflick 1965).

In this study, L-ascorbic acid was shown to extend the culture of LECs beyond the
number of passages that these cells typically reach in vitro before senescence. Although
further cultivation is required to see how many passages these switched cells will reach
in culture, a definite change has occurred in these cells and FACS data suggests that
these cells contain more chromosomal DNA than pre-switch cells.

Interestingly, post-switch cells in this study had very high levels of telomerase activity.
Senescence occurs when telomere length reaches a critically short level (Aubert and
Lansdorp 2008). Telomerase can prevent telomere length from decreasing to this critical
level, and cell lines have been produced by introduction of the human telomerase
reverse transcriptase subunit (hTERT) to stabilize the telomere length and therefore
increase the lifespan of the cells (Kao, Liu et al. 1996). Post-switch cells were found to
have greatly increased telomerase activity compared to pre-switch cells, and the
extended passage number of these cells in culture may be due to this high telomerase
activity.

Oxidative stress has been shown to have an important role in replicative senescence by
increasing the rate of telomere loss (Sozou and Kirkwood 2001). In this study Lascorbic acid was shown to protect LECs against oxidative damage. The number of
intracellular reactive oxygen species generated in response to tBHP treatment was
significantly lower for L-ascorbic acid treated cells compared to controls. This suggests
that the antioxidant nature of L-ascorbic acid may be protecting the cells from oxidative
damage thereby extending their lifespan in culture.

Although certain putative LESC markers such as CK19 and ABCG2 were expressed in
post-switch cells they did not express p63α. A lack of p63α expression has also been
described in other spontaneously derived cell lines (Kao, Liu et al. 1996; Notara and
Daniels 2009), and it has been suggested that these immortalised cells may therefore be
more equivalent to transient amplifying cells rather than stem cells (Kao, Liu et al.
1996). CFE was greatly decreased at the time of the switch, and for post-switch cells
colonies greater than 2mm in diameter were rarely observed in the CFE assay when co207

cultured with 3T3 fibroblasts. This suggests that stem cells may no longer be present in
post-switch cultures and would explain the loss of the putative LESC marker p63α in
these cells.

Post-switch cells were observed to behave similarly to the Simian virus 40 immortalised
human corneal epithelial cell line HCE-T when cultured with and without a 3T3 feeder
layer. When epithelial cells are seeded at low density onto a 3T3 J2 feeder layer they
form distinct colonies. When post-switch cells were cultured in this way, colony size
seemed to be limited to less than 2mm in diameter. However, when cultured in the
absence of 3T3s, colony size was much larger and was no longer limited to a diameter
of less than 2mm. The same results were found for the HCE-T cell line. This data
suggests that the 3T3 fibroblasts are somehow limiting the proliferation of the postswitch LECs. Fibroblasts are closely associated with putative LESCs in the limbus, and
an interaction between LESCs and limbal fibroblasts may have an important role in the
stem cell niche.

It has been shown that the level of ascorbate in tear fluid is actively controlled and
limited to a threshold value of under 40µM (Choy, Benzie et al. 2003). Such limits do
not seem to apply to blood plasma ascorbate which has been observed to reach 125µM
following vitamin C supplementation although usual fasting ascorbate levels are 2580µM (Choy, Benzie et al. 2003). In this study LECs were treated with 100µM Lascorbic acid. Stability experiments showed that ascorbate levels rapidly dropped in the
37ºC culture environment to around 40µM after 24 hours. Therefore the levels of
ascorbic acid available to the cells in this study were similar to physiological levels at
the ocular surface. Cells expressing the vitamin C transporter SVCT1 were observed in
the limbus, but not in the central cornea. SVCT1 positive cells were found in the basal
limbal epithelium, and in small tightly packed cells at the edges of limbal crypts and in
focal stromal projections. The location of these SVCT1 positive cells with a high
nuclear to cytoplasmic ratio corresponds with that of putative LESCs (Shortt, Secker et
al. 2007). SVCT1 expressing cells were located in focal stromal projections in close
proximity to the blood vessels inside. The limbal crypts are also closely associated with
a vascular network (Shortt, Secker et al. 2007) and these SVCT1 positive cells may
therefore obtain their supply of ascorbic acid from the blood.

208

This study showed that L-ascorbic acid supplementation greatly increased the passage
number of LECs for all donor cells tested. If confirmed that cell lines are being
generated, these are being produced with very high efficiency. Indeed, if cells are
cultured with 100µM L-ascorbic acid from an early passage number (ideally p0 or p1)
results indicate that a cell line may be being generated for every set of donor cells.
Human epithelial cell lines are rarely observed to spontaneously immortalise and
conditions for reproducing this event have not previously been described (Forsyth, Elder
et al. 2005). Current methods for establishing corneal epithelial cell lines include
incorporating oncogenes or the human telomerase reverse transcriptase subunit into the
genome (Kao, Liu et al. 1996). L-ascorbic acid treatment may represent an alternative
method to reliably produce corneal epithelial cell lines without the introduction of
foreign DNA. These post-switch cells could potentially be used for drug screening, or
toxicity testing. Cultured cells offer an alternative to animal testing, and have recently
(2009) been accepted by the EU as a suitable replacement for the Draize test which
involved observing the reaction of products to be tested on rabbit skin and eyes.

Pre-switch L-ascorbic acid treated cells exhibited LEC characteristics such as
expression of putative LESC markers, and the ability to form colonies with holoclone
features. However these pre-switch cells exhibited greater proliferation, and had a more
stem-cell like phenotype than control cultures which senesced after only a few passages.
Adding L-ascorbic acid to the culture media can therefore produce a greater quantity of
LECs with a more stem cell like phenotype than is currently obtained. This would be
highly beneficial for producing better quality LEC grafts for transplantation onto
patients with LESC deficiency. For unilateral cases where a single biopsy is taken from
the healthy eye of a patient, and used to culture a sheet of LECs for transplantation onto
the damaged eye, improved culture conditions with L-ascorbic acid supplementation
will be advantageous as the tissue biopsy taken is tiny, being typically 1-2mm in
diameter, and ideally you do not want to have to take another biopsy from the patient if
the first culture fails. Also since a greater number of cells could be produced with Lascorbic acid supplementation, some of these cells could be cryopreserved and used to
grow a second graft if required rather than taking another biopsy from the patient.

It is proposed that pre-switch cells may be safe for patient use but that post-switch cells
would not be recommended for patients as they no longer exhibit the LESC
characteristics of holoclone formation when co-cultured with 3T3s, or expression of the
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putative LESC marker p63α. More importantly, results suggest that these cells no longer
have the same diploid complement as pre-switch cells and occasionally abnormal cells
containing multiple nuclei have been observed in these cultures. Pre-switch cells would
need to be assessed for their safety and tumorigenic risk before use in the clinic since
continuous supplementation with L-ascorbic acid has been shown to cause a definite
change in LECs. The improved culture of LECs by addition of L-ascorbic acid will be
useful for research to further understand LECs. If deemed to be safe for patient use, in
addition to being of benefit for producing LECs for transplantation L-ascorbic acid
treatment may also be a good way of producing a greater number of LESCs (pre-switch)
for the generation of induced pluripotent stem cells (IPS cells).
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CHAPTER 7
EVALUATIO OF A MICROFLUIDIC CHA

EL FOR

THE IDE TIFICATIO OF LIMBAL EPITHELIAL STEM
CELLS
7.1. Introduction
This chapter describes the use of microfluidic technology as a tool for LESC
characterisation and analysis, with the aim being to enable quicker and more reliable
assessment of LESC cultures for both research and clinical use.

The ultimate goal of the microfluidics section of this project was to purify LESCs from
a mixture. The proposed idea was to separate the stem cells based on characteristics
such as their size and adhesiveness which distinguish them from their more
differentiated progeny. LESCs have been shown to be smaller in size than more
differentiated cells (de Paiva, Chen et al. 2005), and can be partially purified based on
their adhesiveness to collagen IV. This selectivity is based on the interaction of β1
integrins expressed on the surface of putative LESCs with collagen IV. β1 integrin
‘brightness’ has been proposed as a marker for putative stem cells (van Rossum 2002;
de Paiva, Chen et al. 2005) and LECs that rapidly adhere to collagen IV have been
found to possess greater stem cell properties than cells that do not adhere to collagen IV
in this time (de Paiva, Chen et al. 2005). It was proposed that these differences between
LESCs and their more differentiated progeny would mean that these cells would move
differently through a microfluidic channel and these differences could subsequently be
exploited as a cell sorting method. Figure 7.1 shows the single channel configuration of
the prototype chip and also a possible future configuration of the silicon chip whereby
cells are identified as being stem or non-stem cell like in nature possibly based on their
speed and motion through the channel, and directed into appropriate channels by an
optical switch thereby purifying the stem cells.

Challenges in this project involved fabricating a silicon chip with a suitable channel,
characterising and controlling the motion of cells/beads through the channel, and putting
into place a method of selecting out the limbal cells such as by using an optical switch.
The size of the channel was designed to promote laminar flow and therefore problems
with turbulent flow and mixing should not arise.
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This section was done in collaboration with Professor Gabriel Aeppli the Director of the
London Centre for Nanotechnology (UCL), and his phD student Angie Ma. Mr Steve
Etienne was involved in the fabrication of the chip and associated training. The
prototype chip was already designed and fabricated when I joined the project, but the
behaviour of cells in this device had not been studied. The aims of this study were to
observe the movement of cells and beads through silicon channels. Coating the surface
of silicon chips by silanisation was investigated as well as possible methods for
distinguishing between stem cells and their more differentiated progeny: charge
probing, photoluminescence (PL) and Fourier transform infrared spectroscopy (FTIR).

Aim: to investigate the use of a microfluidic channel as a tool for LESC sorting and
characterisation.
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Figure 7.1. Silicon chip concept.
A) Present configuration allowing cells to flow along a single channel. B) Proposed
future multi-channel configuration comprising an optical switch enabling cells to be
directed into the appropriate collection channel once they have been identified as being
stem cell or non-stem cell like based on their behaviour in the channel e.g. speed and
motion.
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7.2 Results
7.2.1. 3T3 behaviour in sawn silicon groove when pulled along by capillary action
3T3 fibroblasts displayed a random movement through the channel, with some moving
in a zig zag motion, and some moving along the walls. Figure 7.2 shows fibroblasts in a
microfluidic channel.

B

A

25µm

25µm

Figure 7.2. Fibroblasts in sawn channel.
A) Fibroblasts (3T3 J2) in suspension, B) fibroblasts (3T3 J2) in sawn groove on silicon
chip (DISCO).

7.2.2. Motion of beads moving along silanised channel by capillary action
Some of the beads moved through the channel extremely quickly making it difficult to
monitor their motion. However, it was observed that carboxy coated beads tended to
move along the edge of the silanised channel whereas amino coated beads tended to
move in a straight line along the channel. This result was as expected and suggests that
the silanisation procedure was successful. The silicon chips were coated with APTES
which is positively charged at pH7. Therefore the carboxy beads will be attracted to
positively charged walls with a greater affinity than the positively charged amino beads.

There was an interesting pattern on the surface of the silanised chip DISC6, which
disappeared upon washing with PBS (see Figure 7.3). This pattern was probably caused
by the silanisation procedure.
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Figure 7.3. Silanised silicon chip (DISC6).
A) Surface before PBS wash, B) Surface after washing with PBS, C) Inside channel
before PBS wash, D) Amino coated beads in channel. The channel is 50µm in diameter.

7.2.3. Investigating capillary fronts in silanised chips
Capillary front shape varied in the three different types of chip tested (IMP, DISC, and
DRILL chips were from different manufacturers – see Table 2.5 for details), and also
between the silanised and unsilanised DISC chips (see Figure 7.4). This suggests that
the channels had different surface topologies, and that silanisation may change the flow
characteristics in the channel. For example, in the IMP 2 channel flow was fastest on the
right hand side.

Capillary action was extremely fast in the IMP 2 channel, and the photo of the capillary
front (Figure 7.4) was taken once the capillary action had stopped. Capillary action was
also fast in the DISC 3 channel. Capillary action was slower and therefore more easily
observed in the DISC6 and DRILL 8 channels.
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DISC 6
Figure 7.4. Capillary fronts in silanised and non-silanised silicon channels.
Channels shown are 50µm in diameter and 20µm deep. Direction of flow in the photos
is upwards. A) DISC 6 silanised, B) DRILL 8 silanised, C) IMP 2 unsilanised, D) DISC
3 unsilanised.

7.2.4. Pumping limbal epithelial cells through channels
Cells were not seen moving through the channel, only 2 cells were observed which were
stuck to the bottom of the channel. One of these cells became elongated and then burst
(Figure 7.6). Why cells were not observed flowing along the channel could have been
for several reasons: the cells may have been stuck in the reservoir, or they may have
been moving too quickly to be observed, or the cells may have burst due to the pressure
or flow in the channel.

The LECs used in this experiment were mostly differentiated, and therefore some of
these cells may have been too big to fit into the channel. Cell size in relation to the
channel can be seen in Figure 7.6. Although the channel is 50µm in diameter, it is only
20µm deep and since the cell size ranged from about 15 – 50µm in diameter, most of
them were too big to fit through the channel. Therefore, next time this experiment is
repeated cells less than 20µm diameter would need to be pumped through the channel.
216

An interesting set of circles was observed in the reservoir (see Figure 7. 5D), these
circular patterns are too large to be cells, and are also extremely circular. It is not known
what these are caused by, and it is possible that they may be some kind of refractive
pattern.

A

B

100µm

C

50µm

D

100µm

50µm

Figure 7. 5. Limbal epithelial cells in suspension.
A) and B) show LECs suspended in PBS. C) Channel, D) Inside reservoir
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t=0
cell

t=24 seconds

t=25 seconds

t=29 seconds

Figure 7.6. Limbal epithelial cell bursting in channel.

7.2.5 Culturing limbal epithelial cells on silicon
LECs were successfully cultured on silanised silicon wafers in the presence of CECM
with a 3T3 feeder layer as illustrated in Figure 7.7.
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Figure 7.7. Limbal epithelial cells (passage 1) growing on a silanised silicon
surface.

7.2.6 Evaluating the effect of processing time on limbal epithelial cells
The viability of LECs maintained in suspension in Dulbecco’s Phosphate-Buffered
Saline (D-PBS) was shown to decrease over time from 94% at time 0 to 69% after 24
hours (Figure 7.8). Interestingly the live cell number increased in the first 3 hours of
suspension, but dropped after 6 hours. The number of colonies and therefore the CFE
decreased over time when cells were suspended in DMEM and D-PBS. The number of
colonies greater than 1mm in diameter was greatly reduced after 4 hours for cells
suspended in both DMEM and D-PBS (Figure 7.9). A few colonies greater than 2mm
in diameter were observed from cells stored in D-PBS for 8 hours, but not for those
stored in DMEM (Figure 7.9). Although colonies with diameters of more than 1mm in
diameter were obtained from cells stored in suspension for 28 hours, no colonies were
observed that had diameters of more than 2mm. It must be noted that for the CFE
experiment (Figure 7.9) n=1 for each data point therefore there are no error bars shown
on the graph. This experiment would therefore need to be repeated to ensure the
accuracy of these results.
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Figure 7.8. Viability over time of human limbal epithelial cells suspended in DPBS.
Standard error bars are shown, n=1 (3 cell counts per time point).
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Figure 7.9. Colony forming efficiency obtained over time when human limbal
epithelial cells were suspended in DMEM and D-PBS.
A) Percentage of colonies greater than 1mm in diameter, and B) percentage of colonies
greater than 2mm in diameter obtained after limbal epithelial cells were maintained in
suspension in DMEM and D-PBS for up to 54 hours. No error bars are shown as n=1.
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7.2.7 Possible methods for identifying stem cells in channel
7.2.7.1 Charge probing experiments
The charge properties of LECs were investigated to see if there were any differences in
charge between stem cells and their more differentiated progeny that could be exploited
for cell identification and sorting. Positive and negatively charged beads were used to
probe the surface charge of LECs. Prior to conducting experiments with cells, the
charge properties of the probe beads were confirmed by observing how they interacted
with larger “sample” beads of differing charges (Figure 7.10). Charges are known to
change in different pH conditions, and interactions between sample and probe beads
were determined in acid and alkali conditions as well as at neutral pH (Figure 7.11,
Figure 7.12 and Figure 7.13). Interactions between sample and probe beads could be
clearly seen under the phase contrast microscope, but interactions between cells and
probe beads were less clear due to the granularity of the cells. Therefore fluorescent
probe beads were used for subsequent experiments to enable any interactions to be more
clearly observed. Interactions between fluorescent sample and probe beads were clearly
identifiable when observed under a fluoresecent microscope (Figure 7.14 and Figure
7.15). However, interactions between the cells and fluoresecent probe beads were still
difficult to interpret as being “real” interactions or just clumps of beads (see Figure
7.16). Therefore the next step would be to fluorescently label the LECs with an
intracellular dye, and then conduct the charge probing experiments with fluorescent
probe beads. Uncharged latex beads are indicated as being “neutral” but do in fact carry
a charge as they interacted with charged probe beads.
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Figure 7.10. Summary of sample and probe bead interactions.
A) Summary of interactions between sample and probe beads. B) Sample and probe
beads of the same charge do not interact. The black arrow indicates a sample bead and
the white arrow a probe bead. Neutral beads are uncharged latex beads. C) Negatively
charged probe beads interacting with positively charged sample beads. D) When
fluorescent beads are used interactions between probe (green) and sample (blue) beads
are clearly seen.
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Figure 7.11. Phase contrast images of interactions between differently charged
sample and probe beads in acidic solution (pH3) after 24 hours.
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Figure 7.12. Phase contrast images of interactions between differently charged sample and probe beads in D-PBS after 24 hours.
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Figure 7.13. Phase contrast images of interactions between differently charged sample and probe beads in alkali solution (pH12) after 24
hours.
226

Figure 7.14. Fluorescent images of interactions between differently charged sample and probe beads in D-PBS after 24 hours.
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Figure 7.15. Fluorescent images of interactions between differently charged sample and probe beads in alkali solution, pH12 after 24
hours.
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Figure 7.16. Charge probing of limbal epithelial cells.
A & B) interaction of LECs with positively charged 1µm beads. C & D) interaction of
LECs with green fluorescent positively charged beads, and red fluorescent negatively
charged beads. Arrows indicate possible interactions.
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7.2.7.2 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of LECs, fibroblasts, media, and water were obtained between 400
and 4000cm-1 and all were found to have unique peaks between 400 and 2000cm-1
(Figure 7.17 and Figure 7.18).
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Figure 7.17. FTIR specta of limbal epithelial cells, fibroblasts, media, and water between 400 and 4000cm-1.
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Figure 7.18. FTIR spectra of limbal epithelial cells, fibroblasts, media, and water between 400 and 2000cm-1.
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7.2.7.3 Photoluminescence (PL)
A density of cells greater than 1x105/ml was required to give a PL signal above the
baseline cuvette reading (Figure 7.19A). The total sample volume used for PL
measurements was also important, with a greater volume of the same cell density
solution giving a higher PL reading (Figure 7.19B). This difference in signal was
probably due to settling effects as the PL readings took several minutes, and therefore
when comparing samples it is important to have samples of the same cell density and
volume, and to ensure samples are properly mixed immediately prior to PL
measurement. The CFE and viability of LECs were not affected by PL measurements
(Figure 7.20). LESCs were partially purified using the collagen IV rapid adhesion
assay, where rapidly adherent (RA) cells represent a more stem cell like population than
non-adherent (NA) cells. RA and NA cells were both observed to have two major
peaks, but the ratio between the heights of these peaks was different (Figure 7.21). The
PL spectrum of the HCE-T cell line was also measured for comparison (Figure 7.22)
and this was distinguishable from the LESC spectrum.
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Figure 7.19. Photoluminescence intensity varies with cell density, and sample
volume.
A) Photoluminescence with different cell densities. Cell densities greater than 1x105
cells/ml are required to give a signal above the baseline cuvette reading. B)
Photoluminescence with different sample volumes of the same cell density/ml. Larger
sample volumes give higher photoluminescence signals probably due to settling effects.
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Figure 7.20. Colony forming efficiency and viability changes of limbal epithelial
cells after PL measurements.
Standard error bars are shown.
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Figure 7.21. Differences in photoluminescence between cells that are rapidly
adherent (RA) to collagen IV and those that are non-adherent ( A).
A) Photoluminescence spectra showing 2 distinct peaks. B) Ratios of the
photoluminescence intensity of peak 1 (left peak) and peak 2 (right hand peak) showing
clear differences between RA and NA cells.
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Figure 7.22. PL spectrum of the HCE-T cell line.

7.3. Discussion
Microfluidic technology presents the opportunity to study the properties of individual
cells, and this study investigated the potential of microfluidic channels to separate
LESCs from a culture consisting of stem cells, transient amplifying cells and more
differentiated cells. Typically stem cells make up only a few percent of a LEC culture,
and there is currently no definite marker for LESCs. Instead, a combination of putative
LESC markers together with differentiation markers is required to identify a stem cell.
This is typically done retrospectively by immunohistochemistry on fixed cells. Other
techniques such as CFE can determine retrospectively the proportion of stem cells
present in a culture, but the CFE assay takes 7-10 days and cannot identify individual
stem cells. Another drawback is that these techniques all require sacrifice of the cells.

The Fluorescence Activated Cell Sorting (FACS) machine has been used to separate
side-population cells from LEC cultures based on the ability of these cells to exclude
the hoescht 33342 dye (Watanabe, Nishida et al. 2004; Umemoto, Yamato et al. 2006).
However, a large cell number is generally required for cell sorting using the FACS
machine and although side population cells are a population enriched for stem cells this
population does not exclusively consist of stem cells.
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If microfluidics could be used to identify and sort LESCs from their differentiated
progeny, this could aid in the identification of a definite stem cell marker. A nondamaging method to identify stem cells would be of great application for both LESC
research, and also as a tool for checking the quality of cultured LESC grafts. For
cultured LESC therapy to be successful in restoring the corneal surface of a LESC
deficient eye, it is important that stem cells are present in the cultured tissue for
transplantation. It would be ideal to confirm that there are indeed stem cells in the graft
prior to transplantation and that the graft is suitable, but at present this is done
retrospectively. Cells cannot be sampled from the graft itself which is an intact sheet of
cells, but the cells used to prepare the graft could be evaluated for the presence of
LESCs. There may be patients whose stem cells will not grow in vitro and will not
produce a successful graft, in which case cells from another donor could be used
instead. Alternatively there may have been no stem cells present in the biopsy. The
incidence of graft failure could therefore potentially be reduced if grafts could be
screened non-invasively prior to transplantation.

A few methods that do not involve cell modification or tagging were investigated in this
study for their potential to distinguish between stem cells and their more differentiated
progeny, namely photoluminescence (PL) and fourier transform infared spectroscopy
(FTIR). Both showed promise that they may be able to identify a stem cell based on a
unique signature spectrum distinguishing it from transient amplifying cells and more
differentiated cells. PL was tested on large numbers of cells that had been partially
purified using collagen IV to separate out a more stem cell like population to compare
to an unpurified control. Although differences were observed between these populations
suggesting that stem cells may have unique photoluminescence spectra, the PL
instrument would need to be modified in order to probe the properties of an individual
cell. FTIR showed that LECs had a unique spectrum distinguishable from that of
fibroblasts. FTIR has subsequently been shown by other groups to distinguish between
LESCs, transient amplifying cells and terminally differentiated cells (German, Pollock
et al. 2006; Bentley, Nakamura et al. 2007). Although FTIR has been investigated for
corneal epithelial cells, photoluminescence studies of these cells have not previously
been reported. If PL can to identify a LESC from a mixed LEC population, PL or FTIR
detection systems could be incorporated into a microfluidic chip/system to separate
stem cells for further analysis or for determining the percentage of stem cells in a
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population thus providing a much quicker assay than current methods which are largely
retrospective, destructive, and time consuming.

FTIR measurements require expensive equipment, and a separation system based on
properties such as charge and cell size would provide a cheaper alternative. In this study
charge probing experiments were conducted to see if there were any differences in
charge between stem cells and their more differentiated progeny that could be exploited
for cell identification and sorting. Positive and negatively charged beads were used to
probe the surface charge of LECs. Interactions between the cells and fluoresecent probe
beads were difficult to interpret as being “real” interactions or just clumps of beads, and
further experiments are required. Experiments could be improved by fluorescently
labelling the LECs with an intracellular dye, and then conducting the charge probing
experiments with fluorescent probe beads.

The microfluidic chip tested in this study needs a few modifications in order to properly
study the behaviour of LECs in the microfluidic channel. The channel needs to be larger
to accommodate differentiated LECs, and also the shape and size of the reservoirs needs
to be re-designed as the cells have a massive “jump” to reach the channel. A few
experiments were conducted using open channels, and cells and beads were observed to
move along the channels by capillary action. The method of channel fabrication is very
important as the different types of chips studied had differently shaped capillary fronts,
and therefore different surface topologies. Silanisation was used to coat channels
producing a positively charged surface at pH7. Beads of differing charges displayed
different motions when moving along this positively charged channel surface by
capillary action. Thus if LESCs are of a different charge to their more differentiated
progeny, they may move differently through a silanised channel and may therefore be
separated based on this property. Different surface coatings could potentially be used to
aid in the sorting of stem cells.

Fouling can be a big problem in microfluidic systems (Mukhopadhyay 2005). In this
study chips were cleaned using piranha clean which is a very harsh cleaning method. A
microfluidic chip would need to be able to withstand the cleaning process if designed to
be multiple use. For GMP, pre-sterilised disposable single use chips would be ideal as
they would not have to be validated for cleaning, and there would be no risk of
contamination between different cell samples.
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CHAPTER 8
GE ERAL DISCUSSIO A D FUTURE WORK
8.1 General Discussion
LESCs are responsible for maintenance and repair of the corneal surface. A deficiency
of these stem cells due to injury or disease results in corneal opacification,
vascularisation, inflammation, and severe discomfort. Cultured LESC therapy aims to
deliver stem cells to patients deficient in these LESCs and has been shown to be
effective for restoring the corneal surface (Pellegrini, Traverso et al. 1997; Pellegrini,
Golisano et al. 1999; Shortt, Secker et al. 2008). Typically LECs have a limited lifespan
ex vivo, and can only be cultured for a few passages prior to senescence. A major aim
of this project was to optimise the culture of LECs thereby improving the quality of
tissue grafts.

Understanding of the in vivo LESC niche and the mechanisms involved in stem cell
maintenance and renewal is very important for optimising the in vitro culture of these
cells. For autologous LESC therapy where a tiny biopsy (1-2mm in diameter) is taken
from the limbus of a patient’s healthy eye, understanding of the limbal niche is
important as LESCs are not uniformly distributed throughout the limbus (Wiley,
SundarRaj et al. 1991; Lauweryns, van den Oord et al. 1993). Therefore it is important
to take a biopsy from an area of the limbus which contains stem cells, but not to remove
all the LESCs from the healthy eye. It is important to be able to consistently isolate and
culture LESCs from this tiny tissue biopsy, to ensure that an adequate number of stem
cells are delivered to the patient.

In this thesis conditions in the in vivo niche were mimicked in an attempt to improve
the in vitro culture of LESCs. Sub-atmospheric oxygen and ascorbic acid
supplementation were investigated and found to be beneficial for the maintenance and
expansion of LESC progenitors in vitro. Although no direct measurements of the
oxygen tension in the LESC niche have previously been reported, measurements in this
study suggest that it is a sub-atmospheric environment, and other studies have shown
that there is a decreasing oxygen gradient between the surface of the corneal epithelium
and the epithelio-stromal junction (Fatt and Bieber 1968; Kwan, Niinikoski et al. 1972).
LECs are routinely cultured in atmospheric oxygen (21%). In this study data suggested
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that sub-atmospheric oxygen tensions of around 14% oxygen are better than
atmospheric oxygen for the maintenance and expansion of rabbit LESCs in vitro, and
are recommended for their culture.

LEC differentiation was found to be promoted at oxygen tensions of 8% and below. In
contrast to these findings Miyashita et al. (2007) have shown that 2% oxygen enhances
the proliferation of LECs (Miyashita, Higa et al. 2007). However, they used a serumfree, feeder-free culture system. This study shows that in a feeder co-culture system
with serum LECs behave very differently and that 2% oxygen is in a fact a sub-optimal
environment for their maintenance and expansion. These contrasting results demonstrate
the differences in cell behaviour in different culture media and systems, and highlight
the importance of finding an in vitro LESC model which closely mimics in vivo stem
cell behaviour and regulation.

Results from this study suggested that corneal storage in low oxygen may be beneficial
for the preservation of LESCs. Eye bank stored corneas are used as a source of LESCs
for cultured LESC therapy and research so improved preservation of LESCs in these
corneas would be of benefit for these applications. It is not known if the current eye
bank storage conditions are optimal for LESC preservation and subsequent culture. This
is because the primary purpose of corneal storage by eye banks is the preservation of
tissue for full thickness corneal grafts (penetrating keratoplasty) (Georgiadis,
Kardasopoulos et al. 1999) for which the condition of the corneal endothelium is very
important for maintaining corneal clarity (Wilson and Bourne 1989). Current eye bank
storage is therefore optimised to preserve the corneal endothelium. Zagorski et al.
(1990) have shown that low oxygen (6%) stimulates the proliferation of cultured
corneal endothelium, and prevents epithelial overgrowth of corneas in long-term organ
culture storage (Zagorski, Gossler et al. 1989), findings that may support the results
found in this study.

Although ascorbic acid is abundant in the cornea and has been shown to be successful
for the treatment of corneal disorders (Lyle and McLean 1941) the effect of this
antioxidant on in vitro LEC culture had not previously been studied. Since ascorbic acid
is present in such high concentrations in the in vivo cornea, ascorbic acid
supplementation to mimic this physiological environment was investigated to see if this
would improve the culture of LESCs. Adding L-ascorbic acid to the culture media was
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shown to produce a greater quantity of LECs with a more stem cell like phenotype than
is currently obtained.

L-ascorbic acid treated LECs were observed to undergo a change at around passage 8. it
is proposed that this “switch” may correspond to a change from a primary cell strain to
a continuous cell line. If confirmed that cell lines are being generated, these are being
produced with very high efficiency. Indeed, if cells are cultured with 100µM L-ascorbic
acid from early passages (ideally p0 or p1) results indicate that a cell line may be being
generated for every set of donor cells. Human epithelial cell lines are rarely observed to
spontaneously immortalise, and conditions for reproducing this event have not
previously been described (Forsyth, Elder et al. 2005). Current methods for establishing
corneal epithelial cells include incorporating oncogenes or the human telomerase
reverse transcriptase subunit into the genome (Kao, Liu et al. 1996). L-ascorbic acid
treatment may represent an alternative method to reliably produce corneal epithelial cell
lines without the introduction of foreign DNA.

It is proposed that post-switch cells would not be recommended for patients as they no
longer exhibit the LESC characteristics of holoclone formation when co-cultured with
3T3s, or expression of the putative LESC marker p63α. More importantly, results
suggest that these cells no longer have the same diploid complement as pre-switch cells
and occasionally abnormal cells containing multiple nuclei have been observed in these
cultures. Post-switch cells may however be suitable for research as well as drug
screening, or toxicity testing. Cultured cells offer an alternative to animal testing, and
have recently (2009) been accepted by the EU as a suitable replacement for the Draize
test which involved observing the reaction of products to be tested on rabbit skin and
eyes.

Pre-switch cells would need to be assessed for their safety and tumorigenic risk before
use in the clinic since continuous supplementation with L-ascorbic acid has been shown
to cause a definite change in LECs. However the improved culture of LECs by addition
of L-ascorbic acid may be useful for research to further understand LECs. It may also be
a good way of producing a greater number of LESCs (pre-switch) for the generation of
induced pluripotent stem cells (IPS cells). In a recent paper, vitamin C was shown to
increase the efficiency of mouse and human IPS generation (Esteban, Wang et al. 2010)
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Due to the limited supply of human tissue for research, models of human LESC culture
and the human LESC niche are required to identify mechanisms involved in LESC
regulation. In the human limbus corneal epithelial stem cells are located in niche
structures called limbal crypts and focal stromal projections (Shortt, Secker et al. 2007).
Studies have shown that corneal epithelial stem cells are also located in the rabbit
limbus (Tsai, Sun et al. 1990), but niche structures such as those present in the human
limbus were not observed in this study. Differences between the rabbit and human
cornea have been reported and these include differences in the collagen arrangement in
the Descemet’s membrane (Ojeda, Ventosa et al. 2001), and that a Bowman’s
membrane is observed in humans, but not in the adult rabbit (Wilson and Hong 2000).
In this study unique acellular finger-like projections close to the rabbit limbus were
observed that were not seen in the human eye. This further highlights the differences
between the rabbit and human eye. Rabbit tissue provided a good source of LECs for
this study when human tissue was unavailable. However, in terms of a model for the in
vivo niche, the rabbit does not appear to be suitable as a model for the human as it does
not contain the same limbal niche structures. Other tissues such as pig have a similar
limbal structure to the human (Notara et al., manuscript in preparation) and may
therefore be a better model of the LESC niche than the rabbit.

A major challenge in LESC biology is the identification of LESCs both in vivo and in
vitro as there is currently no definitive marker for these cells. In this study, the use of
microfluidic channels as a tool to aid in the identification of LESCs was investigated.
Microfluidics presents an opportunity to study cells on an individual scale and to probe
their properties. In this way, it may be possible to try and identify a definite stem cell
marker. A few methods that do not involve cell modification or tagging were
investigated in this study for their potential to distinguish between stem cells and their
more differentiated progeny, namely photoluminescence (PL) and fourier transform
infared spectroscopy (FTIR). Both showed promise that they may be able to identify a
stem cell based on a unique signature spectrum distinguishing it from transient
amplifying cells and more differentiated cells. FTIR has subsequently been shown by
other groups to distinguish between limbal epithelial stem cells, transient amplifying
cells and terminally differentiated cells (German, Pollock et al. 2006; Bentley,
Nakamura et al. 2007). Although FTIR has been investigated for corneal epithelial cells,
photoluminescence studies of these cells have not previously been reported. If PL can
be used to identify a limbal stem cell from a mixed limbal epithelial population, PL or
243

FTIR detection systems could be incorporated into a microfluidic chip/system to
separate stem cells for further analysis or for determining the percentage of stem cells in
a population thus providing a much quicker assay than current methods which are
largely retrospective and time consuming.

In conclusion, several improvements to the LESC culture process were found in this
study, namely culturing in sub-atmospheric oxygen, and adding L-ascorbic acid as a
supplement to the culture media. L-ascorbic acid supplementation was found to be a
potential alternative method for reliably producing corneal epithelial cell lines without
the introduction of foreign DNA, and microfluidic technology found to show promise as
a tool for the identification of LESCs when used in conjunction with methods such as
PL and FTIR.

8.2 Future work
8.2.1 Animal product-free LESC culture
Future work for the culture of LESCs for clinical use will focus on making this a
process free from animal products. The culture of LECs for transplantation without
using any 3T3 J2s would be ideal as they are mouse cells, and animal products should
not be used for patients unless there is no alternative. The use of bovine serum is also
not ideal and serum-free culture methods or the use of autologous human serum could
be investigated as possible alternatives. There are serum-free, feeder-free culture media
that can be used for the culture of LECs such as KSFM and Cnt-20 but at present the
3T3 co-culture system seems to be optimal for the expansion of LESCs (Notara,
Haddow et al. 2007), and is approved for clinical use. The culture of human LECs in
KSFM, and CnT-20 was attempted in this study but the cells grew extremely slowly,
not all cells exhibited an epithelial phenotype, and very low CFEs were obtained from
cells expanded in these culture media. This poor success may have been a result of the
age of the tissue used – at least 7 days post mortem, and may be better with “fresh”
tissue biopsies. Further work would be needed to optimise these serum-free feeder-free
culture methods.

At present the 3T3 co-culture system seems to be optimal for the expansion of LESCs
(Notara, Haddow et al. 2007), and is approved for clinical use. In vivo, LESCs are
closely associated with limbal fibroblasts which may have a role in providing signals to
maintain these cells in a stem cell state (Lim, Fuchsluger et al. 2009). A feeder-free
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culture method may therefore not be optimal for LESC expansion. Future work to
enable the culture of LESCs without mouse 3T3s could therefore investigate the use of
alternative fibroblasts such as human limbal fibroblasts (which could be autologous) or
other human fibroblasts such as MRC5s, a human embryonic fibroblast cell line that has
already been shown to support the proliferation of LECs (Notara, Haddow et al. 2007)
but would need to be assessed for safety, and validated for use in the clinic.
8.2.2 Further characterisation of the LESC niche
Further characterisation of LESCs is required as no definitive marker for these cells
currently exists. Further analysis of the human LESC cell niche may aid in the
discovery of such a marker, and also further understanding of stem cell regulation and
biology. Future work may focus on making an ex vivo niche to mimic the in vivo niche,
thereby providing an environment that will prolong the maintenance and expansion of
LESCs in vitro. This study showed that both rabbit and human LECs were sensitive to
changes in oxygen tension in vitro, and that their phenotype and behaviour could be
changed by altering the oxygen levels in their culture environment. However, the actual
oxygen tension in the limbal niche has not yet been published. Measurement of the
oxygen tension in the human limbus was attempted in this study, but more repeats are
required to ensure the accuracy of this measurement.

8.2.3 Low oxygen in corneal storage
Future work could investigate improved methods of corneal storage for the preservation
of LESCs. In this study corneal storage in low oxygen (2%) was investigated to see if
this would be advantageous for LESC preservation. Results suggested that storage in
low oxygen may be a promising method for improving corneal storage. However, this
experiment would need to be repeated in order to confirm these results as only one
cornea was included in each condition. If this experiment was repeated, it would be
interesting to see what the actual oxygen tension was in Optisol-GS gassed with 2%
oxygen because this solution is more viscous than CECM for which the gassing regime
has been verified. The oxygen tension of the ungassed media may also need to be
determined for comparison.
8.2.4 Effect of L-ascorbic acid on LESC culture
Further work is required to determine the mechanism of action of vitamin C and
investigate its potential role in stem cell regulation. Ascorbic acid is known to stimulate
collagen production in fibroblasts (Murad, Grove et al. 1981; Wendt, Soparkar et al.
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1997), and further studies could determine whether ascorbic acid supplementation is
causing the feeders to produce matrix that is more favourable for the expansion of LECs
in the co-culture system, or whether it is acting directly on the epithelial cells, or if a
combination of the two is occurring. SiRNA blocking experiments with SVCT1 and
SVCT2 could be carried out, and matrix analysis performed. Future work could also be
done to investigate the effect of adding other antioxidants to LEC culture medium.

It has been shown that the level of ascorbate in tear fluid is actively controlled and
limited to a threshold value of under 40µM (Choy, Benzie et al. 2003). It would
therefore be interesting to measure the tear ascorbate in patients with ocular surface
disorders such as LESC deficiency or pterygium to see if the regulation of ascorbate
levels in the tear fluid is affected in these patients. It would also be of interest for future
work to investigate whether culture with 40µM L-ascorbic acid (in the 3T3 co-culture
system) would be beneficial for extending the maintenance and expansion of LESCs in
vitro without inducing the “switch” observed with 100µM L-ascorbic acid in this study.
This study showed that LEC culture with 50µM L-ascorbic acid resulted in increased
proliferation and CFE compared to controls suggesting that this ascorbate level may be
promising for further investigation.

Future work should aim to determine the number of population doublings at which these
cells “switch” by measuring the CFE of L-ascorbic acid treated and control cells at each
passage number until senescence. In this study the CFE at each passage was not
determined for 3 sets of donor LECs cultured with and without L-ascorbic acid
supplementation. This was because it was not anticipated that the L-ascorbic acid
treated cells would undergo a “switch” in behaviour at around passage 8.

Further experiments are required to confirm whether cell lines are actually being
produced with L-ascorbic acid supplementation. It needs to be determined if post-switch
cells will eventually reach senescence, and if so how many population doublings are
achieved. The suitability of post-switch cells for research needs to be investigated to see
if they display limbal epithelial characteristics such as multilayering and differentiation
ability. Experiments could be performed on both pre- and post- switch cells to check for
chromosome abnormalities e.g. karyotyping, and cells injected into nude mice to check
that no tumours form. Confirmation that ascorbic acid treated cells are safe for patient
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use would be needed before supplementation with this vitamin is used for clinical
cultures of LECs.
8.2.5 Microfluidic technology for LESC identification and sorting
The microfluidic chip tested in this study needs a few modifications in order to properly
study the behaviour of LECs in the microfluidic channel. The channel needs to be larger
to accommodate differentiated limbal cells, and also the shape and size of the reservoirs
needs to be re-designed as the cells have a massive “jump” to reach the channel. These
alterations could be made and future work performed to study the behaviour of LECs in
the redesigned chip. Different surface coatings could also be investigated for their
potential to be used to aid in the sorting of stem cells using the microfluidic channel.

PL and FTIR both showed promise that they may be able to identify a stem cell based
on a unique signature spectrum distinguishing it from transient amplifying cells and
more differentiated cells. PL was tested on large numbers of cells that had been partially
purified using collagen IV to separate out a more stem cell like population to compare
to an unpurified control. Although differences were observed between these populations
suggesting that stem cells may have unique photoluminescence spectra, the PL
instrument would need to be modified in order to probe the properties of an individual
cell and future work could investigate this possibility.

Future work could investigate the possibility of incorporating FTIR detection into a
microfluidic system to facilitate cell sorting. The aim of such a system would be to
separate LESCs from a mixed population for further analysis or to determine the
percentage of stem cells in a population thereby providing a much quicker assay than
current methods which are largely retrospective and time consuming. The accurate
detection and separation of a pure population of LESCs could aid in the identification of
a definite LESC marker. FTIR could potentially be used for sorting other cell types as
well.

Utilising techniques not commonly used in biology but widely used in other disciplines
such as PL may provide a means of further characterising LESCs. Combining stem cell
biology with microfluidics and nanotechnology may enable identification and sorting of
LESCs to be achieved in the future.
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APPE DIX I
VALIDATIO
As part of the validation requirement for the EngD thesis, the following MBI training
course at University College London was completed in 2006: Bioprocess Validation.

The aim of this section is to briefly describe the relevance of validation to the research
conducted during the course of this study. The importance of validation applies to both
the optimisation of the current LESC therapy procedure that is currently being trialled at
Moorfields Eye Hospital by the Daniels group and to the design and development of a
microfluidic device for LESC sorting.

Process validation is defined by the Food and Drug Administration (FDA) as:

“Establishing documented evidence that provides a high degree of assurance that a
specific process will consistently produce a product meeting its pre-determined
specifications and quality attributes.” (1987)

The following regulatory bodies ensure that the appropriate validation requirements are
met: the Medicines and Healthcare products Regulatory Agency (MHRA), the FDA,
and the European Medicines Evaluation Agency (EMEA). The MHRA controls the
regulation of a wide range of products which include medicines, medical devices, blood
and therapeutic products derived from tissue engineering. The MHRA ensures
compliance with guidelines and regulations including good clinical practice (GCP),
good laboratory practice (GLP), and good manufacturing practice (GMP). These are
defined by the MHRA as follows:

Good clinical practice:
“Good clinical practice (GCP) is a set of internationally recognised ethical and scientific
quality requirements which must be observed for designing, conducting, recording and
reporting clinical trials that involve the participation of human subjects.” (Definition
from EU Directive 2001/20/EC, article 1, clause 2).
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Good Laboratory practice:
“Good Laboratory Practice (GLP) embodies a set of principles that provides a
framework within which laboratory studies are planned, performed, monitored,
recorded, reported and archived. These studies are undertaken to generate data by which
the hazards and risks to users, consumers and third parties, including the environment,
can be assessed for pharmaceuticals, agrochemicals, veterinary medicines, industrial
chemicals, cosmetics, food and feed additives and biocides. GLP helps assure
regulatory authorities that the data submitted are a true reflection of the results obtained
during the study and can therefore be relied upon when making risk/safety
assessments.”

Good manufacturing practice:
“Good Manufacturing Practice (GMP) is that part of quality assurance which ensures
that medicinal products are consistently produced and controlled to the quality standards
appropriate to their intended use and as required by the marketing authorisation (MA) or
product specification. GMP is concerned with both production and quality control.”

The production of cultured LESCs for transplantation onto patients requires adherence
to regulatory guidelines such as GMP and GCP. For example, grafts for patient use are
produced in a cleanroom in a strictly controlled environment. Animal products should
not be used in the production of cultured LESCs for therapeutic use unless no suitable
alternative exists. The current LESC culture process used for tissue production for the
clinic uses various animal derived products such as bovine serum and mouse 3T3 feeder
cells. Ideally the culture process should not utilise these products, and alternatives need
to be found. At present the 3T3 co-culture system seems to be optimal for the expansion
of LESCs (Notara, Haddow et al. 2007), and is approved for clinical use until a suitable
alternative is found. Future work should aim to enable the culture of LESCs without
mouse 3T3s or investigate the use of alternative fibroblasts such as human limbal
fibroblasts (which could be autologous) or other human fibroblasts such as MRC5s, a
human embryonic fibroblast cell line that has already been shown to support the
proliferation of LECs (Notara, Haddow et al. 2007) but would need to be assessed for
safety, and validated for use in the clinic.

NIBSC 3T3 J2s have recently (2006) been banked under Good Manufacturing Practice
(GMP) and have been screened for all known human and murine viruses. They may
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therefore be used in the clinic until a non-animal replacement is found. This banked cell
line was compared to the 3T3 J2 line that is currently used at the Institute of
Ophthamology (IoO) for research. The IoO 3T3 J2 cell line was supplied by Fiona
Watt, and is genetically the same as the NIBSC line. Extensive research has been
conducted with the IoO 3T3 J2s, and the aim of these experiments was to see if the
GMP scale-up process had affected the ability of the NIBSC 3T3 J2s to support the
maintenance and expansion of LESCs. This study showed that NIBSC 3T3 J2s are
equivalent to IoO 3T3 J2s for use as a feeder layer for producing LECs for both research
and clinical use, and can be used without any changes to the culture process. It is
important to use a cell line for clinical use that has been screened for adventitious agents
and that has had been confirmed as safe for patient use. These two cell types had similar
morphology, similar rates of proliferation, and both had the ability to support the growth
of LECs in vitro as indicated by CFE data.

In this study, L-ascorbic acid was shown to extend the culture of LECs beyond the
number of passages that these cells typically reach in vitro before senescence. Lascorbic acid treated LECs were found to undergo a change in behaviour at passage 8
after which they could be cultured without further L-ascorbic acid supplementation, and
also without feeders. Cells before this change were referred to as “pre-switch”, and
those after this change as “post-switch”. Although further cultivation is required to see
how many passages these switched cells will reach in culture, a definite change
occurred in these cells and FACS data suggests that these cells contain more
chromosomal DNA than pre-switch cells. It was proposed that pre-switch cells may be
safe for patient use but that post-switch cells would not be recommended for patients as
they no longer exhibit the LESC characteristics of holoclone formation when cocultured with 3T3s, or expression of the putative LESC marker p63α. More importantly,
results suggest that post-switch cells no longer have the same diploid complement as
pre-switch cells and occasionally abnormal cells containing multiple nuclei have been
observed in these cultures. The suitability of post-switch cells for research needs to be
investigated to see if they display LEC characteristics such as multilayering and
differentiation ability. Experiments could be performed on both pre- and post- switch
cells to check for chromosome abnormalities e.g. karyotyping, and cells injected into
nude mice to check that no tumours form. Confirmation that ascorbic acid treated cells
are safe for patient use would be needed before supplementation with this vitamin can
be used for clinical cultures of LECs.
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In this study a microfluidic device was investigated for its potential for LESC sorting
and analysis. Fouling can be a big problem in microfluidic systems causing blockages,
flow reduction and a decrease in device performance (Mukhopadhyay 2005). In this
study chips were cleaned using piranha clean which is a very harsh cleaning method. A
microfluidic chip would need to be able to withstand the cleaning process if designed to
be multiple use and would have to be validated for this purpose. Unless devices are
disposable and only intended to be single use, careful consideration needs to be given in
the design of these devices in order to minimise fouling and enable appropriate cleaning
to be carried out. Disposable devices may be required if handling clinical material in
order to prevent patient to patient contamination. For GMP, pre-sterilised disposable
single use chips would be ideal as they would not have to be validated for cleaning, and
there would be no risk of contamination between different cell samples. Therefore it is
important to consider validation requirements for manufacture of a device during the
design process rather than retrospectively.
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